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Abstract 26 

Trypanosoma brucei, the causative agent of human African trypanosomiasis, employs a 27 

flagellum for dissemination within the parasite’s mammalian and insect hosts. T. brucei 28 

cells are highly motile in culture and must be able to move in all three dimensions for 29 

reliable cell division. These characteristics have made long-term microscopic imaging of 30 

live T. brucei cells challenging, which has limited our understanding of a variety of 31 

important cell-cycle events. To address this issue, we have devised an imaging approach 32 

that confines cells to small volumes that can be imaged continuously for up to 24 h. This 33 

system employs cast agarose microwells generated using a PDMS stamp that can be 34 

made with different dimensions to maximize cell viability and imaging quality. Using this 35 

approach, we have imaged individual T. brucei through multiple rounds of cell division 36 

with high spatial and temporal resolution. We have employed this method to study the 37 

differential rate of T. brucei daughter cell division and show that the approach is 38 

compatible with loss-of-function experiments such as small molecule inhibition and RNAi. 39 

We have also developed a strategy that employs in-well “sentinel” cells to monitor 40 

potential toxicity due to imaging. This live-cell imaging method will provide a novel avenue 41 

for studying a wide variety of cellular events in trypanosomatids that have previously been 42 

inaccessible.  43 

   44 

  45 
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Importance 46 

Trypanosoma brucei causes severe diseases that affect humans and livestock in Sub-47 

Saharan Africa. Efficient strategies for manipulating the T. brucei genome have provided 48 

a wealth of information about protein localization and function in diverse cellular 49 

processes. However, employing live-cell imaging for phenotypic analysis in T. brucei 50 

remains a significant challenge because immobilization of this highly motile parasite 51 

rapidly leads to morphologic defects and cell death. While fixed-cell imaging can provide 52 

snapshots of cellular events, it cannot provide the direct causal link or precise timing of 53 

events that comes from watching a living cell change over time. Our strategy using 54 

agarose microwells now allows long-term live cell T. brucei imaging with a simple 55 

apparatus that can be adapted for a wide range of experimental conditions. 56 

 57 

  58 
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Introduction  59 

Live-cell imaging has yielded vital information about protein function and the 60 

spatio-temporal dynamics of essential cellular events in a variety of organisms (1–3). Its 61 

key advantage is the ability to observe cells or structures within cells directly transition 62 

from one state to another, establishing a direct link between the initial, intermediate, and 63 

final states. This allows calculation of rates for many cellular processes, which is vital for 64 

understanding their function and how perturbations can alter their progression. While 65 

analysis of fixed samples can provide snapshots of individual events, live-cell imaging is 66 

essential for understanding dynamic cellular processes (4–6). Improvements in imaging 67 

hardware now enable live-cell imaging experiments that span from less than a second to 68 

many hours. However, long-term live-cell imaging of highly motile cells or cells that do not 69 

tolerate immobilization remains a challenge. Among the organisms that fall within these 70 

categories are the trypanosomatid parasites, which are important human pathogens that 71 

cause illnesses such as human African trypanosomiasis in Sub-Saharan Africa. 72 

Trypanosoma brucei is an obligate extracellular parasite with an attached flagellum 73 

whose beat causes significant distortion of the entire cell body, which complicates live 74 

cell imaging (7, 8). Several approaches have been used for short-term imaging of live T. 75 

brucei cells, but these methods are not compatible with parasite division, producing 76 

apoptotic cells after less than 4 h (9–11). For long-term live-cell imaging, it is possible to 77 

gently immobilize the parasite on the surface of an agarose pad (12–14). However, cells 78 

imaged using this approach take much longer to divide than in conventional suspension 79 

culture and many arrest, suggesting that immobilization interferes with cellular processes. 80 
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Long-term live-cell experiments, such as observing emerging RNAi phenotypes, have not 81 

been conducted due to the artefacts introduced by current imaging approaches. 82 

One area that would benefit from live-cell imaging is the study of T. brucei cell 83 

division. The parasite maintains its highly polarized shape throughout the process, which 84 

leads to the ingression of a cleavage furrow along the long axis of the cell from the anterior 85 

to the posterior end. Cell division in T. brucei is intrinsically asymmetric and produces 86 

daughter cells that must remodel their cytoskeletons upon completion of cytokinesis prior 87 

to initiating another round of division (12). The daughter cell that inherits the new flagellum 88 

inherits the old-cell posterior and the new-cell anterior, while the old-flagellum daughter 89 

inherits the new-cell posterior and old-cell anterior. The new structures have distinct 90 

morphologies that are remodeled prior to subsequent rounds of cell division (13). The 91 

new flagellum is also shorter than the old flagellum at the completion of cell division, so it 92 

must be extended afterwards (14). It is possible that these remodeling events take 93 

different lengths of time, which could manifest as differing rates of cell division for the 94 

daughter cells.  95 

There are many outstanding questions about the function of key cell-division 96 

regulators in T. brucei that could be addressed with long-term live-cell imaging. The Polo-97 

like kinase homolog in T. brucei TbPLK is essential for the formation of a new flagellum 98 

attachment zone (FAZ), which attaches the flagellum to the cell body and directs 99 

placement of the cleavage furrow (15–17). In fixed samples, cells lacking TbPLK activity 100 

have severe cytokinetic defects and do not assemble a new FAZ, which leads to the 101 

production of looped and fully detached new flagella (18, 19). Due to a lack of live-cell 102 

imaging, it is not known if these two flagella phenotypes are produced by different 103 
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mechanisms or if the looped flagella become fully detached over time. The cytokinetic 104 

protein TOEFAZ1 (also called CIF1) is a substrate and binding partner of TbPLK that 105 

localizes to the tip of the new FAZ and demarcates the location of cleavage furrow 106 

initiation (20, 21). TOEFAZ1 depletion causes severe cytokinetic defects. However, it has 107 

been suggested that in the absence of TOEFAZ1, cells can continue to divide using a 108 

“back-up” cytokinesis employing a furrow that ingresses from the posterior end (22). While 109 

we have observed remodeling of the parasite posterior end in cells lacking TOEFAZ1, our 110 

growth experiments strongly suggest that these cells are not able to complete viable cell 111 

divisions. Fixed-cell and short-term live cell imaging have shown some evidence of cells 112 

with posterior furrows, but entire cell divisions showing successful posterior-directed 113 

divisions have not been captured (22). 114 

In this work, we have adapted a strategy from bacterial live-cell imaging that 115 

employs agarose microwells to confine T. brucei in small volumes without immobilization, 116 

which allows them to remain viable for up to 24 h while dividing at rates similar to those 117 

observed in bulk cultures. By observing the differential rates of daughter cell division, we 118 

show that the old-flagellum daughter cell produced by the T. brucei asymmetric cell 119 

division completes a subsequent round of cell division more rapidly than the other new-120 

flagellum daughter. Our imaging approach is compatible with loss-of-function 121 

experiments such as small-molecule inhibition and RNAi, which we have employed to 122 

better understand the phenotypes that emerge when TbPLK and TOEFAZ1 are 123 

perturbed. We have also devised a strategy that allows us to include resistant “sentinel” 124 

cells within wells to serve as internal controls for imaging-associated toxicity. Overall, our 125 
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imaging approach should be amenable for general use and will allow the study of many 126 

aspects of trypanosomatid biology that currently cannot be observed directly. 127 

 128 

Results 129 

Agarose microwells have been used previously to isolate and image a variety of 130 

bacteria through multiple cell cycles (23, 24). Most of these approaches employ higher 131 

percentage agarose solutions to cast the microwell, followed by introduction of bacteria 132 

embedded in low-percentage agarose solutions to immobilize them for long-term imaging. 133 

Low-percentage agarose has been employed to immobilize the trypanosomatid 134 

Leishmania for live-cell imaging in the past, but using this strategy significantly impacts 135 

the speed and success rate of cell division events (25). We sought to develop a hybrid 136 

approach that uses agarose microwells to confine T. brucei cells in small volumes of liquid 137 

media, which should allow them to remain fully motile but unable to move outside of the 138 

imaging plane. The most important consideration is the size of the Z-dimension because 139 

dividing cells become significantly wider at late stages and need to be able to rotate to 140 

complete cytokinesis. However, providing too much space along this axis allows the 141 

parasite to move out of the focal plane, which impacts imaging. 142 

The microwells are created from a polydimethylsiloxane (PDMS) stamp, which is 143 

generated from a photoresist master on a silicon wafer patterned with the wells using 144 

photolithography(26, 27). The designed pattern comprises many thousands of closely 145 

spaced wells, which is optimal for our cell plating strategy. Once the photoresist is 146 

exposed and developed on a silicon wafer substrate, PDMS is polymerized onto the 147 

pattern to produce its inverse, which then works as a master stamp when overlayed with 148 
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agarose to recreate the original features present in the photoresist (Figure S1A). The 149 

PDMS stamp can be reused indefinitely. We generated a variety of PDMS stamps that 150 

create microwells ranging from 25 µm to 150 µm in the X and Y dimensions and 3 to 5 151 

µm in the Z dimension to determine which sizes were compatible with long-term imaging. 152 

We chose to focus on the imaging of an insect-resident form of T. brucei, known 153 

as the procyclic, because this form of the parasite does not require CO2 supplementation 154 

and tends to grow more easily in culture. To make wells suitable for T. brucei, we poured 155 

heated procyclic form (PCF) media supplemented with 10% FBS and 3.5% agarose onto 156 

the PDMS stamp and allowed it to cool (Supplemental Figure S1B). The excess agarose 157 

was cut away to produce a thin segment that fits within an imaging chamber slide. A 100 158 

µL volume of media containing 1.6 million PCFs was then added to the bottom of the 159 

imaging chamber slide, followed by inversion of the gel slice onto the cells, trapping them 160 

in the wells (Supplemental Figure S1C). The slice is weighted down gently to keep the 161 

wells in tight contact with the surface of the imaging chamber, which keeps the cells from 162 

escaping from the wells. Once assembled, the chamber containing the microwells is 163 

overlaid with mineral oil to limit evaporation and then the imaging chamber slide is sealed 164 

with a glass slide and vacuum grease (Supplemental Figure S1D-E). 165 

For imaging, we used an inverted microscope equipped with a motorized stage 166 

and a definite focus system to retain the imaging volume in focus for long periods of time. 167 

Since PCFs usually grow at slightly above room temperature without CO2 168 

supplementation, we did not employ environmental control during imaging. The 169 

microscope is equipped with a sensitive sCMOS camera with a large sensor area (2048 170 

× 2048 pixels), which allows a large field of view to be imaged. The camera is attached 171 
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to a split-view system so that the camera sensor can simultaneously capture two image 172 

channels, which is necessary to register multichannel images due to the motility of the 173 

cells. The split-view can capture green and red fluorescence simultaneously or differential 174 

interference contrast (DIC) and a single fluorescent channel. We have used lenses 175 

ranging from 20× to 100× to image cells in microwells, depending on the precise 176 

experimental goals of the imaging. Our favored general approach uses a high numerical 177 

aperture (1.3 NA) oil-immersion 40× objective that provides an ideal mixture of resolution, 178 

light gathering, and large field of view.  179 

As an initial test of the microwell imaging approach, we plated Lister-427 strain 180 

cells modified for tetracycline-inducible expression using the SmOx system (SmOx 427) 181 

in 100 × 100 × 5 µm wells and imaged them by DIC using the 40× lens, taking images 182 

every 10 min for 24 h (28). This well size allowed us to image 4 wells simultaneously with 183 

a 40× objective, of which 3 contained single cells. Over the course of 24 h, we observed 184 

multiple rounds of cell division in all the occupied wells, with minimal drifting of the 185 

microwells or cell death. The two neighboring wells that started with single cells are shown 186 

in Figure 1A (see Movie S1 in the supplemental material). Over the course of 24 h, the 187 

cell number in the left well went from 2 to 9, while the lower well increased from 1 to 4. In 188 

conventional tissue culture, procyclic cells take approximately 8.5 h to undergo cell 189 

division, which would suggest that we were able to observe between two and three rounds 190 

of cell division, consistent with the expected cell cycle length. We have observed cells 191 

undergoing more than 3 rounds in a 24 h period. Since the single cells plated in each well 192 

were unlikely to be at the beginning of the cell cycle, it is likely that their first cell division 193 

took less than 8.5 h, which would account for what appeared to be elevated cell division 194 
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rates. This suggests that DIC imaging and confinement in the wells does not inhibit cell 195 

proliferation over a 24 h time course.  196 

Subsequent experiments showed that wells ranging from 50 to 150 µm in the X-Y 197 

dimensions provided robust cell divisions. We found that 5 µm in the Z dimension 198 

provided the best cell viability with cells occasionally drifting slightly out of focus for single 199 

exposures, while the 4 µm height provided better imaging with slightly fewer cell divisions. 200 

The 3 µm height chambers appeared to constrain the cells, which could improve short-201 

term imaging runs but caused delays in cell division that makes them unsuitable for long-202 

term imaging. We also found that the addition of 100 µM glutathione as a radical 203 

scavenger appeared to diminish imaging toxicity, especially when fluorescence imaging 204 

was employed (see below).  205 

    While we were able to capture many dividing cells in larger wells with a 10-min 206 

imaging increment, we wanted to determine if we could image single cells at higher 207 

sampling rates. To do this, we employed 50 × 50 × 4 µm wells and imaged wells every 208 

15 s for 7.5 h (Figure 1B and Movie S2). Using these parameters, we were able to 209 

capture an entire T. brucei cell division cycle with high spatial and temporal resolution. 210 

This shows that DIC imaging is minimally toxic and that we can achieve sampling rates 211 

that are high enough to capture most cellular events.  212 

         With our DIC imaging strategy established, we sought to determine if the 213 

asymmetric daughter cells produced during T. brucei cell division subsequently divide at 214 

different rates. We imaged wells containing one SmOx 427 cell until it divided, then timed 215 

the length of each of the subsequent daughter cell divisions (Figure 2A and Movie S3). 216 

We noted that the rate of cell division for the two daughter cells was significantly different, 217 
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with an average value of 91 min elapsing between the division of the first and the second 218 

daughter cells. The time required for 50% (T1/2) of the first daughter cells to divide is 510 219 

min, whereas T1/2 for the second daughter cells to divide is 600 min (Figure 2B). This 220 

difference suggests that the two daughter cells divide at different rates. However, we were 221 

unable to distinguish between the new-flagellum daughter and old-flagellum daughter to 222 

determine if one of them persistently divided prior to the other, which would suggest that 223 

their remodeling took different lengths of time to reach the point where they begin to divide 224 

again. 225 

         The most direct approach for distinguishing between the new-flagellum daughter 226 

and old-flagellum daughter cells would be to selectively mark the flagellum in a dividing 227 

cell. A previous approach to studying the division rate of the daughter cells depleted a 228 

non-essential flagellar axoneme protein using RNAi and modelled the persistence of a 229 

YFP-tagged allele of the depleted protein (13). We used a similar approach by C-230 

terminally tagging one allele of the paraflagellar rod (PFR) protein PFR2 with the GFP 231 

variant mClover3 (mClv3) in SmOx 427 cells (29). The PFR is a paracrystalline structure 232 

closely associated with the flagellum that is thought to provide additional rigidity to the 233 

axoneme to facilitate T. brucei motility (30). Near-complete depletion of PFR2 causes 234 

severe motility defects in procyclic cells, but by targeting only the tagged allele with RNAi 235 

directed against mClv3, it should be possible to remove the PFR2-mClv3 from the cells 236 

selectively while leaving the wild-type (WT) pool of the protein intact (31, 32). In a dividing 237 

cell, this should leave the old flagellum mClv3 positive, while producing a non-fluorescent 238 

new flagellum (Figure 3A). We tested our depletion strategy in a cell line carrying a PFR2 239 

allele C-terminally tagged with mClv3 and an inducible RNAi hairpin directed against 240 
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mClv3. Control and mClv3 RNAi cells were fixed and labeled with the L8C4 monoclonal 241 

antibody against PFR2, which should detect both the WT and mClv3-tagged alleles (33). 242 

In the control samples, dividing cells had old and new flagella that were both mClv3 and 243 

L8C4 positive (Figure S2B). In cells where mClv3 RNAi had been induced for 12 h, we 244 

were able to observe dividing cells where both flagella were L8C4 positive, but only the 245 

old flagellum was mClv3 positive (Figure S2B). This showed that our specific depletion 246 

strategy differentially labels the old and new flagella. The growth of control and mClv3 247 

RNAi cells was monitored in large-scale cultures over 48 h with cell counting. There was 248 

no appreciable change in growth between the samples and no evidence of cell 249 

sedimentation caused by motility defects, showing that the remaining pool of WT PFR2 250 

was able to compensate for the absence of the mClv3-tagged allele (Figure S2B). 251 

         To test if there is a difference in growth rate between the daughter cells, we 252 

induced mClv3 RNAi in our PFR2-mClv3 cell line for 12 h, which we found to be the point 253 

where the RNAi led to the production of unlabeled flagella. We plated the cells in microwell 254 

chambers and identified wells containing single cells with an mClv3-positive flagellum and 255 

a non-fluorescent flagellum that could be identified by DIC (Figure 3B and Movies S4). 256 

The unlabeled flagellum was always closer to the posterior of the dividing cell, which is 257 

where the new flagellum is located. We followed the cell employing simultaneous DIC 258 

and fluorescence microscopy as it completed division, which produced an mClv3-259 

negative new-flagellum daughter and a mClv3-positive old-flagellum daughter, and then 260 

timed the division of the daughter cells. In 80% of the cases, the old-flagellum daughter 261 

cell underwent a subsequent round of division first, while in 13% of cases the two 262 

daughter cells divided within the same imaging interval of 10 min (Figure 3C-D). We 263 
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observed only one case (6%) where the new-flagellum daughter divided first. The average 264 

time difference between the division of the two daughter cells was 75 min. These results 265 

suggest that there is a difference in the division rate of the asymmetric daughter cells 266 

produced during T. brucei cell division, with the process of remodeling the new cell 267 

posterior in the old-flagellum daughter cell occurring more quickly than remodeling the 268 

cell anterior and extending the flagellum to its complete length in the new-flagellum 269 

daughter cell. 270 

One important goal for T. brucei live-cell imaging is the ability to observe 271 

phenotypes manifest during loss-of-function experiments. While we have attempted to 272 

make our live-cell imaging as minimally invasive as possible, it can be difficult to 273 

determine if there is some form of toxicity within a specific well that is contributing to an 274 

emerging phenotype. This toxicity could be due to illumination, which can cause cell 275 

damage by a variety of pathways, or due to diminishing nutrients in the media or the 276 

buildup of proteins or metabolic byproducts released by compromised cells. One way to 277 

address this issue would be to include cells in the imaging runs that are resistant to the 278 

drug or treatment being administered. These cells, which we will refer to as sentinels, 279 

would then serve as internal controls to monitor the conditions within the well. Any 280 

phenotypes that arise in both the sentinel and experimental cells would be attributable to 281 

the live-cell imaging and not the administered treatment. The sentinels should be easily 282 

distinguishable from the experimental cells so that phenotypes can be correctly assigned, 283 

which could be done by the expression of a cytosolic GFP to mark one cell population.  284 

We have previously designed an analog-sensitive approach for the selective 285 

inhibition of the essential T. brucei kinase TbPLK (19). A mutation in the ATP binding site 286 
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of the kinase produces a novel binding pocket that accommodates general kinase 287 

inhibitors modified with a bulky substituent, which generates orthogonal kinase-inhibitor 288 

pairs (34, 35). We previously showed that the bulky inhibitor 3MB-PP1 rapidly blocks cell 289 

division in analog-sensitive TbPLK (TbPLKas) cells but has no effect on wild-type 427 290 

cells (19). We generated sentinel 427 cells expressing cytoplasmic mNeonGreen to serve 291 

as internal controls in imaging runs where TbPLKas activity was inhibited.  292 

We treated TbPLKas and 427 sentinel cells with 2.5 µM 3MB-PP1 for 3 h, then 293 

plated them together at a 1:1 ratio in wells that contained the same concentration of drug 294 

(Figure 4A-C and Movies S5). The cells were imaged for 24 h at 10 min intervals using 295 

simultaneous DIC and fluorescence microscopy to distinguish between the TbPLKas and 296 

sentinel cells. TbPLK inhibition causes defects in the formation of a new flagellum 297 

attachment zone, which leads to detachment of the new flagellum and defects in 298 

cytokinesis (18). Over the course of 24 h, the 427 sentinel cells underwent multiple rounds 299 

of division, while the TbPLKas cells developed detached flagella and arrested, which is 300 

consistent with our previous results (19). We measured the growth of the cells by counting 301 

division events stemming from a single initial sentinel or TbPLKas cell at the beginning of 302 

the time course. Among the 427 sentinels, 88% of the cells underwent one round of cell 303 

division. We observed second division events 68% of the time and third events 60% of 304 

the time, while 20% underwent further rounds of division. For the TbPLKas cells, 29% 305 

completed one division. We observed second and third division events 11% and 3% of 306 

the time, respectively (Figure 4B). On average, 427 sentinel cells produced 2.36 division 307 

events, while the TbPLKas cells on average had 0.46 division events (Figure 3C). We 308 

also noted that TbPLKas cells initially produced looped flagella that became fully 309 
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detached over time as the tip of the new flagellum released, which shows that the two 310 

previously established phenotypes arise from the same initial state (Figure 4D and Movie 311 

S6). This data shows that we can distinguish between phenotypes that arise from specific 312 

interventions, such as enzymatic inhibition by small molecules, and potential off-target 313 

effects caused by long-term imaging.  314 

We previously showed that TOEFAZ1 RNAi caused a near-total block in cell 315 

division, with essentially all remaining cells showing aberrant morphologies and DNA 316 

content (20, 21). We did occasionally observe cells with what appeared to be remodeled 317 

posterior ends that still had attached anteriors that could be in the process of undergoing 318 

a posterior-initiated cytokinesis. To determine the progression of TOEFAZ1 RNAi in live 319 

cells, we induced RNAi against TOEFAZ1 in flasks for 16 h and then plated the cells in 320 

microwells to observe the emerging phenotypes (Figure 5). At this point in the RNAi time 321 

course the cells have begun to have division defects, but some cells still manage to 322 

ingress normal furrows from their anterior ends. We followed the division of multiple cells 323 

over the course of 20 h by DIC imaging. During our imaging, we observed 71 initial cells, 324 

of which 9 completed a single round of cell division. All the cells that managed to divide 325 

employed a furrow that had ingressed from the anterior end. We observed 3 cells that 326 

ingressed an anterior furrow that did not lead to a productive cell division during the length 327 

of imaging. We also identified 7 cells that appeared to remodel their posteriors in a 328 

manner similar to the reported posterior-initiated furrowing events (Figure 5 and Movie 329 

S7) (22). However, none of these cells managed to complete cell division from the point 330 

where posterior furrowing was evident to the end of our imaging runs.  331 
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As an additional control for our TOEFAZ1 RNAi runs, we generated SmOx cells 332 

expressing mClv3 under tetracycline-inducible control. These cells serve as sentinel cells 333 

for imaging experiments where a phenotype is triggered by tetracycline, such as the 334 

production of RNAi hairpins. We repeated our TOEFAZ1 RNAi imaging runs with our 335 

inducible SmOx sentinel cells expressing mClv3, following a 16 h induction of TOEFAZ1 336 

RNAi and mClv3 sentinels (Figure 6A-C and Movie S8). We measured the growth of the 337 

cells by counting division events stemming from a single initial sentinel or TOEFAZ1 cell 338 

at the beginning of the time course. Among the SmOx mClv3-sentinels, 94% of the cells 339 

underwent cell division. We observed second division events 69% of the time and third 340 

division events 50% of the time, while 12.5% underwent subsequent division events over 341 

20 h. For the TOEFAZ1 RNAi cells, only 30% completed one division event, and no cells 342 

were able to undergo subsequent cell divisions over the same period (Figure 6B). Over 343 

20 h, induced SmOx sentinel cells averaged 2.3 division events, while TOEFAZ1 RNAi 344 

cells averaged 0.3 division events (Figure 4C). Importantly, we found that SmOx sentinel 345 

cells take at most 40 min (average 20 min) to complete furrow ingression following 346 

formation of the division fold, which is a structure that becomes visible shortly before the 347 

initiation of cytokinesis and defines the plane of furrow ingression (36). In contrast, the 348 

subset of TOEFAZ1 RNAi cells that formed posterior-initiated furrows generated division 349 

folds that persisted for an average 615 min (range 235-925 min). The cells with posterior 350 

furrow ingression (n=7) were unable to divide by the end of the imaging run, which 351 

averaged an additional 495 min (range 160-1065 min) from posterior furrow initiation. In 352 

cells that formed a posterior-initiated furrow, the shortest time between division fold 353 

formation and completion of an imaging run without a productive division event was 835 354 
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min, which contrasts with the maximum of 40 min we observed in SmOx sentinel cells. 355 

This strongly suggests that posterior-initiated furrows cannot produce viable cell divisions 356 

and do not represent an alternate pathway for cytokinesis in T. brucei. 357 

 358 

Discussion 359 

In this work, we have devised a strategy using agarose microwells that addresses a long-360 

standing need in T. brucei phenotypic analysis: the ability to image live cells continuously 361 

for up to 24 h. Our approach is compatible with both DIC and fluorescence imaging, can 362 

vary the degree of parasite confinement for different imaging needs, and is sufficiently 363 

mild to allow the assessment of phenotypes that emerge during loss-of-function 364 

experiments. The degree of in-well toxicity can be measured using sentinel cells, which 365 

provides additional confidence for phenotypic analysis. We have used our live-cell 366 

imaging approach to address several questions pertaining to T. brucei cell division that 367 

have not been feasible previously. We show that the old-flagellum daughter cell appears 368 

to divide more quickly than the new-flagellum daughter, that the fully detached flagella 369 

observed upon TbPLK inhibition are initially produced as looped flagella, and that the 370 

posterior “furrowing” events that occur in cells lacking TOEFAZ1 do not appear to lead to 371 

cell division events. These results show the efficacy of our imaging approach and how it 372 

can be employed to study novel aspects of T. brucei biology. 373 

 The materials necessary for our live-cell imaging method should be accessible to 374 

many labs. The design of the microchambers on a silicon wafer substrate can be 375 

generated using CAD files, readily replicated into PDMS stamps and customized for 376 

specific experimental needs. Beyond media and agarose, the imaging chamber slides are 377 
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the only other significant consumable expense. For imaging, a definite focus for 378 

maintaining the imaging plane is extremely helpful and is a common feature of most live-379 

cell imaging systems. Capturing a single fluorescent channel or DIC imaging is 380 

straightforward, but fairly short (£ 30 msec) exposures are necessary to limit blurring due 381 

to cell motility. This is not an issue for DIC imaging, where the power of the white-light 382 

source can be increased without any deleterious effects on the cells; bright fluorescent 383 

signals from endogenously tagged proteins or overexpression constructs are readily 384 

visible as well. Dual-channel imaging is more challenging because both channels must 385 

be captured simultaneously due to cell motility. A split-view system can solve this issue 386 

using a single camera, while newer microscopes can come equipped with multiple 387 

cameras and optimized light paths for simultaneous capture of multiple signals.  388 

 We showed that the old-flagellum daughter cell produced in the asymmetric T. 389 

brucei cell division appears to divide more rapidly than the new-flagellum daughter cell. 390 

This suggests that the extension of the new flagellum and remodeling of the new cell 391 

anterior require more time to accomplish than remodeling of the new cell posterior, which 392 

is inherited by the old-flagellum daughter cell. This is consistent with the degree of cellular 393 

remodeling that must be performed by the two daughter cells. Reshaping the ends of the 394 

cell body requires adjustments to the subpellicular microtubule array, which underlies the 395 

plasma membrane and is responsible for T. brucei morphology (13). These adjustments 396 

likely involve the addition of new microtubules to the array or extension of extant 397 

microtubules. The new anterior end must be extended to diminish the portion of the 398 

flagellum that overhangs the cell body. This remodeling likely requires extension of the 399 

FAZ to attach the flagellum to the cell body, as does the lengthening of the new flagellum. 400 
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The remodeling of the posterior end does not require any adjustments to the flagellum or 401 

FAZ, which likely explains why the old-flagellum daughter is able to re-enter cell division 402 

slightly faster than the new-flagellum daughter. Any consequences of this growth 403 

difference are currently unknown, although it should be noted that there are several 404 

distinct asymmetric cell division events that occur as the parasite changes life cycle 405 

stages as it transits through the insect vector (37, 38). Differences in the division rates of 406 

the daughter cells produced by these uniquely configured cell divisions may skew the 407 

population towards one life cycle stage. 408 

 TbPLK inhibition using the analog-sensitive approach produces parasites with 409 

flagellar detachment defects due to the absence of the new FAZ. The new and old flagella 410 

are linked by the flagella connector (FC), which is a multidomain structure found at the tip 411 

of the new flagellum that tracks along the length of the old flagellum as the new flagellum 412 

extends during cell division (39, 40). The FC disengages shortly after the initiation of 413 

cleavage furrow ingression to release the new flagellum (36). Unlike the FAZ, FC 414 

assembly does not appear to rely on TbPLK activity, so it is likely that the looped flagella 415 

we observe at early stages of cell division are linked by only the FC (20). At later stages 416 

of cell division, it is likely that the force of the beating flagellum is sufficient to disrupt the 417 

FC, which leads to new flagellum detachment. It is also possible that the FC linkage 418 

resolves normally once the new flagellum has reached a certain length. However, we 419 

frequently saw cells with fully detached flagella that had not formed a cleavage furrow 420 

division fold, so it appears that the forced rupture of the FC is more likely to occur than its 421 

normal release. 422 
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It has been proposed that cells lacking TOEFAZ1 can undergo cell division using 423 

a “back-up” approach that generates a cleavage furrow that initiates at the cell posterior 424 

and then moves towards the anterior end (22). While backup cytokinetic mechanisms do 425 

occur in some organisms, they tend to have limited cell polarity and have the capacity to 426 

adhere to surfaces, which allows these organisms to use a pulling force to segregate the 427 

cellular organelles (41–44). In our live-cell experiments, we observed several TOEFAZ1 428 

RNAi cells that appeared to form what had previously been described as posterior 429 

furrows. These cells were not able to complete furrow ingression, which occurred in 430 

control sentinel cells on average within 20 min (max 40 min), over the course of many 431 

hours. This strongly argues that the posterior furrows do not represent an alternate 432 

cytokinetic mechanism and instead are a “dead-end” phenotype. The remodeling of the 433 

cell posterior to produce a new posterior end is a distinct event from the ingression of the 434 

cleavage furrow, which makes it possible that posterior remodeling is proceeding in 435 

TOEFAZ1 RNAi cells in the absence of furrow formation (36). Considering the high 436 

degree of spatial and temporal organization in T. brucei cell division, it is difficult to 437 

envision how posterior furrow ingression would proceed and provide a viable cell division. 438 

In previous work, cells that form posterior furrows tended to have elevated DNA content, 439 

which suggests that the parasites have not successfully completed cell division and 440 

instead had restarted the process from G1 (22). This again suggests that posterior 441 

furrowing does not provide a viable pathway for the production of daughter cells. 442 

We have shown that our live-cell approach can be applied to a wide range of 443 

potential experimental setups. Imaging the bloodstream form of the parasite will be an 444 

important future advance, along with the development of a DNA marker that allows us to 445 
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monitor cell cycle progression with more precision. Future experiments will include 446 

monitoring parasites as they undergo life-cycle transitions to determine if these 447 

transformations require cell divisions to occur, which is an open question. The 448 

mechanisms that anti-trypanocidal drugs employ to trigger cell death could be directly 449 

observed using our approach. Imaging the related trypanosomatids Trypanosoma cruzi 450 

and Leishmania should be feasible and would allow comparative studies with T. brucei 451 

along with exploring the unique aspects of their biology. Another potentially exciting 452 

avenue would employ recently developed methods for simultaneous high-speed imaging 453 

of trypanosomatids on multiple Z-planes (45). Low frequency imaging by fluorescence or 454 

DIC could be used to wait for specific events to occur, such as specific stages of cell 455 

division, which could then be captured with higher sampling rates. Strategies for adding 456 

or removing material from individual wells would also open up new experimental avenues. 457 

  458 
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 459 
Materials and Methods 460 

Detailed descriptions of the antibodies employed, cell culture conditions, 461 

immunofluorescence, RNAi, statistical analysis, and microfabrication of the PDMS 462 

stamps are included in the supplemental materials. 463 

 464 

Microscopy 465 

Images were taken using a Zeiss Axio Observer.Z1 microscope (Carl Zeiss Microscopy, 466 

Oberkochen, Germany) equipped with 20×/0.8 NA, 40×/1.3 NA, 63×/1.4 NA and 467 

100×/1.4 NA Plan Aprochromat objective lenses. A W-View Gemini optical image splitter 468 

(Hamamatsu Photonics) was used for simultaneous dual imaging of differential 469 

interference contrast (DIC) and mClv3/mNeonGreen. Cells were simultaneously 470 

illuminated with 624/40 filtered transmitted light and excited with an X-Cite 120 LED 471 

illumination source (Excelitas Technologies, Waltham, MA) filtered with a 520/35 472 

bandpass filter. Transmitted and excited light were then passed through a GFP/mCherry 473 

520/35, 624/40 dual band cube filter and separated in the W-View Gemini optical image 474 

splitter with a 562 long pass dichroic filter. mNeonGreen/mClv3 wavelengths were then 475 

filtered through a 520/35 bandpass filter and the mCherry wavelengths were passed 476 

through a polarized filter to produce the DIC image. A Definite Focus.2 (Carl Zeiss 477 

Microscopy, Oberkochen, Germany) system was used to compensate for focus drift over 478 

the course of imaging. Images were obtained on an ORCA-Flash 4.0 V2 sCMOS camera 479 

(Hamamatsu, Shizuoka, Japan) running SlideBook 6 digital microscopy software 480 

(Intelligent Imaging Innovations, Inc.).  481 

 482 
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Immunofluorescence images were taken using a Plan Aprochromat 100x/1.4 NA oil lens. 483 

All images were analyzed with ImageJ (National Institutes of Health, Bethesda, MD), and 484 

assembled for publication in Adobe Photoshop and Illustrator (CC 2021). 485 

 486 

Generating agarose microwells 487 

An 8% SeaPlaque GTG Agarose (Lonza, Basel, Switzerland) solution in Ultra Pure Water 488 

(Genesee Scientific, El Cajon, CA) was placed in an autoclave to ensure even heating. 489 

Simultaneously, base media for either 427- or SmOx-based cell lines was warmed to 37 490 

°C. Agarose was added to the heated media to a final concentration of 3.5% agarose. 491 

The solution was briefly vortexed to mix, pulsed in a centrifuge to remove any bubbles, 492 

then pipetted onto the PDMS stamp containing impressions for desired well sizes and 493 

was allowed to cool. Agarose grids were inverted on a sterile surface and cut to size. 494 

Agarose grids that are not used day of can be stored at 4 °C with enough supplemental 495 

base media to prevent agarose grid drying out, for up to a week. 496 

 497 

 498 

SmOx live cell plating and imaging 499 

SmOx cells were harvested by centrifugation at 800× g for 10 min at RT. The cells were 500 

resuspended in 1 mL base SmOx media with 100 μM of reduced L-glutathione (Sigma-501 

Aldrich, St. Louis, MO). A 125 μL volume of cells containing 1 x106 were plated in Lab-502 

Tek II chambered coverglass #1.5 Borosilicate (Nunc International, Rochester, NY). The 503 

trimmed down agarose grid was inverted onto cells and gently weighed down to ensure 504 

consistent contact with base of chamber. Mineral oil was added to prevent evaporation 505 
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and enclosed with a 24×60mm No1. Gold Seal Cover Slip (Thermo Scientific, 506 

Portsmouth, NY) sealed with high vacuum grease (Dow Corning, Midland, MI). For long 507 

term DIC imaging, cells were imaged every 5 or 10 min for 24 h with 30 ms exposures. 508 

For shorter duration, rapid DIC acquisition, cells were imaged every 15 s for 7.5 h with 30 509 

ms exposures.   510 

 511 

Small drug inhibition of TbPLKas 512 

Cultures of TbPLKas and mNeonGreen expressing 427 Sentinels in log-phase growth 513 

were seeded separately at 3×106 cells/mL. 2.5 μM 3MB-PPi (APExBIO, Houston, Tx) 514 

dissolved in DMSO was added to the cultures for 3 h at 27° C before plating.  515 

 516 

Dual-channel imaging  517 

For PFR2-mClv3, mClv3 RNAi, 1×106 induced cells were plated in a 125 μL volume. Cells 518 

were identified with an existing fluorescent paraflagellar rod and imaged over 24 h at RT 519 

using a 40×/1.3 NA oil objective, imaging every 10 min with simultaneous split-520 

DIC/Fluorescent imaging at 4% LED power, 30 ms exposure, and 2×2 pixel binning. 521 

 522 

For TOEFAZ1 RNAi cells grown with SmOx sentinels, 1×106 cells of both inducible 523 

pLew100-mClv3 SmOx sentinels and TOEFAZ1-RNAi cells were plated in a 125 μL 524 

volume. Cells were imaged over 20 h, using 20×/0.8 NA air or a 40×/1.3 NA oil objective, 525 

imaging every 5 or 10 min at RT with simultaneous split-DIC/Fluorescent imaging at 30% 526 

LED power, with 30 ms exposures. 527 

 528 
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For TbPLKas inhibition with 3MB-PPi, 8×106 cells of both PLKas and 427Sentinels were 529 

mixed and harvested by centrifugation at 800 × g for 10 min at RT. Cells were 530 

resuspended in 1 mL of base 427 media with 2.5 μM 3MB-PPi, and 100 μM reduced L-531 

glutathione. 125 μL of cell mixture were plated as previously described. Cells were 532 

imaged over 24 h, using 40×/1.3 NA oil objective, imaging every 10 min with simultaneous 533 

split-DIC/Fluorescent imaging at 4% LED power, with 30 ms exposures and 2×2 pixel 534 

binning. 535 

 536 
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Figure Legends 670 

 671 

Figure 1. DIC imaging of procyclic T. brucei confined in agarose microwells. 672 

A. 1.6×106 SmOx cells in 125 μL were plated and imaged over a 24 h time course in 673 

100×100×5 μm wells. Cells were imaged every 10 min with a 40×/1.3 NA oil lens and 30 674 

ms exposures. 3 initial cells result in 13 final cells after 24 h. B. Representative images 675 

of SmOx cells plated in 50×50×5 μm wells and imaged with a 40×/1.3 NA oil lens. DIC 676 

images were captured every 15 s for 2 h. * denotes division fold formation, # denotes 677 

cleavage furrow initiation.  678 

 679 

Figure 2. Daughter cells arising from an asymmetric division event have different 680 

timing to complete a subsequent cell cycle 681 

A. Representative images from a 24 h time course of SmOX cells in 100×100×5 μm 682 

wells, imaged with a 20×/0.8 NA air lens. Initial cell divides at T=320 min. First daughter 683 

cell divides at T=820 min, followed by second daughter division at T=870 min (division 684 

events denoted by arrows). B. Staircase plot showing timing of first and second daughter 685 

cell divisions.  T1/2 for Daughter Cell 1 division = 510 min, T1/2 for Daughter Cell 2 division 686 

= 600 min. Daughter 1 division average = 536 min, Daughter 2 division 2 average = 628 687 

min. n=71 initial cells. *P<0.0001. 688 

 689 

Figure 3. The old-flagellum daughter cell is able to complete a subsequent cell 690 

cycle before the new-flagellum daughter.  691 
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A. Schematic depicting PFR2-mClv3 RNAi strategy. Induction of RNAi against PFR2-692 

mClv3 results in an unlabelled new PFR. The first division event results in one daughter 693 

with a fluorescent PFR, and one non-fluorescent daughter. The two daughter cells are 694 

then tracked to determine which undergoes cytokinesis first. FP: Flagellar pocket. FAZ: 695 

Flagellum Attachment Zone B. PFR2-mClv3 RNAi was induced for 12 h before plating. 696 

Representative images from a 24 h time course of an initial fluorescent PFR2-mClv3 cell 697 

(denoted by * in all images). First division at T=120 min results in one cell with, and one 698 

without a fluorescent PFR structure. The fluorescent daughter cell undergoes a 699 

subsequent division (T=980 min) prior to the non-fluorescent daughter (T=1090 min). 700 

Arrows depict cytokinetic events. C. Relative frequencies of PFR2-mClv3 labelled and 701 

non-fluorescent daughter cells undergoing subsequent cell division first. 80% (n=12 cells) 702 

of instances the fluorescent PFR2-mClv3 daughter cell undergoes division first, 6.67% 703 

(n=1) non-fluorescent daughter cell divides first, and 13.3% (n=2) occur within the same 704 

frame. Error bars depict standard deviation.  D. Direct comparison of timing of paired 705 

fluorescent and non-fluorescent daughter cells. Fluorescent daughter cells divided on 706 

average after 671 min, non-fluorescent daughter cells divided on average after 746 min. 707 

*P<0.0001.  708 

 709 

Figure 4. Small molecule inhibition of TbPLKas inhibits cytokinesis. 710 

TbPLKas and mNeonGreen expressing 427 sentinels were incubated with 2.5 μM 3MB-711 

PPi for 3 h, followed by plating of 1×106 cells from each condition in a total of 125 μL. 712 

Cells were imaged over 24 h, imaged every 10 min with 4% LED power, 30 ms exposure, 713 

and 2×2 pixel binning. A. Representative images from a 24 h time course of TbPLKas 714 
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and 427 sentinel cells in 100×100×5 μm wells, imaged with a 40×/01.3 NA oil lens. 715 

Panels show a well containing one TbPLKas and one 427 sentinel cell. Over the course 716 

of 24 h, the 427-sentinel cell produces 5 total productive cell division events, while the 717 

TbPLKas cell (denoted in each panel by *) does not undergo a productive cell division. B. 718 

Relative frequencies of 427 sentinel (88% for D1, 68% D2, 60% D3, 8% D4, 8% D5, 4% 719 

D6 n=25) and TbPLKas (28.5% D1, 11.4% D2, 2.8% D3, 0% D4, 0% D5, 0% D6 n=35) 720 

cell division events 1 through 6 over 24 h. *P<0.0001. C. Truncated violin plot depicting 721 

average number of divisions for 427 sentinels (Average=2.360 divisions, 25% 722 

Percentile=1, 75% Percentile=6, n=25) and TbPLKas (Average=0.46 divisions, 25% 723 

Percentile=0, 75% Percentile=1, n=35). *P<0.0001. Error bars depict standard deviation.  724 

D. Insets depicting a looped-new flagellum phenotype in TbPLKas cells inhibited with 2.5 725 

μM 3MB-PPi for 3 h prior to plating. 1×106 cells were plated and imaged over 24 h, 726 

imaged every 5 min with 4% LED power, 30 ms exposure. Arrows point to tip of the new 727 

flagellum attached to the old flagellum from T=25 min to T=155 min. At T=235 min the 728 

new flagellum is completely detached along the length of the cell.  729 

 730 

Figure 5. Cells depleted of TOEFAZ1 are not able to produce a productive cell 731 

division through a posterior furrow. 732 

TOEFAZ1-RNAi was induced for 16 h, after which 1.6×106 cells in 125 μL were plated 733 

and imaged. A. A TOEFAZ1 depleted cell imaged over 24 h in a 50×50×5 μm well, with 734 

a 40×/1.3 NA oil lens imaged every 5 min with 30 ms exposure. A division fold is visible 735 

at T=150 min (denoted by arrow). Posterior furrow ingression is seen at T=1015 min 736 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 15, 2021. ; https://doi.org/10.1101/2021.09.15.460474doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.15.460474
http://creativecommons.org/licenses/by-nc-nd/4.0/


(denoted by #) and persists for the remainder of the capture without a productive cell 737 

division.  738 

 739 

Figure 6. Depletion of TOEFAZ1 results in a rapid cessation of division 740 

TOEFAZ1-RNAi and inducible SmOx mClv3 sentinel cells were induced for 12 h, after 741 

which 1×106 cells from each condition were plated and imaged over 20 h in 100×100×5 742 

μm wells with a 40×/1.3 NA oil lens and imaged every 10 min with 30% LED power and 743 

30 ms exposure. A. Representative frames portrays 1 SmOx sentinel cell producing 3 744 

productive division events, while 2 TOEFAZ1-RNAi cells (denoted by *) resulted in no 745 

productive division events. B. Relative frequencies of SmOx sentinels (93.8% D1, 68.8% 746 

D2, 50% D3, 12.5% D4, 6.3% D5, n=16) and TOEFAZ1-RNAi (30% for D1, 0% D2, 0% 747 

D3, 0% D4, 0% D5, n=20) cell division events 1 through 5 over 20 h. **P<0.0001, 748 

*P=0.0001. Error bars depict standard deviation. C. Truncated violin plot depicting 749 

average number of division events for SmOx sentinels (Average=2.3 divisions, 25% 750 

Percentile=1, 75% Percentile=3, n=16) and TOEFAZ1-RNAi (Average=0.3 divisions, 25% 751 

Percentile=0, 75% Percentile=1, n=20). **P<0.0001. 752 

 753 

 754 
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