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Abstract: In recent years, live-imaging techniques have been developed for the adult midgut of 11 
Drosophila melanogaster that allow temporal characterization of key processes involved in stem cell and 12 
tissue homeostasis. However, these organ culture techniques have been limited to imaging sessions of 13 
<16 hours, an interval too short to track dynamic processes such as damage responses and 14 
regeneration, which can unfold over several days. Therefore, we developed an organ explant culture 15 
protocol capable of sustaining midguts ex vivo for up to 3 days. This was made possible by the 16 
formulation of a culture medium specifically designed for adult Drosophila tissues with an increased 17 
Na+/K+ ratio and trehalose concentration, and by placing midguts at an air-liquid interface for enhanced 18 
oxygenation. We show that midgut progenitor cells can respond to gut epithelial damage ex vivo, 19 
proliferating and differentiating to replace lost cells, but are quiescent in healthy intestines. Using ex 20 
vivo gene induction to promote stem cell proliferation using RasG12V or string and Cyclin E 21 
overexpression, we demonstrate that progenitor cell lineages can be traced through multiple cell 22 
divisions using live imaging. We show that the same culture set-up is useful for imaging adult renal 23 
tubules and ovaries for up to 3 days and hearts for up to 10 days. By enabling both long-term imaging 24 
and real-time ex vivo gene manipulation, our simple culture protocol provides a powerful tool for 25 
studies of epithelial biology and cell lineage behavior.  26 
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INTRODUCTION 27 

Endo- and ectodermal epithelia comprise essential interfaces between an organism and its environment. 28 

As such, they form a first line of defense that is frequently subjected to diverse types of insult. This 29 

situation requires that epithelia be able to mount appropriate responses. This is possible in part due to 30 

the action of resident stem cells which, through their ability to self-renew and produce differentiated 31 

progeny, allow epithelia to regenerate both structurally and functionally. The adult Drosophila 32 

melanogaster midgut is a prime example of this as its population of intestinal stem cells (ISCs) are able 33 

to interpret signals from their surrounding environment such as cytokines released by neighboring 34 

damaged enterocytes (EC)1–5. When this interaction occurs, normally quiescent stem cells rapidly 35 

respond to the needs of the tissue, proliferating and stimulating the differentiation of their progeny to 36 

replace lost cells, thus repairing the damaged epithelium3,5. 37 

The understanding of epithelial biology has been greatly advanced by protocols for the ex vivo culture 38 

and imaging of tissues and organs. For example, mammalian intestinal organoids have advanced the 39 

field by easily allowing the direct observation of stem cell behavior, without the need for intravital 40 

imaging6. Several protocols have been developed for the live-imaging of Drosophila tissues and organs 41 

such as imaginal discs7–11, larval brains12,13, ovaries14–16, testis17 and, more recently, adult midguts18–22. 42 

The small size of fruit flies makes it possible to culture whole intact organs. 43 

However, in contrast to mammalian tissues, many of which are easily cultured for long periods, most 44 

Drosophila organ cultures are limited in time to less than a day. This reflects an incomplete 45 

understanding of the culture conditions required to fully sustain explanted Drosophila tissues. Current 46 

approaches for the live-imaging of the fly midgut are limited to 16h of imaging due to the poor survival 47 

of explanted tissues21,22. Moreover, temperature-sensitive gene expression, knock-down, and knock 48 
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outs, some of Drosophila genetics strongest assets, cannot currently be implemented in combination 49 

with extended live-imaging because the elevated temperature further limits tissue viability21. 50 

To address these limitations, we developed an improved ex vivo culture system for the live-imaging of 51 

adult Drosophila midguts. Our culture system employs a novel tissue culture medium tailored to the 52 

needs of adult Drosophila cells and organs, and culture at an air-media interface to ensure optimal 53 

oxygenation. The technique has a straightforward design, allowing multiple samples to be prepared 54 

quickly and reproducibly. The setup allows the researcher to image up to 12 midguts simultaneously 55 

during live-imaging sessions of 48-72h. As the guts are fully explanted from the animal, every region of 56 

the organ is clearly available for imaging, thus expanding the number of questions that can be 57 

addressed. We show that, while in healthy explanted intestines progenitor cells are quiescent, midguts 58 

can still respond to damage ex vivo, with progenitors proliferating and differentiating in response to 59 

tissue damage. Our protocol can also be used in conjunction with temperature-sensitive gene 60 

expression or knock-down. We demonstrate this by genetically driving progenitor cell proliferation. 61 

Moreover, due to the extended live-imaging window our protocol allows, we were able to follow cells 62 

undergoing multiple rounds of mitosis. By combining a long 48-72h imaging window and the possibility 63 

to use advanced Drosophila genetic tools, we provide a useful tool to probe and understand the biology 64 

of epithelial tissues. 65 

RESULTS 66 

A system for the long-term culture of adult Drosophila midguts 67 

Current live-imaging protocols for the adult Drosophila midgut are limited to 16h imaging sessions18–22. 68 

To extend the survival of midguts ex vivo we developed a novel culture setup. The method is based on 69 

common available techniques for the culture of adult organs6,9,16,22 but it includes a refinement of 70 

several steps: 1) the dissection procedure was optimized to reduce tissue damage; 2) explanted organs 71 
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are cultured in a sandwiched structure of agarose, rather than in a dome; 3) midguts are placed at a 72 

liquid-air interface for improved oxygenation; 4) the culture media has been adjusted to better 73 

approximate adult hemolymph. Please see the Methods section step-by-step descriptions of the 74 

procedure. 75 

We found that the dissection technique is a key parameter in extending the viability of explanted 76 

midguts. Indeed, any stress (e.g. pulling and thus stretching the gut, pinching, etc...) introduced during 77 

dissection results in structural damage which lead to breaks of the epithelium during prolonged culture. 78 

Hence, we have optimized the dissection procedure to limit the handling of the midgut and thus the risk 79 

of damaging it (Figure 1A-N and Video 1). 80 

A key element of our system is enveloping explanted organs in a sandwich of low-melt agarose (Figure 81 

1O). Immobilization in gels is a common solution for ex vivo culture of organs and tissues, and is 82 

especially important to provide stability for live-imaging applications6,9,16,22. For the adult Drosophila 83 

midgut specifically, an agarose gel also minimizes the effects of peristaltic movements, which, if 84 

uncontrolled, will impair imaging and can lead to epithelial tearing. Our approach is a slight departure 85 

from previously published techniques for Drosophila tissues9,16,22 in that explanted midguts are 86 

transferred to evenly spaced thin agarose pads and then covered with an additional layer of agarose 87 

(Figure 1O). This sandwiched structure allows the guts to be held in place for imaging, while also 88 

protecting them from damage that can result from their contact with the culture chamber walls if left 89 

freely floating. The agarose pads can be reproducibly cast and are thin enough (~100µm) not to interfere 90 

with imaging. Moreover, each agarose pad can comfortably house up to 3 midguts, allowing the multiple 91 

imaging of several explanted intestines. The agarose pads have the additional function of elevating the 92 

midguts from the bottom of the imaging chamber so that the surface of the agarose structure is directly 93 

exposed to air, creating an air-liquid interface. This is a key design element of the setup, as proper 94 

oxygenation was found to be essential for the long-term survival of explanted midguts (data not shown), 95 
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similarly to what had been previously observed for the culture of wing imaginal discs11. Moreover, 96 

during dissection the trachea surrounding the intestine are severed and can no longer oxygenate the 97 

intestinal epithelium. 98 

To increase the stability of the setup, agarose bridges connect each agarose sandwich (Figure 1O, middle 99 

panel), allowing the sample to endure 3 days of continuous imaging (Figure 2C and Video 2). Moreover, 100 

using a microscope equipped with an incubation chamber to control evaporation removes the need to 101 

replenish the imaging vessel with fresh culture medium. As such, the culture system, despite its simple 102 

design, is highly efficient and well suited for long-term imaging experiments. 103 

A culture medium tailored to adult Drosophila tissues enhances the survival of explanted midguts 104 

One of the factors currently limiting the extended survival of explanted adult Drosophila tissues is the 105 

lack of culture media specifically designed for this task. To obviate this issue, we analyzed several 106 

parameters that distinguish the hemolymph of larvae, on which most current Drosophila cell culture 107 

media are based, to that of adult flies. We therefore compared the performance of different media 108 

formulations using the incorporation ex vivo of the cell-impermeable dye NucGreen (Thermofisher) as a 109 

measure of cell death (Figure 2A). The dye was added at the start of the culture, and its accumulation in 110 

the tissue measured over the course of three days. At the start of the culture, we usually observed 111 

NucGreen incorporation only in trachea, which are inevitably severed and damaged as a result of the 112 

dissection. We found that raising the concentration of trehalose, which is found at high levels in 113 

Drosophila circulation23–27, and mimicking the Na+/K+ ratio of adult hemolymph28–32 is sufficient to 114 

significantly reduce cell death after 24h of culture. As Schneider’s medium33–36 is a common solution for 115 

several published protocols for the live-imaging of adult Drosophila tissues14,16,17,19,21, we modified it to 116 

raise the trehalose concentration to 50mM and Na+/K+ ratio to levels similar to those found in adult 117 

Drosophila hemolymph (Table 1)24–26,28–32. Our tests showed that supplementing the culture medium 118 
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with 10% fetal bovine serum (FBS) did not have a significant beneficial effect on the midgut epithelium 119 

(Figure 2A), but we did notice that FBS addition resulted in the visceral muscle remaining intact and 120 

capable of peristalsis for longer (data not shown). Not surprisingly37,38, co-culturing explanted midguts 121 

with ovaries and abdomens lined with fat body (adipocytes) could also decrease cell death ex vivo. This 122 

effect was not due to the sequestration of NucGreen by ovaries and adipocytes as the dye was 123 

supplemented at a saturating concentration and its incorporation in these organs/tissues was mostly 124 

limited to areas mechanically damaged during dissection. As ovaries and fat bodies may enhance the 125 

survival of explanted midguts by secreting growth factors and/or nutrients, we reasoned that fly extract 126 

might have a similar effect. Indeed, midguts cultured in 100% fly extract prepared using modified 127 

Schneider’s medium had greatly reduced rates of cell death over time (Figure 2A). The calcium blocker 128 

isradipine was also added to the medium to reduce peristaltic movements, improving midgut survival 129 

and imaging. This drug did not have a noticeable long-term effect on visceral muscle viability. Indeed, its 130 

effect appeared to wear off after 48-72h, at which point the visceral muscle resumed regular peristalsis 131 

(Video 3). Lastly, as we designed the medium for the purpose of extended live-imaging, we also added 132 

N-acetyl cysteine and sodium citrate as antioxidant agents to reduce phototoxicity39. The former is an 133 

antioxidant widely used in cell culture40. Citrate is also known to have antioxidant properties41 and to be 134 

present in Drosophila hemolymph at detectable levels42. Combining all the findings mentioned above 135 

resulted in culture conditions (see Methods) that minimized cell death and allowed the live-imaging of 136 

explanted midguts for up to three days (Figure 2C and Video 2), a significant improvement over 137 

previously published culture protocols for the midgut in which imaging was limited to 16h21,22. 138 

We successfully imaged cultured intestines with inverted microscopes of different kinds, including 139 

widefield (Nikon TiE), scanning confocal (Leica SP8), and lattice lightsheet (Zeiss LLS7). We did not notice 140 

signs of phototoxicity with any of these microscope types in samples imaged for 48h, but acquisition 141 

parameters had to be chosen with care. For example, by optimizing laser power and dwell time, single 142 
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intestines could be imaged at high frame-rates (15min) without noticeable phototoxicity for at least 48h 143 

even with a confocal microscope (Video 23). However, we found confocal imaging to be less optimal 144 

than widefield microscopy for high frame-rate imaging due to the longer acquisition time required for 145 

multiple midguts in a single sample. 146 

In examining cultured midguts, we observed the accumulation of luminal contents (i.e. previously 147 

ingested food) in the posterior midgut (Figure 2B, white arrows). This appeared to be caused by 148 

peristaltic movements of the visceral muscle which persisted despite the use of the calcium blocker 149 

isradipine, although this drug suppressed them significantly. These areas were found to darken and 150 

expand over the course of culture, an effect we attribute to the growth of enteric bacteria, which 151 

eventually caused cell death and tissue damage. We found that feeding flies fresh food in the days prior 152 

to an experiment and a short (~3-6h) starvation prior to dissection reduced the negative effect of food 153 

accumulation and growth of enteric bacteria. Supplementing the culture medium with antibiotics also 154 

enhanced explanted midgut survival. Lastly, it is reasonable to assume that axenically reared flies should 155 

be immune to the issue of growing enteric bacteria. 156 

Transgenic gene expression in midgut explant culture 157 

One of the most striking features of Drosophila melanogaster as a research model is the wide range of 158 

readily available genetic tools, allowing the cell-type-specific and temporally-controlled activation or 159 

suppression of expression of genes of interest. The possibility to use such genetic tools in a live-imaging 160 

setup is highly advantageous, but so far the temporal control of gene expression ex vivo has proven 161 

unfeasible21. To further assay the behavior of midgut cells in explanted organs, we tested the induction 162 

of UAS-GFP by cell type-specific, temperature-sensitive Gal4 drivers (Figure 2D-E)43,44. As expected, 163 

midguts explanted from flies grown at the restrictive temperature (18°C) did not show any GFP 164 

expression (Video 13 and Figure 2 – figure supplement 1A, left panels). However, when incubated at the 165 
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permissive temperature (29°C) at 0h after explant (Video 13 and Figure 2 – figure supplement 1A, right 166 

panels), they started expressing the UAS-GFP transgene. Moreover, GFP expression could also be 167 

induced in intestines cultured at 18°C for 24h and then shifted to the permissive temperature (29oC), 168 

indicating that the epithelium remains viable and genetically functional long-term (Figure 2 – figure 169 

supplement 1B). Indeed, the GFP intensity in midguts cultured at 29°C for 24h from the time of 170 

dissection was similar between in vivo and ex vivo conditions for both progenitor cells (Figure 2D) and 171 

enterocytes (Figure 2E) using the escargot- (esg) and mex-Gal4 Gal80TS driver lines, respectively. This 172 

indicates that transcription and protein synthesis are maintained at normal levels in our culture system 173 

and shows that this system can be used to assay the effects of transgene induction in real time. 174 

Interestingly, progenitor cells were found to be asynchronous in their expression of the reporter GFP 175 

(Fig 4A and Video 13). Usually, the first GFP+ cells were detected at 8-10h after temperature shift, 176 

though some cells achieved detectable GFP levels only 20 hours after that. Overall, if the shift to 29°C 177 

coincided with the start of imaging, all progenitor cells usually expressed detectable levels of GFP by the 178 

36h time-point. This could be explained by variations in the activity of the esg promoter or by different 179 

global rates of transcription and translation, which in turn could be indicative of different cell states. 180 

Progenitor cells require stimulation to proliferate and differentiate 181 

When imaging explanted adult Drosophila midguts we observed esg-expressing progenitor cells (ISCs 182 

and EBS) to be quiescent (Figure 3A and Videos 2, 4, and 7). Progenitor cells in explanted healthy guts 183 

did not show major changes in their GFP levels, indicative of continuous esg expression, nor in their 184 

nuclear size (Fig 3D,F,G and Video 7), which indicates that DNA content remains constant. Via cell 185 

tracking we also observed that GFP-labeled progenitor cells did not divide in healthy explanted 186 

intestines (Figure 4D). It is important to note that in said healthy intestines we did not observe cell death 187 

or enterocyte (EC) extrusion events until after 48-72h of culture. As healthy enterocytes are known to 188 
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suppress ISC proliferation45, this may explain the lack of cell division in our explants. The suppression of 189 

peristaltic movements by isradipine may also prevent EC loss by reducing mechanical tissue stress46. 190 

A key feature of Drosophila intestinal progenitor cells is their ability to rapidly respond to tissue 191 

damage1–3,5,47. To confirm that this capability is maintained ex vivo, we fed female flies Sodium dodecyl 192 

sulfate (SDS) mixed with solid fly food at a final concentration of 0.2% (v/w) for 18h. Following this 193 

treatment, the flies were fed 0.05% sucrose in aqueous solution on a cotton pad for an additional 4-6h 194 

prior to dissection, in order to flush the SDS from the gut. This protocol caused only mild initial tissue 195 

damage, and was advantageous as it did not result in the retention of high levels of SDS in explanted 196 

guts. However, by mixing the SDS-laced food with a blue food-safe dye, we found that some low 197 

amounts of SDS-laced food do persist in the lumen of intestines at the time of dissection. The transient 198 

exposure to SDS and the low amounts retained in the lumen resulted in gradual EC death and/or 199 

extrusion, allowing the live-imaging of damage response. When imaged, intestines from SDS-fed flies 200 

showed progenitor cells that become highly motile, similar to what was recently observed in similarly 201 

damaged intestines48. ISC proliferation events could also be detected (Figure 3C). However, ISC mitoses 202 

could generally be observed only in cases where tissue damage was extensive, as evidenced by the 203 

appearance of pyknotic or fragmented nuclei and the extrusion of multiple (> 3) contiguous ECs. As this 204 

tended to happen towards late time-points after dissection, only a few (1-2) mitotic events per imaged 205 

field could be observed with this damage protocol. In addition to ISC divisions, many progenitor cells 206 

could be observed growing in nuclear size while simultaneously losing GFP expression (Figure 3B,E-G and 207 

Videos 6-7), indicative of differentiation events towards the EC identity. Indeed, differentiating 208 

progenitor cells could be seen replacing dying enterocytes (Video 6). 209 

We then tested whether these observations could be made in an in vivo condition. Before dissection, 210 

flies were fed either a control diet or SDS-laced food as described above. Flies dissected at later time-211 

points (i.e. 24 and 48h after the initial SDS feeding) where kept on fresh food, thus allowing the intestine 212 
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to clear any trace of SDS and recover. This is different to the ex vivo condition, where a small amount of 213 

SDS is retained in the lumen and continues to damage the intestine during imaging. Although we found 214 

it impossible and impractical to perfectly match the luminal SDS content in vivo and ex vivo, the in vivo 215 

condition did confirm our ex vivo observations (Figure 3 – figure supplement 1). After SDS feeding, we 216 

observed several esg+ cells with larger nuclei (Figure 3 – figure supplement 1A-B). At later time-points 217 

many differentiating cells with large nuclei and low GFP expression were also present, similarl to what 218 

was observed ex vivo. Moreover, similarly to explanted midguts, proliferative cells could be found 219 

almost exclusively at 48h after the end of the SDS treatment (Figure 3 – figure supplement 1C). 220 

A limitation of the SDS-feeding protocol described above is that midguts were damaged prior to 221 

imaging. Therefore, it cannot be excluded that the observed differentiation events were EBs that were 222 

poised to differentiate prior to SDS feeding, and then differentiated due to the damage stimulus. To 223 

confirm that, at the time of damage, pre-existing EBs were indeed capable of responding to tissue stress, 224 

we used a thin tungsten needle to create a small lesion in explanted intestines. The lesions perforated 225 

both visceral muscle and epithelial layers, but left the peritrophic matrix intact (Figure 3 – figure 226 

supplement 2A). Intestines were then enveloped in agarose and imaged within 20’ of the time of 227 

damage. Similarly to the SDS damage protocol, we were able to record progenitor cells both dividing and 228 

differentiating (Figure 3 – figure supplement 2B,C and Video 8). Moreover, wounding stimulated the 229 

robust expression of the cytokine Unpaired 3 (Upd3), whose function in midgut damage response is well 230 

documented (Figure 3 – figure supplement 2D,E and Videos 9-10)3,49,50. 231 

All in all, our observations suggest that both ISCs and EBs are quiescent in undamaged intestines. While 232 

previous studies did show varying rates of ISC proliferation in healthy midguts in vivo1–3,51,52, this may be 233 

attributed to cell death45 as well as the passage of food through the intestinal lumen46, both of which do 234 

not occur in our midgut cultures until later time-points (i.e. after 48-72h). Moreover, several previous 235 

studies used lineage-tracing tools requiring a 37°C heat shock for their activation, a treatment known to 236 
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induce ISC proliferation4,52–55. Indeed, in the presence of tissue damage, progenitor cells could be 237 

robustly activated in explanted intestines, indicating that both ISCs and EBs are capable of responding to 238 

their environment after organ explant. 239 

Loss of Notch drives tumorigenesis ex vivo 240 

A key pathway necessary for progenitor cell differentiation is the Delta/Notch signaling that occurs 241 

between ISCs and adjacent EBs1,2,56. The depletion of Notch (N) by RNA interference (NRNAi) in esg+ cells 242 

has been shown to promote the formation of undifferentiated tumor-like masses in vivo1,2,49,56. Notably, 243 

tumor initiation by N-depleted ISCs requires proliferation induced by tissue stress49,57. Consistent with 244 

this, when we explanted midguts from flies expressing NRNAi in progenitor cells for 24h prior to dissection 245 

and cultured them for 48h, we did not observe tumorigenesis in the absence of tissue damage (Figure 3 246 

– figure supplement 3A and Video 11). However, when guts were accidentally damaged during 247 

dissection (Figure 3 – figure supplement 3B, yellow ellipses), esg+ cells started to proliferate (Figure 3 – 248 

figure supplement 3B, yellow squares, and Video 12). Notably, progenitor cells remained small and did 249 

not lose GFP expression (compare Figure 3B and Figure 3 – figure supplement 3B as well as Videos 5 and 250 

12), suggesting a block of differentiation ex vivo in response to Notch knock-down. 251 

Intestinal progenitor proliferation can be genetically stimulated ex vivo 252 

EGFR-Ras-Erk signaling is activated upon gut tissue damage, and this pathway is required for stem cell 253 

activation in the adult Drosophila intestine58–60. Previous experiments showed that expression of a 254 

constitutively active form of Ras (RasG12V) strongly promotes stem cell proliferation in adult midguts60,61. 255 

As our culture protocol allows the expression of transgenes ex vivo, we induced RasG12V in explanted 256 

midguts using the esg-Gal4 Gal80TS progenitor-specific driver gene combination (esgTS). When explanted 257 

midguts were shifted to the permissive temperature (29°C) at the start of imaging, progenitor cells, 258 

marked by GFP co-expressed with RasG12V, started to rapidly proliferate (Figure 4B). About 20% of 259 
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progenitor cells tracked from the moment they expressed visible amounts of GFP till the end of the 260 

imaging session, were seen proliferating (Figure 4D). The progeny of observed mitoses were not counted 261 

for this analysis. However, since many cells were not trackable for the duration of the imaging session 262 

due to major tissue rearrangements, we may be underscoring the percentage of proliferative GFP+ cells. 263 

As GFP+ cells accumulated in the tissue, enterocytes were displaced and extruded from the epithelium 264 

(Figure 4B, yellow arrowhead, and Video 14). Interestingly, some GFP+ progenitor cells did not 265 

proliferate, but their nuclei rapidly grew in size, which aligns with the previously reported role of EGFR 266 

signaling in promoting EB growth60,62. Moreover, these rapidly growing progenitors also lost GFP 267 

expression during the course of imaging, which suggests their differentiation towards the EC lineage. 268 

The extended live-imaging that our protocol allows also permitted us to follow cells through multiple 269 

rounds of mitosis. Using manual 3-dimensional (3D) cell tracking, we reconstructed the lineages of 17 270 

dividing cells that expressed RasG12V (see Figure 5 and Video 16 for an example). As ISCs are the only cell 271 

type in the Drosophila intestine that normally divide multiple times1,2,63, the founding cells in these 272 

lineages were most likely ISCs. However, a recent work suggested that RasG12V can push a small number 273 

of EBs to de-differentiate to an ISC state64. We directly measured the duration of progenitors’ cell cycle 274 

in these lineages to be 8 ± 2.76h (Figure 4F). Interestingly, of 17 RasG12V-expressing ISC lineages 275 

characterized, one had divisions where both daughter cells from the first recorded division were seen 276 

dividing further (Figure 4E). For simplicity, pairs of dividing daughter cells will be henceforth be referred 277 

to as “co-dividing siblings” (see Figure 6A-B and Video 17 for an example). These are most likely 278 

symmetric divisions that give rise to two new ISCs. However, since we did not track differentiation 279 

markers in our lineages, other possibilities cannot be excluded. For example, after being generated from 280 

an ISC division, enteroendocrine (EE) progenitors are also known to divide once to give rise to two 281 

mature EEs63. Moreover, we cannot exclude that cells that were not observed to divide during our 282 

imaging session would not divide again, given enough time. 283 
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Since RasG12V stimulation results in multiple cellular changes, we also tested whether we could stimulate 284 

ISC proliferation more directly. For this we used the esgTS driver to co-express string (stg), a Cdc25C 285 

homolog, and Cyclin E (CycE) (Figure 4C and Video 13). String directly activates Cdk1 to promote mitosis, 286 

whereas CycE directly activates Cdk2 to promote DNA replication and S-phase progression. The 287 

combined expression of these two gene products is sufficient to strongly induce ISC proliferation65. 288 

Notably, Stg and CycE have also been shown to promote EB mitoses65, although much less strongly than 289 

in ISCs. The fraction of progenitor cells that divided in response to stg and CycE co-expression (~25%; 290 

Figure 4D) was not significantly different from that observed after forced expression of RasG12V, 291 

suggesting that all receptive progenitors are activated in both cases. However, co-dividing siblings 292 

appeared in 6 of 12 ISC lineages that overexpressed stg and CycE (Figure 4E), a significantly higher 293 

frequency to the 1 of 17 observed after RasG12V overexpression (p = 0.0106, Fisher’s exact test). We 294 

detected no significant difference in cell cycle duration in progenitors’ cell cycles driven by stg and CycE 295 

(9.4 ± 4.6h) and cell cycles driven by RasG12V (8 ± 2.76h; Figure 4F), suggesting that their differing abilities 296 

to produce co-dividing sibling cells may reflect different effects on the differentiation process. 297 

Co-dividing sibling cells actively move apart 298 

Combining all the lineages described above, we were able to identify 8 divisions that yielded co-dividing 299 

siblings (see Figure 6A-B and Video 16 for an example). For 7 of these, sibling cells divided within 2h of 300 

each other, while for one pair the interval was 5h. Based on this, we looked for divisions where one 301 

sibling cell was seen dividing further, while the other remained quiescent for the remainder of the 302 

experiment, which had to last at least 6h after the sister’s mitotic event (i.e. the second division in the 303 

lineage). For simplicity, pairs of siblings with this behavior will be henceforth be referred to as “non-co-304 

dividing siblings”. These are most likely asymmetric divisions that give rise to an ISC/EB pair. However, 305 

since specific cell fate markers were not assayed in our experiments, this cannot be verified. Moreover, 306 

we cannot exclude that both cells would not eventually divide, given enough time. Regardless, the 307 
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behavior of these daughter pairs was indeed distinct from that of co-dividing siblings described above. 308 

Following this definition, we classified 17 sibling pairs as non-co-dividing (see Figure 6D-F and Video 18 309 

for an example), 9 from RasG12V- and 8 from stg and CycE-expressing guts.  Interestingly, for 8 of these 17 310 

pairs, the non-dividing cells displayed increases in nuclear size over time, and also lost GFP expression, 311 

which is indicative of differentiation towards the EC cell fate (Figure 6C,G-H). This behavior was not 312 

observed for co-dividing siblings, where both cells increased their nuclear size before dividing further, 313 

but maintained GFP expression (Figure 6A,E-F). Hence, future studies using our culture and imaging 314 

techniques in conjunction with differentiation markers should be able to discern new details about ISC 315 

differentiation. 316 

It was previously reported that spindle orientation is indicative of whether an ISC mitosis is asymmetric 317 

or symmetric, with symmetric divisions being planar relative to the visceral muscle layer, and 318 

asymmetric divisions displacing one daughter cell apically, away from the visceral muscle22,56,66. As we 319 

restricted the interval between subsequent imaging frames to 1h to reduce phototoxicity, we were not 320 

able to measure spindle orientations. However, it has been proposed that the orientation of the mitotic 321 

spindle results in daughter cells residing at different levels within the pseudostratified intestinal 322 

epithelium, with new-born EBs being more apical56. We therefore selected mitotic events that occurred 323 

in regions of epithelium that were flat with reference to the imaging plane (based on cell nuclei 324 

positions). The 3D profile of sister cells after mitosis was then reconstructed and we measured the 325 

angles between sister cells. Measured angles were found to be <15° in 29/33 cases for RasG12V- and in 326 

30/32 cases for stg+CycE-induced mitoses. Moreover, no significant differences in sister cell angles were 327 

observed between co-dividing and non-co-dividing siblings (Figure 7A-C). These observations do not 328 

support that view that apical displacement of daughter cells is associated with EB fate specification. 329 

However, as we did not image the mitotic spindle during mitosis, it is possible that spindles were 330 
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oriented differently in divisions giving rise to the two sibling pair types, but that this difference in 331 

orientation was lost after cytokinesis. 332 

A significant difference between co-dividing and non-co-dividing siblings was found, however, when we 333 

tracked newborn cells over time. Due to some cells having cell cycles lasting less than 8h, we only 334 

considered the first six 1h time-points following the appearance of a sister pair (defined as time-point 0). 335 

Measuring the distance between sister cells at each time interval, we found that cells in non-co-dividing 336 

pairs remained close to one another until the following mitotic event (Figure 7D, red line). Cells in co-337 

dividing pairs, however, moved apart from one another (Figure 7D, green line). These behaviors could 338 

be observed even when considering unequal and co-dividing siblings in the same lineage (Figure 7E-F). If 339 

co-division and non-co-division are indeed indicative of symmetric and asymmetric division, 340 

respectively, this observation suggests that commitment to differentiation, as occurs after asymmetric 341 

divisions, requires that sister cells remain in contact for ~3-5 hours (Figure 7D,F, red line). This is in line 342 

with previous measurements of Notch activation dynamics in differentiating EBs21. Conversely, rapid 343 

separation of sister cells following a division may be necessary to generate a symmetric division that 344 

duplicates ISCs. 345 

Differences in the motility of co-dividing and non-co-dividing siblings could explain these observed 346 

effects. We therefore measured cell motility as the distance in 3D space that a cell travelled between 347 

one time-point and the next. We found that the genotype used to induce proliferation did not have an 348 

effect on the cell motility of either sibling type (Figure 7 – figure supplement 1A). Likewise, no difference 349 

in cell motility was found when considering the effect of time on cell movement of non-co-dividing 350 

(Figure 7 – figure supplement 1B,C) or co-dividing (Figure 7 – figure supplement 1D) siblings. Therefore, 351 

we directly compared the motility of both pair types irrespective of genotype or time-point analyzed 352 

(Figure 7 – figure supplement 1E), but also found no significant difference. This indicates that cells of 353 

both pair types migrate within the epithelium at similar speeds. Since non-co-dividing siblings tend to 354 
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remain close to one another over time, their movement is most likely random. On the other hand, since 355 

the distance between co-dividing siblings increases over time, their movement is likely more directional, 356 

such that cells in a sibling pair move away from each other. It would therefore be expected that, when 357 

considering co-dividing pairs, the relative movement of one cell to its sister should be greater than that 358 

observed for non-co-dividing pairs. We therefore considered the motion of sister pairs, decomposing 359 

their movement in X- and Y-axis components and summed the resulting vectors, thus calculating the 360 

movement of a cell relative to its sister along the X- and Y-axis. As expected, the magnitudes of the 361 

reconstructed relative movements between co-dividing pairs was significantly greater than that for non-362 

co-dividing pairs (Figure 7 – figure supplement 1F). This confirms that the movement of co-dividing cell 363 

pairs was directional, with the two cells moving away from one another right after division. 364 

Ex vivo culture of other adult Drosophila organs 365 

To test the feasibility of our culture setup to sustain other adult Drosophila organs, we first focused on 366 

the Malpighian (renal) tubules. Being physically connected to the intestine, we reasoned the two organs 367 

may share similar requirements for their survival ex vivo. A shared characteristic between Malpighian 368 

tubules and the adult midgut is the presence of a population of progenitor cells marked by esg 369 

expression67,68. Using the esgTS driver system, GFP expression could be induced in tubules cultured at 370 

18°C for 24h and then shifted to the permissive temperature (29oC), indicating their long-term survival 371 

(Figure 8A-B). Moreover, we found that Malpighian tubules cultured for 3 days could still contract 372 

regularly (Video 19), albeit only if still attached to intestines. 373 

A key component of our culture system that prolongs the viability of midguts is the co-culture with 374 

dissected abdomens and ovaries. On closer inspection, we found that adult hearts (the dorsal vessel), 375 

which lay along the abdominal cuticle, could be seen still beating regularly after up to 10 days in culture 376 

(Video 20). Similarly, the muscle sheet that envelopes the ovaries still contracted after 3 days in culture 377 
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(Video 21). We then took a closer look at ovaries by dissecting individual ovarioles for live-imaging. A 378 

distinctive characteristic of stage 1-8 follicles is their rotation within their follicle cell sheath, along their 379 

long axis69. In our ex vivo cultures, we routinely observed rotating stage 4 follicles that grew in size and 380 

started to elongate (Figure 8C-C’ and Video 22), indicative of progression to stage 569. Notably, this 381 

phenomenon continued for up to 48h, suggesting the long-term survival of follicles in our explants. 382 

Therefore, we believe our culture protocol could be applied to other adult Drosophila tissues and will be 383 

useful in investigating a wide range of biologically relevant phenomena. 384 

DISCUSSION 385 

The adult Drosophila midgut has emerged as a powerful tool to understand the biology of epithelia and 386 

their resident stem cells. In recent years this system has been enriched by the development of advanced 387 

live-imaging approaches18–22 that allow the observation of adult midguts for up to 16h. However, many 388 

biologically interesting processes, for instance regeneration, occur over longer time-spans, and so 389 

methods for extended culture and live-imaging should prove advantageous. 390 

Several factors could cause the limited survival of midguts ex vivo. Firstly, currently available Drosophila 391 

culture media are based on larval hemolymph composition. We have shown here that minimal 392 

modifications to Schneider’s medium are sufficient to reduce cell death ex vivo (Figure 2A). Midguts may 393 

also receive nutrients and signaling molecules from other organs such as ovaries and fat body, which are 394 

in close proximity to the intestine. Indeed, using fly extract as a culture medium and co-culturing 395 

intestines with ovaries and fly abdomens resulted in dramatic decreases in cell death (Figure 2A). Proper 396 

oxygenation is also a concern as it had been found to be essential for other Drosophila organ ex vivo 397 

cultures11. Indeed, trachea ramify throughout the fly’s internal organs, and in the intestine they even 398 

reach through the visceral muscle to contact epithelial cells directly70. Therefore, we designed our 399 

culture setup to keep guts elevated and close to the surface of the culture medium at a liquid-air 400 
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interface (Figure 1), which we found to be important for proper tissue oxygenation. Moreover, the 401 

sample setup was designed to be efficient and simple to construct for ease of reproducibility, allowing 402 

up to 12 explanted midguts to be imaged in parallel in a single dish. Lastly, prolonged live-imaging 403 

sessions can be hampered by phototoxicity. This can be resolved by reducing the intensity of the 404 

excitation light and exposure times, albeit at the cost of reduced signal/noise ratios and frame rates. 405 

Controlling each of these factors has allowed us to culture healthy explanted midguts for up to 3 days ex 406 

vivo (Figure 2C and Video 2), and other organs for even longer periods. 407 

Using our system, we observed that, while midguts maintain their ability to respond to tissue stress ex 408 

vivo, progenitor cells in undamaged intestines are quiescent. Previous estimates of mitotic rates based 409 

on immunostaining for the mitotic marker phospho-Ser 10-Histone 3 generally showed a wide range of 410 

baseline values, with numbers as low as 1-3 mitoses per midgut3. Nonetheless, even considering a low 411 

mitotic rate and using an estimate of mitosis duration21 and ISCs numbers1,71–73, we expected to see 412 

several mitoses even in undamaged intestines (e.g. >5 for fields with 50 or more esg+ cells). As ISC 413 

proliferation could be stimulated by tissue damage ex vivo, this suggests that, in homeostatic conditions, 414 

stem cells may only proliferate when the need to replace damaged or dying cells arises. Given the lack of 415 

cell death in undamaged midguts ex vivo, the previously reported proliferation-suppressive effect of 416 

enterocytes45,73 may be responsible for the lack of observed mitotic events. Interestingly, we also did not 417 

observed differentiation events in undamaged intestines, which suggest that enteroblasts are a stable 418 

cell type, rather than being transient progenitors that are present only during periods of rapid ISC 419 

division, and are rapidly lost via differentiation or apoptosis51. Indeed, a previous analysis of the EB gene 420 

expression profile showed the existence of EB-specific genes, consistent with EBs being a distinct cell 421 

type74,75. As a consequence, the enteroblast pool may constitute a first line of response to tissue 422 

damage, that rapidly differentiate to generate new ECs, while buying time for stem cells to progress 423 

through the cell cycle. 424 
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Our culture system can also be used in combination with temperature-sensitive gene induction or 425 

knock-down tools, thus expanding its applications. When genetically stimulated by the expression of 426 

constitutively active RasG12V, ISCs proliferated rapidly (Figure 4 and Video 14). Similarly, co-427 

overexpression of stg and CycE also resulted in ISC proliferation. These are strong genetic manipulations 428 

known to promote ISC proliferation. Glycine 12 mutations in KRAS, which result in the constitutive 429 

activation of the small GTPase, are among the most frequent mutations in colorectal and other 430 

cancers76. In the adult Drosophila intestine, this same mutation (G12V) has been shown to drive ISC 431 

proliferation60,61, and EB growth and endoreplication62. Moreover, a recent study suggested that a small 432 

subset of EBs could also be induced to proliferate by RasG12V64. Co-overexpression of stg and CycE can 433 

also promote ISC proliferation by directly stimulating cell cycle progression65. Similarly to RasG12V, this 434 

genetic stimulation could also drive EB proliferation, albeit not as strongly as in ISC. It’s reasonable to 435 

assume that the EBs responsive to either RasG12V or stg and CycE co-expression may be immature and 436 

still close to a stem cell state. When reconstructing cell lineages induced by these genetic manipulations, 437 

we observed divisions that gave rise to daughter cells with two distinct behaviors: 1) “co-dividing” pairs 438 

in which both daughter cells divided again, like the progeny of symmetric divisions; and 2) “non-co-439 

dividing” pairs in which only one daughter cell divided while the other did not for the remainder of the 440 

imaging session (>6h), as would be the case for the progeny of asymmetric divisions. By analyzing the 441 

reconstructed lineages, we found that upon RasG12V stimulation most lineages did not present co-442 

dividing siblings. Interestingly, if co-dividing siblings were the result of symmetric divisions, this would be 443 

in accordance to the previously described prevalence of asymmetric division events in normal 444 

intestines52,72. This could suggest that the EGFR-Ras-Erk pathway may have a role in differentiation. 445 

Indeed, several progenitor cells, when stimulated by RasG12V, did not divide, but rapidly grew in nuclear 446 

size and lost esg expression, which is indicative of EB to EC differentiation and a similar phenotype to 447 
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what previously reported62. Alternatively, Stg and CycE overexpression may suppress differentiation, 448 

resulting in the increased number of symmetric-like divisions we observed (Figure 4E). 449 

One major difference that we did observe between co-dividing and non-co-dividing siblings was in the 450 

behavior of sister cells. Non-co-dividing siblings remained close to one another for several hours after 451 

mitosis. This is significant as it is known that cell-cell contacts between progenitor cells are required for 452 

promoting differentiation1,2. Indeed, interactions between Notch on the surface of the EB and Delta 453 

expressed on the ISC surface is a strong promoter of EB to EC differentiation1,2,56. It was previously 454 

shown that EB differentiation via N activation requires several hours to resolve21. This time frame 455 

matches our observations, which show non-co-dividing sister pairs remaining in contact for at least ~3-5 456 

hours after division. Adherens junctions may be affecting these cell contacts as strong levels of shotgun 457 

(e-cadherin) and armadillo (β-catenin) are found in between ISC and EB pairs71. As EGFR signaling is 458 

known to impact adherens junctions remodeling58,77,78, this could help explain the prevalence of non-co-459 

dividing siblings in cell lineages stimulated by RasG12V expression. Co-dividing pairs had the opposite 460 

behavior, and moved apart right after division. If co-dividing siblings were the result of symmetric 461 

division expanding the ISC pool, this would result in the dispersion of stem cells through the midgut. As 462 

symmetric divisions are known to occur during adaptive growth of the intestine, especially in the days 463 

after eclosion, this behavior could help explain how ISCs space themselves uniformly in the 464 

epithelium72,79. 465 

Despite these successful applications, the system we developed still has limitations. The optimized 466 

dissection procedure limits midgut damage, but does not completely eliminate the risk. The agarose 467 

pads, albeit thin, can interfere with high powered objectives with short working distances (e.g. 40X and 468 

above). Using thinner agarose pads could help to reduce the required working distance, but may result 469 

in hypoxia. This in turn could be solved by increasing the oxygen concentration using microscope 470 

incubation chambers equipped with an atmosphere control unit. Midgut survival ex vivo also seems to 471 
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be limited by the growth of enteric bacteria, especially since, once dissected, midguts cannot properly 472 

move food through the intestine and defecate. Indeed, we observed that the visceral muscle, which is 473 

not in direct contact with luminal contents, could survive and contract regularly for up to a week in 474 

optimal conditions, despite the death of the adjacent epithelium. Generating axenic flies may help to 475 

further extend the survival of the midgut epithelium ex vivo. Newer, gentler imaging technologies such 476 

as light-sheet microscopy could also improve survival during live-imaging sessions by reducing 477 

phototoxicity. It’s also possible that different organs may have specific requirements in terms of media 478 

composition and additives, in which case tailoring culture media to a specific organ may be beneficial. 479 

Indeed, even the same organ can have different requirements in male and female flies79–81. Lastly, to 480 

limit mechanical damage to the intestines and to more easily image them, we used the calcium blocker 481 

isradipine to inhibit visceral muscle peristalsis. The lack of peristaltic contraction may have negative 482 

effect on midgut biology, aside from the retention of food and proliferating bacteria in the lumen. 483 

Indeed, it was previously reported that ISCs are sensitive to mechanical stimuli20. If food passage itself 484 

can stimulate ISC proliferation, its inhibition could partially help to explain the lack of mitosis in healthy 485 

midguts ex vivo. 486 

Nonetheless, the increased survival ex vivo our protocol allows is significant and we believe it can enable 487 

experiments that will lead to a better understanding of the mechanisms that mediate epithelial 488 

homeostasis, such as the regulation of asymmetric and symmetric ISC division events. Our protocol may 489 

also provide a platform to dissect inter-organ interactions, given the positive effect that co-culture with 490 

ovaries and fat bodies had on midgut survival (Figure 2A). Moreover, Malpighian tubules, hearts, and 491 

ovaries did show increased survival when cultured with our protocol (Figure 8 and Videos 17-20). Finally, 492 

we believe that the possibility to visualize the effects of gene induction or silencing in real-time using 493 

fluorescent markers will be very useful for dissecting the roles of specific signaling pathway components 494 

and in modeling human disease. 495 
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MATERIALS AND METHODS  496 

Drosophila stocks 497 

w1118 (Bloomington Drosophila Stock Center 3605) 498 

esg-Gal4 tubGal80ts UAS-GFP / CyO; UAS-flp Act>CD2>Gal4 / TM6B (PMID: 19563763) 499 

esg-Gal4 Tub-Gal80TS UAS-nlsGFP / CyO 500 

mex-Gal4 Tub-Gal80TS UAS-GFP / CyO 501 

esg-Gal4 UAS-GFP 502 

esg-Gal4 Tub-Gal80TS UAS-nlsGFP / CyO; His2Av-mRFP / TM6B 503 

His2Av-mRFP (Bloomington Drosophila Stock Center 23650) 504 

UAS-NRNAi / TM6B (PMID: 26237646) 505 

UAS-RasG12V / CyO (PMID: 21167805) 506 

UAS-stg, UAS-CycE (PMID: 24975577) 507 

PCNA-GFP (Stefano Di Talia, Duke University Medical Center, USA) 508 

His2Av-mRFP; PCNA-GFP 509 

Fly rearing 510 

Flies were raised on standard cornmeal and molasses fly food. Prior to dissection, flies were flipped to 511 

fresh vials without live yeast daily for 3 days at 18°C to reduce the load of commensal bacteria. On the 512 

morning of the dissection, flies were fed a sucrose 0.05% aqueous solution on a cotton pad at room 513 

temperature (25°C) for 4-6h to clear most luminal contents. This also helped to reduce accumulation of 514 

food in the posterior section of the gut, which could lead to the mechanical stress of the epithelium. For 515 
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SDS feeding experiments, flies were fed overnight either standard food or food mixed with SDS to a final 516 

concentration of 0.2% v/w. Both foods were also mixed with a blue food-safe dye to control for feeding. 517 

The following morning, flies were fed a sucrose 0.05% aqueous solution on a cotton pad to clear most of 518 

the luminal SDS. 519 

Modified Schneider’s medium for adult Drosophila tissues. 520 

Schneider’s medium (Genesee Scientific, 25-515) was modified by adding the following reagents to the 521 

stated final concentrations: 1mM trisodium citrate dihydrate (ThermoFisher Scientific, BP327), 91.2mM 522 

sodium chloride (Sigma-Aldrich, S9888), 55.8mM D-trehalose anhydrous (Sigma-Aldrich, T0167), 10mM 523 

glutamine (Gibco, 25030), and 2mM N-acetyl cysteine (Sigma-Aldrich, A7250) (Table 1). Glutamine needs 524 

to be added only if the batch of Schneider’s medium used is glutamine-free. Medium was then filtered 525 

using 0.22µm syringe filters (VWR, 28145) and stored at 4°C. See Supplementary File 1 for recipe. This 526 

medium was used without additives during dissection, agarose gel stock preparation, and as a base for 527 

fly extract. 528 

For fly extract, well-fed female flies were anesthetized on ice. Using mortar and pestle, flies were 529 

homogenized on ice in the presence of 10l per mg of flies of modified Schneider’s medium (as 530 

described above) with bovine serum albumin (BSA) added to 1%. The homogenate was centrifuged at 531 

0.6G and 4°C for 10'. Supernatant was saved and fly carcasses discarded. The centrifugation step was 532 

repeated 3 times until all solid fly residues were eliminated. Extract was heat inactivated by heating at 533 

60°C for 5’, then centrifuged at 0.6G and 4°C for 10'. Supernatant was saved and filtered using 0.22µm 534 

syringe filters. Extract was aliquoted and stored at -20°C before use. 535 

For live-imaging, 100% fly extract prepared in modified Schneider’s medium was used as a base for the 536 

complete culture medium. Fly extract was slowly thawed at 4°C, then 10% fetal calf serum (Gibco, 537 

26140079), 1:100 Antibiotic-Antimycotic (ThermoFisher Scientific, 152400062), 100µg/ml Ampicillin 538 
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(Fisher Scientific, AC611770250), and 25µg/ml Chloramphenicol (Fischer Scientific, BP904-100) were 539 

added. To suppress peristaltic movements, 10µg/ml isradipine (SigmaAldrich, I6658) was added to the 540 

complete medium immediately before imaging. 541 

  542 
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  543 

 544 

Component Schneider's medium Modified Schneider's medium
Amino Acids Concentration (mM) Concentration (mM)
Glycine 3.3 3.3
L-Arginine 2.3 2.3
L-Aspartic acid 3.0 3.0
L-Cysteine 0.5 0.5
L-Cystine 0.4 0.4
L-Glutamic Acid 5.4 5.4
L-Glutamine 12.3 12.3
L-Histidine 2.6 2.6
L-Isoleucine 1.1 1.1
L-Leucine 1.1 1.1
L-Lysine hydrochloride 9.0 9.0
L-Methionine 5.4 5.4
L-Phenylalanine 0.9 0.9
L-Proline 14.8 14.8
L-Serine 2.4 2.4
L-Threonine 2.9 2.9
L-Tryptophan 0.5 0.5
L-Tyrosine 2.8 2.8
L-Valine 2.6 2.6
beta-Alanine 5.6 5.6
Inorganic Salts 
Calcium Chloride (CaCl2) (anhyd.) 5.4 5.4
MgCl2 Hexahydrate 0.0 0.0
Magnesium Sulfate (MgSO4) (anhyd.) 15.1 15.1
Potassium Chloride (KCl) 21.3 21.3
Potassium Phosphate monobasic 3.3 3.3
Sodium Bicarbonate (NaHCO3) 4.8 4.8
Sodium Chloride (NaCl) 36.2 91.2
Sodium Phosphate dibasic (Na2HPO4) 4.9 4.9
Other Components 
N-Acetyl Cysteine 0.0 2.0
Trisodium Citrate Dihydrate 0.0 1.0
Alpha-Ketoglutaric acid 1.4 1.4
D-Glucose (Dextrose) 11.1 11.1
Fumaric acid 0.9 0.9
Malic acid 0.7 0.7
Succinic acid 0.8 0.8
Trehalose 5.8 55.8
Yeastolate (g/l) 2000.0 2000.0

Table 1: Modified Schneider’s medium formulation. Components whose concentration was 
modified are highlighted in yellow.
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Sample preparation for long-term culture and live imaging 545 

1. Prior to dissection, a 35mm dish with lockable lid (ibidi®, µ-Dish 35 mm low, 80136) is prepared 546 

by first placing a thin wet paper tissue around its inner rim to reduce evaporation during long 547 

imaging sessions (Figure 1O, left panel); 548 

2. Agarose pads are then cast by spreading 2µl of low gelling temperature agarose (Sigma Aldrich, 549 

A9414), heated to 70°C, over four 4mm areas in the observation region of the dish. For each 550 

dish, 4 pads can be easily cast (Figure 1O, left panel). The agarose solution is prepared from 551 

powder as a 1% stock in modified Schneider’s medium without additives and stored at 4°C in 552 

200µl aliquots. Aliquots can be melted and re-gelled several times, provided evaporation is not 553 

excessive; 554 

3. Dishes are then stored at room temperature while midguts are isolated by dissection; 555 

4. A small amount of medium is then added to the top of each agarose pad to facilitate the 556 

transfer of midguts. These are transferred very carefully, by holding them in a drop of liquid in 557 

between the grasping ends of a forceps. The drop is then touched to the top of an agarose pad, 558 

gently depositing the midgut trapped in it. Care must be exercised to ensure that the midgut 559 

rests entirely within the drop of liquid, without touching the dry surfaces of the forceps, to 560 

which it may stick. Each agarose pad can house up to 3 guts; 561 

5. Once all midguts have been transferred, liquid from the top of the agarose pads is removed as 562 

much as possible using forceps, while leaving a small amount to avoid desiccation of the 563 

intestines. Midguts are then gently repositioned for proper imaging, if required; 564 

6. Guts are then covered with a thin layer of low gelling temperature agarose 0.5% cooled to 37°C 565 

(Figure 1O, middle panel). The layer must be just enough to cover the midguts’ surface (~1µl per 566 

pad); 567 
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7. The sample is incubated for 5 min at room temperature before the agarose structures are 568 

connected between them and to the sides of the observation area by creating agarose bridges 569 

with 0.5% low gelling agarose (Figure 1O, middle panel). This increases the stability of the 570 

overall sample, facilitating its transport in case the sample has to be prepared at some distance 571 

from the microscope that will be used to image it. If required, agarose domes can also be 572 

strengthened with an additional thin layer of agarose; 573 

8. After 10 min, the agarose will have solidified and 120µl of complete culture medium can be 574 

carefully added to the sample (Figure 1O, right panel). The small volume is enough so that all 575 

midguts will receive nutrients throughout the culture duration, while ensuring that the 576 

uppermost surface of the agarose structures is not submerged by liquid, creating a liquid-air 577 

interface; 578 

9. Finally, ovaries and fly abdomens that were dissected along with the midguts are added to the 579 

culture, free-floating in between the agarose pads. The sample will thereby be ready for 580 

imaging; 581 

Optimized dissection to avoid damaging of midguts. 582 

1. To reduce the risk of contamination of the culture by bacteria residing on the animal exterior, 583 

CO2 anesthetized flies are surface sterilized by submerging them in 70% ethanol for 2 min and 584 

then in 50% bleach for 1 min. Most flies survive this treatment; 585 

2. Flies are then washed and stored in 1X PBS modified as they are dissected one by one in 586 

modified Schneider’s medium without additives. Since this step is fast (< 2 min), using complete 587 

medium based on fly extract is not required; 588 

3. Using micro-scissors the head is removed with a clean cut, thus ensuring that the crop and 589 

proventriculus still reside in the fly thorax (Figure 1B,C; Video 1); 590 

4. The cuticle around the anus is pulled, exposing the hindgut (Figure 1D); 591 
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5. Holding the fly gently with forceps around the thorax-abdomen junction, the soft ventral 592 

abdominal cuticle is ripped using another forceps, pulling it along the length of the fly towards 593 

the anus, thus exposing the midgut (Figure 1E,F; Video 1); 594 

6. The abdomen is then gently separated from the thorax (Fig . 1G; Video 1); 595 

7. The crop is gently pinched and pulled out of the thorax, thus freeing the anterior midgut along 596 

with it (Figure 1H,K yellow arrowhead; Video 1); 597 

8. The midgut is gently freed from the abdominal cuticle (Figure 1J; Video 1). Care has to be 598 

exercised at this step as many trachea filaments connect the midgut to ovaries and abdominal 599 

walls. Freeing the midgut from ovaries and the abdominal cuticle is important for ease of 600 

handling and imaging and for proper oxygenation. Indeed, if these structures are kept attached 601 

to the intestine, transferring the explanted organ to agarose pads is harder and carries the risk 602 

of the midgut being covered by ovaries and the cuticle, thus limiting imaging access and creating 603 

a barrier between the midgut and the air-liquid interface; 604 

9. Crop and malpighian tubules are cut away using micro-scissors, and the hindgut is similarly 605 

removed just below its connection to the midgut (Figure 1K-M; Video 1). This step is necessary 606 

as both Malpighian tubules and the ampulla connected to the hindgut are quite sticky and make 607 

transferring the guts to the imaging dish difficult. If desired, however, Malpighian tubules can be 608 

transferred to agarose pads for imaging, either detached or still connected to midguts; 609 

10. Once dissected, a midgut can then be transferred to a well containing modified Schneider’s 610 

medium with 10µg/ml isradipine. Ovaries and the fly abdomen are transferred to this well too; 611 

11. Once all midguts have been dissected, they can be carefully transferred to the agarose pads for 612 

sample preparation. To avoid damage during transfer, it is recommended that midguts be 613 

moved by keeping them in a small drop of liquid in between the prongs of a forceps. Ovaries and 614 
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fly abdomens to be co-cultured with the intestines are transferred to the space between the 615 

agorose pads, free-floating in the culture medium; 616 

12. For localized damage experiments, midguts were poked in their posterior section using an 617 

electrolytically sharpened tungsten needle once transferred to the agarose pads. To keep guts 618 

still during the procedure, the hidgut section can be clamped with forceps held in the non-619 

dominant hand. For this, a longer hidgut section can be preserved (see point 9). It is imperative 620 

to avoid perforating the peritrophic matrix, thus preventing the contamination of the culture 621 

from commensal bacteria. For this, guts are not perforated perpendicularly to the epithelium, 622 

but at a ~45° angle. Alternatively, guts can be carefully scratched repeatedly in the same spot to 623 

produce a tear; 624 

Long-term live-imaging of explanted adult Drosophila midguts 625 

For imaging of midgut, hearts, and Malpighian tubules we used an inverted widefield Nikon Ti Eclipse 626 

microscope equipped with an incubation chamber (Okolab) for moisture and temperature control, a 627 

CoolSnap HQ2 camera (Photometrics), a SOLA LED light engine (Lumencore), and a Prior motorized 628 

stage. To limit phototoxicity, albeit at the cost of reduced signal/noise ratio, we used a 4x neutral 629 

density filter, limited light intensity to 5%, and limited exposure times to 100-150ms and 200-300ms for 630 

GFP and RFP signals, respectively. Follicles were imaged using a Leica SP8 confocal microscope equipped 631 

with a white laser light source and an incubation chamber (Okolab). To limit dwell time, samples were 632 

imaged at a frequency of 700Hz. Intestines could also be successfully imaged with the same setup. For 633 

both widefield and confocal setups, videos were captured at room temperature (25°C) or at 29°C for 634 

temperature-sensitive gene induction experiments using a 20X air objective (APO 20X NA 0.75 WD 1). 635 

Multipoint acquisition was used to image the R4-5 posterior midgut section of 12 intestines during each 636 

imaging section. For each midgut, a 45µm Z-stack was captured using a 3µm Z-step. Focus was manually 637 

checked and corrected during the course of the imaging session with the Nikon Ti Eclipse, or using a 638 
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contrast-based autofocus routine for the Leica SP8. Frame rate was typically one full multi-channel Z-639 

stack/midgut/hour. For the imaging of Malpighian tubules and ovaries contractions and beating hearts, 640 

the frame rate was 1 slice every 0.08ms instead. 641 

NucGreen analysis 642 

For cell survival experiments, guts from W1118 flies were cultured in media containing NucGreen 643 

(ThermoFisher Scientific, R37109) diluted 1:20. Midguts were imaged once a day for 3 days, using a 10X 644 

air objective (Plan Fluor 10X NA 0.3 WD 16) to capture a stitched z-stack of the whole organ with z-steps 645 

of 20µm. Images were normalized to their median pixel value to account for changes in background, 646 

then midgut areas were manually selected from maximum intensity projections. The NucGreen signal 647 

was computed as the sum of pixel values in the selected areas, normalized to the first time-point in the 648 

series. 649 

GFP level quantification 650 

Midguts were explanted from 5-15 days old flies reared at 18°C and cultured at 29°C for 24h. Midguts 651 

were then carefully removed from the culture setup and fixed in para-formaldehyde 6% in PBS for 30 652 

minutes at room temperature. Similarly, in vivo control flies were shifted to 29°C for 24h, then dissected 653 

and their midguts fixed. Fixed intestines were stained for DAPI 0.1mg/ml (Sigma-Aldrich, 10236276001) 654 

in PBS with 0.1% Triton-X100, then mounted with VECTASHIELD® antifade mounting medium (Vector 655 

Laboratories, H-1000-10). The posterior region of the intestines was imaged and the GFP and DAPI 656 

signals were thresholded using Otsu’s method82. Regions of overlap between the two tresholded 657 

channels were used as a mask to calculate the mean GFP expression of each cell of interest in the 658 

imaged field. For each intestine, the values of each measured cell were averaged to express a mean 659 

fluorescence for the whole intestine. 660 
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For GFP induction tests, malpighian tubules were detached from midguts using micro-scissors and 661 

cultured in sandwiched agarose structures as described above. Tubules were cultured at 18°C for 24h 662 

then at 29°C. Images were captured daily. Individual GFP+ cells from 48h images were identified in 663 

previous time-points and their GFP intensity measured. 664 

Cell tracking and analysis. 665 

Image analysis was performed using either ImageJ or Python (v3.7.10). Using a custom Python script 666 

(Source code 1), each time-lapse movie was divided at the first time point into overlapping regions of 667 

interest that were then used for automatic local registration. This helps account for local movements 668 

and deformations of the intestinal epithelium which complicate the following image analysis step. 669 

Registration was based on cross-correlation of a region of interest with the next frame of the time-670 

series. Individual ISC and their progeny were then manually tracked using a custom ImageJ macro 671 

(Source code 2), selecting each cell by drawing their outline at their most in-focus z slice. By identifying 672 

all cells between successive time-points, we avoided lineage assignment errors even with long time-673 

intervals between frames.  674 

Cells were then analyzed as follows: 675 

• Lineages were reconstructed with a custom Python script (Source code 3) using the cell 676 

positions in the imaged field across time annotated during manual tracking. When the former 677 

approach failed due to too complex rearrangements of cells within a lineage, lineages were 678 

manually annotated instead; 679 

• Nuclear size was measured during manual tracking from the most in-focus z-slice using an 680 

upscaled image so as to achieve sub-pixel precision; 681 

• Mean nuclear GFP intensity was measured during manual tracking and adjusted to the median 682 

value in a 50µm window around the cell of interest to account for changes in local background; 683 
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• Cell cycle duration was measured as the number of frames (each representing a 1h interval) 684 

from the appearance of a cell resulting from a mitotic event and its subsequent division; 685 

• Cell motility was defined as the distance between the positions of a cell in two subsequent 686 

frames. We used the center nuclei to mark cells’ positions. Since esg+ cells have a high 687 

nuclear/cytoplasm ration, measuring internuclear distance is a good approximation for 688 

quantifying cell motility. A few errors during image registration resulted in improper 689 

measurements, which were then discarded. For this, outlier values were first identified using the 690 

interquartile range method, then confirmed on the registered movie file; 691 

• For analysis of the angle between sister cells, the z-profile along the axis connecting the center 692 

of the two cells was reconstructed Python. Only cells in flat sections of epithelium in reference 693 

to the imaging plane (based on enterocytes’ nuclei positions) were considered. The pixel values 694 

of the stack along a line connecting the two cells were used to reconstruct the 3D profile. Once 695 

all profiles were reconstructed, the angle between the 3D centers of the sister cells was 696 

manually computed in reference to the imaging plane. Measurements were repeated three 697 

times and averaged. 698 

ACKNOWLEDGEMENTS 699 

This work was supported by the Huntsman Cancer Foundation, and National Institutes of Health Grants 700 

R01 GM124434 and R35 140900 (to B.A.E.) and P30 CA042014. We thank the Bloomington Drosophila 701 

Stock Center for fly stocks. We thank the University of Utah Cell Imaging Core for its instruments and 702 

assistance. 703 

COMPETING INTERESTS 704 

The authors declare no competing interests. 705 

FIGURE LEGENDS 706 



33 
 

Figure 1: Sample preparation for live-imaging. (A-N) Minimal handling dissection used to gently explant 707 

adult Drosophila midguts, limiting the risk of damaging the intestines. See also Video 1. (O) Culture 708 

chamber setup (left) and mounting of explanted midguts (middle and bottom diagram) to produce an 709 

air-liquid interface culture (right). See methods section and Video 1 for in-depth description. 710 

Figure 2: A custom culture medium sustains the midgut ex vivo. (A) Incorporation of the cell-711 

impermeable dye NucGreen shows the levels of midgut cell death ex vivo in midguts cultured in: 712 

standard Schneider’s medium (SM), modified Schneider’s medium (MSM), MSM with 10% added fetal 713 

calf serum (FCS), MSM including co-culture with fat bodies and ovaries (FbO), culture in fly extract 714 

prepared in MSM (FeMSM), and the combination of all these conditions (Complete). Error bars 715 

represent the standard error of the mean. (B) Explanted midguts maintain their shape and tissue 716 

integrity for 3 days in culture. However, commensal bacteria keep growing in the lumen, especially in 717 

the posterior section where this can be seen as a darkening of the lumen (white arrows). Scale bar is 718 

100µm. (C) Maximum intensity projection of intestine expressing a lineage-tracing system under esgTS 719 

driver and imaged for 72h at 29°C. The fly of origin was incubated at 29°C for 24h prior to dissection. The 720 

intestine was undamaged during the course of imaging and did not show proliferation events. Scale bar 721 

is 5µm. See also Video 2. (D-E) Temperature-sensitive gene induction ex vivo is possible in both 722 

progenitor cells (D) and enterocytes (E). GFP levels expressed after 24h of gene induction are 723 

comparable between in vivo and ex vivo intestines. Explanted intestines were shifted to 29°C 724 

immediately after sample preparation. In vivo controls were shifted simultaneously. Images are 725 

representative maximum intensity projections of posterior midguts. Scale bar is 50µm. Each dot in the 726 

graphs represents the average GFP expression level in the posterior section of an intestine (T test). (ns, 727 

not significant) 728 

Figure 3: Midguts respond to damage ex vivo. (A) Healthy gut fed a control diet showing no sign of 729 

tissue damage. Images are maximum intensity projections. See also Video 4. Scale bar is 20µm. (B) Gut 730 
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from fly fed SDS 0.2% overnight showing progressive tissue repair ex vivo mediated by progenitor cells 731 

proliferation and differentiation. As cells differentiate, nlsGFP expression is gradually lost. Area 732 

delimited by the yellow rectangle is enlarged in (B’). Images are maximum intensity projections. See also 733 

Video 5. Scale bar is 20µm. (B’) Enlargement of panel (B) showing an esg+ cell (white outline) 734 

differentiating and replacing dying enterocytes (yellow circles). As the cell differentiates, nlsGFP 735 

expression is lost and its nucleus grows larger. Images are maximum intensity projections. See also 736 

Video 6. Scale bar is 10µm. (C) Example of stem cell dividing upon tissue damage initiated by SDS 737 

feeding. Cell is marked by the expression of nlsGFP (yellow arrowhead). Note that in the 30h time-point 738 

the cell is in mitosis and so the nlsGFP signal is mostly lost due to nuclear envelope breakdown. After 739 

mitosis, the nuclear envelope is reformed and GFP re-accumulates in the nucleus of the daughter cells. 740 

Images are single z-slices. Scale bar is 5µm. (D) Plots of nuclear area (red) and mean nuclear GFP 741 

intensity (green) from single progenitor cells from healthy guts. Note that both nuclear size and GFP 742 

signal, despite a small gradual dip caused by photobleaching, are stable for the duration of the imaging 743 

session. See also Video 7, left column. (E) Plots of nuclear area (red) and mean nuclear GFP intensity 744 

(green) in single progenitor cells from SDS-damaged guts. Note that nuclear size increases, while GFP 745 

signals dims over time, suggesting EB to EC differentiation. See also Video 7, right column. (F) 746 

Quantification of nuclear area of esg+ cells in control (green) and SDS-damaged (red) intestines cultured 747 

ex vivo. Each cell was measured at imaging start (i.e. 0h) and 48h later. In control guts, esg+ cells remain 748 

quiescent and have no change in nuclear size. Due to the SDS treatment, several progenitor cells have a 749 

large nucleus already at the time of dissection. Furthermore, most progenitor cells’ nuclear area 750 

significantly increases during the course of imaging (Two-way Anova and Šídák's multiple comparisons 751 

test). (G) Ratio of nuclear GFP intensity for individual esg+ cells from control or SDS-damaged intestines 752 

cultured ex vivo. While cells in control intestines do not lose GFP expression (except for a minor loss due 753 

to photobleaching), several cells in the SDS-treated intestines show a significant loss of GFP intensity, 754 
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suggesting their differentiation and change of cell identity (T test). (ns, not significant, *, p < 0.05; ****, 755 

p < 0.0001) 756 

Figure 4: Genetic induction of intestinal stem cell proliferation. (A) Live-imaging of a normal intestine 757 

expressing nlsGFP in progenitor cells via esgTS driver. Intestines were shifted to 29°C at the start of 758 

imaging. Note the gradual accumulation of GFP signal showing variability between cells in terms of both 759 

time and intensity. Images are maximum intensity projections. See also Video 13. Scale bar is 20µm. (B) 760 

Live-imaging of an intestine expressing nlsGFP and RasG12V in progenitor cells via esgTS driver. Intestines 761 

were shifted to 29°C at the start of imaging. GFP+ cells can be seen rapidly dividing and displacing 762 

mature enterocytes (yellow arrowhead). Images are maximum intensity projections. See also Video 14. 763 

Scale bar is 20µm. (C) Live-imaging of an intestine expressing nlsGFP, stg, and CycE in progenitor cells via 764 

esgTS driver. Intestines were shifted to 29°C at the start of imaging. GFP+ cells can be seen rapidly 765 

dividing. Images are maximum intensity projections. See also Video 15. Scale bar is 20µm. (D) 766 

Quantification of observed proliferating and non-proliferating esg+ progenitor cells in control and 767 

intestines expressing RasG12V or stg and CycE. Only cells observed from the moment they expressed 768 

visible levels of GFP to the end of the imaging session are included. The progeny of observed mitoses 769 

were not counted for this analysis. (E) Frequency of stem cell lineages with divisions giving rise to two 770 

proliferative cells (green), compared between intestines expressing either RasG12V or stg and CycE 771 

(Fisher’s exact test). (F) Quantification of cell cycle durations of progenitor cells expressing either RasG12V 772 

or stg and CycE, and nlsGFP. No significant difference was found between the two genotypes (Mann-773 

Whitney test). (ns, not significant; *, p < 0.05) 774 

Figure 5: Example of a reconstructed ISC lineage. (A) Time-lapse of a single RasG12V-expressing ISC 775 

undergoing multiple rounds of mitoses. The nlsGFP channel is shown. Cells belonging to the lineage are 776 

marked by yellow arrowheads. (B) Lineage diagram. Cells visible at the last time-point shown are marked 777 
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in magenta. Images are maximum intensity projections of z-slices encompassing the cells in the lineage. 778 

See also Video 16. Scale bar is 5µm. 779 

Figure 6: Examples of asymmetric and symmetric divisions. (A) nlsGFP channel showing a stem cell 780 

undergoing division upon expression of stg and CycE via esgTS driver and giving rise to co-dividing 781 

siblings. The resulting daughter cells (green arrowheads) can be seen further dividing at the 41h and 42h 782 

time-points. A white circle denotes the outline of the starting cell at the initial time-points, when signal 783 

was weakest. Images are maximum intensity projections of z-slices encompassing the cells in the 784 

lineage. See also Video 17. Scale bar is 5µm. (B) Lineage diagram for cell in A. Green branch denotes co-785 

dividing sibings. Cell present at the end of the imaging session are marked by magenta dots. (C) nlsGFP 786 

channel showing a stem cell undergoing division upon expression of RasG12V via esgTS driver giving rise to 787 

non-co-dividing siblings. Of the resulting daughter cells (red arrowheads), only one can be seen dividing 788 

further. The non-dividing cell is observed for at least 6h following the division of its sister cell. Images 789 

are maximum intensity projections of z-slices encompassing the cells in the lineage. See also Video 18. 790 

Scale bar is 5µm. (D) Lineage diagram for cell in C. Red branch denotes non-co-dividing siblings. Cell 791 

present at the end of the imaging session are marked by magenta dots. (E-H) Plots of nuclear area (E, G) 792 

and nuclear GFP mean intensity (F, H) for the lineage in A (E-F) and C (G-H). Dotted lines connect mitotic 793 

cells to their progeny. Green and red lines denote co-dividing and non-co-dividing siblings, respectively. 794 

The GFP channel was used for quantification. 795 

Figure 7: Analysis of non-co-dividing and co-dividing siblings in the Drosophila midgut. (A) Angle 796 

between daughter cells after mitosis as referenced to the imaging plane. No difference was found 797 

between the two types of daughter pairs (Mann-Whitney). (B) XY (top panel) and Z (bottom panels) 798 

nlsGFP profiles of the division event from Figure 6A,B giving rise to co-dividing siblings. Cell proliferation 799 

was stimulated by esgTS-driven expression of stg and CycE. Scale bar is 5µm. (C) XY (top panel) and Z 800 

(bottom panels) nlsGFP profiles of the division event from Figure 6C,D giving rise to non-co-dividing 801 
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siblings. Cell proliferation was stimulated by esgTS-driven expression of RasG12V. Scale bar is 5µm. (D) 802 

Internuclear distance between daughter cells in the first 5h after mitosis. Time point 0h denotes the first 803 

at which the two daughter cells are visible. Error bars represent standard deviation (Two-way Anova and 804 

Šídák's multiple comparisons test). (E) Example of lineage characterized by both non-co-dividing (red) 805 

and co-dividing siblings (green). Cell proliferation was stimulated by esgTS-driven expression of stg and 806 

CycE. (F) Internuclear distance between the non-co-dividing and co-dividing sister cells from the lineage 807 

in E. Time point 0h denotes the first at which the two daughter cells are visible. (ns, not significant, ***, 808 

p < 0.001; ****, p < 0.0001) 809 

Figure 8. Ex vivo culture of Malpighian tubules and ovaries. (A) Malpighian tubules cultured at 18°C for 810 

24h, then shifted to 29°C are still able to activate expression of nlsGFP driven by the esgTS system, 811 

showing that the epithelium remains healthy long-term. Images are maximum intensity projections. 812 

Scale bar is 50µm. (B) Quantification of GFP expression of progenitor cells from Malpighian tubules 813 

cultured ex vivo. Same cells were measured at 0, 1, and 2 days after explantation. (Dunnett's multiple 814 

comparisons test) (ns, not significant, ****, p < 0.0001) (C) Stage 4 follicle growing in size and elongating 815 

over the course of 2 days ex vivo. (C’) Selected frames showing follicle rotation. Cyan dots mark the 816 

current position of a nucleus, while yellow ones marked the position in the previous frame. Images are 817 

maximum intensity projections of the 4 center-most z-slices. See also Video 22. Scale bar is 10µm. 818 

Figure 2 – Figure supplement 1: Ex vivo temperature sensitive gene expression of GFP. (A) Intestines 819 

explanted from flies raised at 18°C show no GFP expression. After explantation, guts were cultured at 820 

29°C and started to express GFP driven by the esgTS system. GFP channel is a maximum intensity 821 

projection.  Scale bar is 200µm. (B) Intestines cultured at 18°C for 24h, then shifted to 29°C are still able 822 

to activate expression of nlsGFP, showing that the epithelium remains healthy long-term. Images are 823 

maximum intensity projections. Scale bar is 50µm. 824 
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Figure 3 – Figure Supplement 1: Damage response to SDS feeding in vivo. (A) Images of intestines 825 

dissected and stained after being fed a control diet for 24h or SDS 0.2%-laced food for 18h then sucrose 826 

0.05% for 6h or SDS 0.2%-laced food for 18h, sucrose 0.05% for 6h, then clean food for 24h or 48h 827 

(recovery phase). Intestines were fixed with PFA 6%, then stained with DAPI and an anti-GFP antibody, 828 

then mounted and imaged. Similarly to the ex vivo experiment (see Figure 3), many large GFP-dim cells 829 

can be seen after SDS treatment. Images are maximum intensity projections. Scale bar is 50µm. (B) 830 

Quantification of GFP+ cells’ nuclear area of intestines treated as in panel (A) showing the significant 831 

appearance of GFP+ cells with large nuclei after SDS-treatment (Kruskal-Wallis test and Dunn's multiple 832 

comparisons test). (C) Phospho-Ser 10-Histone 3 (pH3) staining quantification of intestines treated as in 833 

panel (A). As observed in the ex vivo experiment (see Figure 3), mitoses are only detectable at a late 834 

time-point (One-way Anova and Tukey multiple comparisons test). (ns, not significant, ****, p < 0.0001) 835 

Figure 3 – Figure Supplement 2: Tissue repair in midguts damaged ex vivo. (A) Diagram depicting the 836 

laceration of midgut tissues with a tungsten needle. (B) Time-lapse of an intestine expressing GFP via 837 

esgTS driver and damaged with a tungsten needle (white arrowhead at time-point 0h). Note the gradual 838 

replacement of the epithelium by the proliferation/differentiation of GFP+ progenitor cells. Images are 839 

maximum intensity projections. See also Video 8. Scale bar is 50µm. (C) Example of stem cell dividing 840 

upon tissue damage from the intestine shown in panel B. Scale bar is 5µm. (D) Undamaged intestine 841 

expressing only low levels of upd3 (green). Images are maximum intensity projections. See also Video 9. 842 

Scale bar is 50µm. (E) Intestine damaged with the protocol described in panel (A) showing strong 843 

activation of the upd3 reporter (green) at the damaged area (marked by the yellow arrowhead). Images 844 

are maximum intensity projections. See also Video 10. Scale bar is 50µm. 845 

Figure 3 – Figure Supplement 3: Notch knock-down induces tumorigenesis ex vivo. (A) Undamaged 846 

intestine expressing NRNAi under the esgTS driver system showing no tumorigenesis. Images are maximum 847 

intensity projections. See also Video 11. Scale bar is 20µm. (B) Intestine expressing NRNAi under the esgTS 848 
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driver system accidentally damaged during dissection. The damaged area (yellow ellipses) shows 849 

massive cell death. In response, esg+ progenitor cells started to proliferate (see full and dashed yellow 850 

rectangles for examples, matching each between frames). Unlike in normal damage conditions, 851 

progenitor cells failed to differentiate (compare to Figure 3B). Images are maximum intensity 852 

projections. See also Video 12. Scale bar is 20µm. 853 

Figure 7 – Supplement 1. Lack of effect of genotype and time-point after mitosis on cell motility. For 854 

all graphs, red and blue denote data from dividing and non-dividing progenies of non-co-dividing 855 

siblings, respectively, purple refers to data from all cells in non-co-dividing pairs, while green refers to 856 

data from co-dividing siblings. (A) The genotype used to promote ISC proliferation does not result in 857 

differences in cell motility in the dividing (red) or non-dividing (blue) cells from non-co-dividing siblings 858 

(Two-way Anova and Tukey multiple comparisons test). (B-D) Cell motility calculated as the distance 859 

travelled by a cell between two subsequent time-points. X-axis indicates the time passed from the first 860 

appearance of a cell. Cell motility remains constant across time for the dividing (B), non-dividing (C) cells 861 

in non-co-dividing siblings, as well as for co-dividing cells (D) (Mixed-effects analysis was used instead of 862 

Anova to account for missing values due to cells proliferating and errors during image registration. 863 

Tukey’s test was used for multiple comparisons). (E) No difference in cell motility was found between 864 

dividing (red) and non-dividing (blue) cells in non-co-dividing siblings and co-dividing pairs (green). (F) 865 

Movements of cells relative to their sisters for co-dividing and non-co-dividing pairs. Only the first 6 866 

time-points after the first appearance of each pair was used for this analysis (Mann-Whitney test). (ns, 867 

not significant, *, p < 0.05) 868 

SUPPLEMENTARY DATA 869 

Supplementary File 1: Modified Schneider’s medium and stock solutions recipes. 870 
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Supplementary File 2: Nuclear area and nlsGFP measurements for lineages from RasG12V or stg and 871 

CycE over-expressing midguts. 872 

Video 1: Dissection technique to minimize damage during midgut explantation. See also Figure 1 and 873 

methods section. 874 

Video 2: 72h live-imaging of an undamaged intestine expressing a lineage tracing system under esgTS 875 

driver. Maximum intensity projection. See also Figure 2C. Scale bar is 5µm. 876 

Video 3: Example of visceral muscle peristaltic movements after 3 days ex vivo. Intestine was cultured 877 

in the presence of the calcium blocker isradipine. After 2-3 days in culture, the effect of the drug 878 

dissipates and the visceral muscle restarts its regular peristaltic movements. Scale bar is 50µm. 879 

Video 4: 48h live-imaging of a healthy intestine expressing His2Av.mRFP (red) and esgTS-driven nlsGFP 880 

(Green) induced 24h prior to imaging. Maximum intensity projection. See also Figure 3A. Scale bar is 881 

20µm. 882 

Video 5: 48h live-imaging of an intestine from a SDS-fed fly expressing His2Av.mRFP (red) and esgTS-883 

driven nlsGFP (Green) induced 24h prior to imaging. Maximum intensity projection. See also Figure 3B. 884 

Scale bar is 20µm. 885 

Video 6: detailed view of Video 5 showing a progenitor cell (white outline) differentiating and 886 

replacing dying enterocytes (yellow circles) in an intestine from a SDS-fed fly expressing His2Av.mRFP 887 

(red) and esgTS-driven nlsGFP (Green) induced 24h prior to imaging. Maximum intensity projection. See 888 

also Figure 3B’. Scale bar is 10µm. 889 

Video 7: examples of esg+ cells from control or SDS-damaged intestines expressing His2Av.mRFP (red) 890 

and esgTS-driven nlsGFP (Green) induced 24h prior to imaging. Cells of interest are always centered. See 891 

also Figure 3D-E. Scale is 5 µm. 892 
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Video 8: 20h live-imaging of an intestine expressing esg-driven nlsGFP (right) damaged by needle poke 893 

10’ prior to imaging. Maximum intensity projection. See also Figure 3 – figure supplement 2B. Scale bar 894 

is 20µm. 895 

Video 9: 24h live-imaging of an undamaged intestine expressing His2Av.mRFP (red) and upd3-driven 896 

GFP (green). Maximum intensity projection. See also Figure 3 – figure supplement 2D. 897 

Video 10: 24h live-imaging of an intestine damaged using a tungsten needle and expressing 898 

His2Av.mRFP (red) and upd3-driven GFP (green). Damaged area is marked by the yellow arrowhead. 899 

Maximum intensity projection. See also Figure 3 – figure supplement 2E. 900 

Video 11: 48h live-imaging of an undamaged intestine expressing His2Av.mRFP (red) and esgTS-driven 901 

nlsGFP (Green) and NRNAi induced 24h prior to imaging. Maximum intensity projection. See also Figure 902 

Figure 3 – figure supplement 3A. Scale bar is 20µm. 903 

Video 12: 48h live-imaging of a damaged intestine expressing His2Av.mRFP (red) and esgTS-driven 904 

nlsGFP (Green) and NRNAi induced 24h prior to imaging. Damaged area is marked by the yellow ellipses. 905 

Maximum intensity projection. See also Figure Figure 3 – figure supplement 3B. Scale bar is 20µm. 906 

Video 13: 48h live-imaging of a healthy intestine expressing His2Av.mRFP (red) and esgTS-driven 907 

nlsGFP (Green) induced after dissection. Maximum intensity projection. See also Figure 4A. Scale bar is 908 

20µm. 909 

Video 14: 48h live-imaging of an intestine expressing His2Av.mRFP (red) and esgTS-driven nlsGFP 910 

(Green) and RasG12V induced after dissection. Maximum intensity projection. See also Figure 4B. Scale 911 

bar is 20µm. 912 
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Video 15: 48h live-imaging of an intestine expressing His2Av.mRFP (red) and esgTS-driven nlsGFP 913 

(Green), stg, and CycE induced after dissection. Maximum intensity projection. See also Figure 4C. Scale 914 

bar is 20µm. 915 

Video 16: Example of ISC lineage. Arrowheads indicate cells in the lineage. Maximum intensity 916 

projections of z-slices encompassing the cells in the lineage. See also Figure 5. Scale bar is 5µm. 917 

Video 17: Example of division giving rise to co-dividing siblings. Arrowheads indicate cells in the 918 

lineage, with co-dividing pair marked by green ones. Maximum intensity projections of z-slices 919 

encompassing the cells in the lineage. See also Figure 6A. Scale bar is 5µm. 920 

Video 18: Example of division giving rise to non-co-dividing siblings. Arrowheads indicate cells in the 921 

lineage, with non-co-dividing pair marked by red ones. Maximum intensity projections of z-slices 922 

encompassing the cells in the lineage. See also Figure 6C. Scale bar is 5µm. 923 

Video 19: Example of Malpighian tubule contracting after 3 days ex vivo. Note that the tubule is still 924 

connected to the midgut. To avoid inhibiting contractions, isradipine was not supplemented, resulting in 925 

the midgut rupturing near the imaged site, releasing visible debris. Scale bar is 50µm. 926 

Video 20: Example of heart lining the dorsal side of a dissected fly abdomen beating after 10 days ex 927 

vivo. Scale bar is 50µm. 928 

Video 21: Example of ovary contracting after 3 days ex vivo. Scale bar is 100µm. 929 

Video 22: Example of a rotating stage 4 follicle progressing to stage 5 ex vivo and starting to elongate 930 

along its long axis. Left panel is a maximum intensity projection of the 3 center-most z-slices. White 931 

dotted line indicates the plane corresponding to the cross-section shown on the right panel. The cross-932 

section shows the follicle rotates along its axis of elongation. See also Figure 8C. Scale bar is 10µm. 933 
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Video 23: Example of high frame-rate long-term confocal imaging. Undamaged control intestine 934 

expressing His2Av.mRFP (red) and esgTS-driven nlsGFP (Green) induced 24h prior to imaging. Maximum 935 

intensity projection. Scale bar is 50µm. 936 

Figure 2 – source data 1. Raw data for Figure 2A, D, E. 937 

Figure 3 – source data 1. Raw data for Figure 3D-G. 938 

Figure 3 – figure supplement 1 – source data 1. Raw data for Figure 3 – figure supplement 1B-C. 939 

Figure 4 – source data 1. Raw data for Figure 4D, F. 940 

Figure 6 – source data 1. Raw data for Figure 6E-H. 941 

Figure 7 – source data 1. Raw data for Figure 7A, D, F. 942 

Figure 7 – figure supplement 1 – source data 1. Raw data for Figure 7 – figure supplement 1A-F. 943 

Figure 8 – source data 1. Raw data for Figure 8B. 944 

Source code 1. This Python script is used for local registration of adult Drosophlila midgut fluorescent 945 

imaging time-lapses. Movies are converted to 8bit, normalized by subtracting mean and dividing by the 946 

standard deviation, converted to maximum intensity or focused projections, then divided in partially 947 

overlapping regions of interest (ROIs). Each ROI is then XY-registered via cross-correlation between 948 

frames and then the most in-focus Z slice is found. Finally, ROIs are exported. 949 

Source code 2. ImageJ Macro designed for the manual tracking of cells in two-channel time-lapse images 950 

of adult Drosophila midguts. Images must be two-channel time-lapse z-stacks, with channels 1 and 2 951 

being His2Av.mRFP and esgTS > nlsGFP, respectively. 952 

Source code 3. This Python script is used to parse files generated by the "Source code 2" ImageJ macro. 953 

First, the lineage is reconstructed based on relative cell distances between frames. For each cell in frame 954 
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f, a new position in frame f+1 is assigned, based on the pool of annotated cell positions in f+1. All 955 

possible permutations between f and f+1 coordinates are computed and the total distance between cell 956 

positions in frame f and their newly assigned positions in f+1 is calculated. The permutation for which 957 

this distance is minimum is then kept. If lineages are too complex (e.g. cells are moving and rearranging 958 

themselves), then the user can add two additional field to the input ".tsv" file ("CellID" and "MotherID" 959 

columns) indicating each cells ID (for each cell position) and its mother cell ID (can be stated once). The 960 

lineage data is then parsed and formatted in an easy to read format, then exported to a ".tsv" file. 961 

  962 
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