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Abstract 29 

 30 

Background 31 

Recent technological advances opened the opportunity to simultaneously study gene 32 

expression for thousands of individual cells on a genome-wide scale. The experimental 33 

accessibility of such single-cell RNA sequencing (scRNAseq) approaches already allowed 34 

gaining insights into the cell type composition of heterogeneous tissue samples of animal 35 

model systems and emerging models alike. A major prerequisite for a successful application 36 

of the method is the dissociation of complex tissue into individual cells, which often requires 37 

large amounts of input material and harsh mechanical, chemical and temperature conditions. 38 

However, the availability of tissue material may be limited for small animals, specific organs, 39 

certain developmental stages or if samples need to be acquired from collected specimens. 40 

Therefore, we evaluated different dissociation protocols to obtain single-cells from small tissue 41 

samples of Drosophila melanogaster eye-antennal imaginal discs. 42 

 43 

Results 44 

We show that a combination of mechanical and chemical dissociation resulted in sufficient 45 

high-quality cells. As an alternative, we tested protocols for the isolation of single nuclei, which 46 

turned out to be highly efficient for fresh and for frozen tissue samples. Eventually, we 47 

performed scRNAseq and single-nuclei RNA sequencing (snRNAseq) to show that the best 48 

protocols for both methods successfully identified relevant cell types. However, snRNAseq 49 

resulted in less artificial gene expression that is caused by rather harsh dissociation conditions 50 

needed to obtain single cells for scRNAseq. 51 

 52 

Conclusion 53 

We present two dissociation protocols that allow isolating single cells and single nuclei, 54 

respectively, from low input material. Both protocols resulted in extraction of high-quality 55 

RNA for subsequent scRNAseq or snRNAseq applications. If tissue availability is limited, we 56 

recommend the snRNAseq procedure of fresh or frozen tissue samples as it is perfectly suited 57 

to obtain thorough insights into cellular diversity of complex tissue. 58 

59 
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Background 60 

Gene expression is a central molecular process that coordinates various aspects of organismal 61 

life, such as behavior [1] and development [2, 3]. Since differences in gene expression are often 62 

associated with variation in organismal phenotypes, comparative gene expression studies are 63 

powerful approaches to establish testable biological hypotheses [4]. For instance, differences 64 

in the expression of the developmental transcription factor genes pitx1 and shavenbaby cause 65 

natural variation in armor plate formation in stickleback fish [5] and trichome formation in 66 

Drosophila [6], respectively. Similarly, natural variation in paternal care behavior in 67 

Peromyscus mice and density related stress behavior in zebrafish are tightly linked to 68 

differences in the expression of genes coding for the hormone vasopressin [7] and the 69 

neuropeptide Parathyroid hormone 2 (Pth2) [8], respectively. Advances in sequencing 70 

technologies have been facilitating extensive insights into the regulation of gene expression on 71 

a genome wide scale [9, 10]. A common observation of such studies is that gene expression 72 

strongly depends on the biological context. The spatial and temporal expression of 73 

developmental genes, for example, is tightly regulated throughout development resulting in 74 

tissue- and even cell type specific expression profiles [11–14]. In the light of this context-75 

dependent gene regulation, it is becoming increasingly relevant to study gene expression on a 76 

cellular level.  77 

Nowadays, multiple sequencing technologies are available allowing to quantitatively analyze 78 

the messenger RNA content of single cells [15]. Single-cell RNA sequencing (scRNAseq) has 79 

been proven powerful to reveal the cell type composition of complex tissues or organs in model 80 

organisms, such as the vinegar fly Drosophila melanogaster [16, 17], the nematode 81 

Caenorhabditis elegans [18] and mouse [19]. Also, biological processes, such as development 82 

of the optic lobe of the fly brain [20], cell-cell communication in tumors [21] and immunity 83 

[22, 23] have been successfully studied. Since the analysis of scRNAseq data does not require 84 

prior knowledge of the tissue of interest, this method is exceptionally well-suited to study the 85 

cell type composition of emerging model organisms, such as sponges [24], the cnidaria 86 

Nematostella vectensis [25], Hydra vulgaris [26] and Clytia hemisphaerica [27], the annelid 87 

Platynereis dumerilii [28] and the planarian Schmidtea mediterranea [29, 30], the ant 88 

Harpegnathos saltator [31] and multiple vertebrates [32, 33]. Comparative studies have been 89 

performed to reveal divergent and conserved aspects of the motor cortex in human, marmoset, 90 

and mouse [34] and during early embryonic development in pigs, humans and cynomolgus 91 

monkeys [35]. 92 

scRNAseq protocols are composed of the following key steps [36, 37]: 1) The tissue of interest 93 
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is dissociated, and individual cells are captured either in microwell plates [38] or in micro-94 

droplets [39]. 2) Individual captured cells are lysed in the microwell, or droplet and the released 95 

RNA is enriched for polyadenylated RNA (mRNA), and reverse transcribed into 96 

complementary DNA (cDNA). 3) Cell and molecule specific barcodes and Illumina sequencing 97 

adapters are ligated, and the cDNA is released and amplified by PCR. 4) The amplified libraries 98 

are eventually sequenced using next generation sequencing technologies (e.g. Illumina).  99 

While current scRNAseq technologies allow sequencing up to 10,000 cells in one run [40], 100 

many more cells are needed as input material. For instance, mechanical stress during 101 

dissociation of complex tissue leads to increased cell death [41]. Additionally, harsh 102 

dissociation conditions using enzymes, such as Trypsin, contribute to cell damage [42, 43], 103 

altered gene expression [43, 44] and RNA degradation [45]. Due to the high cell loss during 104 

dissociation current scRNAseq methods are limited if small tissue samples are analyzed 105 

because tissue from multiple animals must be collected to obtain sufficient starting material.  106 

Larval imaginal discs of the vinegar fly Drosophila melanogaster are such tiny tissues. These 107 

flat epithelial sac-like tissues are specified as about 20 embryonic cells and they grow 108 

extensively during larval development to up to 30,000 cells [46–48]. During pupae stages, 109 

imaginal discs evert and give rise to external adult organs, such as wings, walking legs, genitals 110 

and compound eyes [49]. Imaginal discs are excellent models to study fundamental 111 

developmental and cellular processes, such as cell proliferation, tissue patterning and 112 

morphogenesis [50, 51]. Due to its highly heterogeneous cell type composition, the eye-113 

antennal disc that gives rise to the compound eye, the dorsal ocelli, the antennae, and most of 114 

the head capsule [52, 53] is especially interesting for scRNAseq applications. Moreover, recent 115 

comparative work on the evolution of compound eye size and head morphology in Drosophila 116 

species revealed pervasive variation in these adult traits [54–61]. Accordingly, inter- and 117 

intraspecific comparisons of eye-antennal disc development have been successful in revealing 118 

underlying developmental and molecular mechanisms [58, 59, 62–64]. While gene expression 119 

in late eye-antennal disc have been studied at single cell resolution [65, 66], earlier stages are 120 

less accessible due to low cell numbers. Therefore, we evaluated different dissociation, tissue 121 

preservation and sequencing methods to establish an efficient protocol for single-cell 122 

transcriptomics in eye-antennal discs.  123 

We show that a combination of mechanical and chemical dissociation works best to obtained 124 

sufficient and representative cells for single-cell RNA sequencing (scRNAseq). However, we 125 

observed artificial expression of stress related genes, which was most likely due to rather harsh 126 

dissociation and cell-sorting conditions. As an alternative, we tested different protocols to 127 
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isolate single nuclei from fresh and frozen tissue and we show that single-nuclei RNA 128 

sequencing (snRNAseq) successfully allowed identifying key cell types without the drawback 129 

of stress-response. Our work provides an excellent overview of different single cell sequencing 130 

approaches when accessibility to tissue samples is limited.  131 

Results and Discussion 132 

Tissue dissociation for scRNAseq with low amount of input material 133 

For RNA sequencing of single cells (scRNAseq), heterogenous tissue samples need to be 134 

dissociated into live and intact cells. Since about 10,000 cells can be analyzed using the 10x 135 

Genomics Chromium System and about 50% of input cells are lost throughout the preparatory 136 

steps, we first tested different dissociation protocols to obtain about 20,000 cells from entire 137 

larval organs or about 30 eye-antennal imaginal discs at 120 hrs after egg laying (AEL).  138 

The success of different tissue dissociation protocols was evaluated by estimating the ratio of 139 

dead and live cells, as well as the final number of live cells. A dead cell staining with Trypan 140 

blue is well-established in homogeneous cell suspensions obtained from cell culture [67, 68]. 141 

However, we experienced unreliable dead/live cell ratios with our complex cell suspensions, 142 

which was most likely due to Trypan blue positive debris. Therefore, we applied a live-dead 143 

assay based on propidium iodide (PI) and Calcein green/violet to identify dead and live cells, 144 

respectively. This method allows enrichment of live cells via fluorescence activated cell sorting 145 

(FACS), which efficiently also removed debris (Supplementary Figure S1A). Note that the 146 

combination of PI and Calcein violet resulted in the most efficient separation of live and dead 147 

cells due to a lower spectral overlap of both dyes during FACS. Sorted cells were examined by 148 

fluorescent microscopy to confirm that they were mostly Calcein positive and PI negative. 149 

First, we tested purely enzymatic or mechanical dissociation protocols, respectively. 150 

Incubation of eye-antennal discs in 10x TrypLE and 2.5 mg/ml Collagenase even for 2 hrs did 151 

not result in single cell solutions based on visual assessment. Imaginal discs ground with a 152 

Dounce homogenizer showed a high proportion of debris and what appeared to be single-nuclei 153 

suspensions. Additionally, different attempts resulted in inconsistent dissociation because the 154 

low amount of input tissue was barely visible and due to the manual component, it was difficult 155 

to balance complete dissociation with the destruction of cells. Based on these observations we 156 

reasoned that efficient tissue dissociation required a combination of enzymatic dissociation 157 

with gentle mechanical force.  158 

The basic protocol was based on treatment of the tissue with TrypLE and Collagenase on a 159 
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shaker at 300 rpm with pipet strokes (1000 µl pipet tips) during and after the incubation. We 160 

varied the following parameters (see Supplementary Table S1): enzyme concentration (1x and 161 

10x TrypLE; 2.5 mg/ml and 10 mg/ml Collagenase), incubation time (10 – 60 minutes), 162 

incubation temperature (37°C and 30°C), number of pipet strokes (5 strokes during the 163 

incubation and 17-20 strokes after the incubation) and filtration of the cell suspension (no filter, 164 

20 µm and 35 µm filters). 1x TrypLE was insufficient to achieve complete dissociation in a 165 

timely manner and the addition of 10 mg/ml Collagenase resulted in an increased yield, as well 166 

as less cell aggregates (visual assessment). Incubation for up to 60 minutes at 30°C resulted in 167 

comparable or slightly more live cells compared to a digestion at 37°C. Filtration with a filter 168 

of 35µm mesh size did not drastically reduce the proportion of live cells but decreased the 169 

amount of debris. The number of pipet strokes after incubation had the highest impact on cell 170 

survival with significantly reduced cell survival after more than 17 strokes. We obtained the 171 

best results with 16,208 live cells (58 % survival rate) from 28 eye-antennal discs after 60 172 

minutes incubation at 30°C in 10x TrypLE and 10 mg/ml Collagenase and 5 pipet strokes 173 

during and 17 pipet strokes after the incubation (Supplementary Figure S1B). RNA extracted 174 

from this sample was of high quality (Supplementary Figure S2) and suitable for 10X 175 

Genomics scRNAseq.  176 

In summary, for low amount of input material, such as < 50 late L3 eye-antennal discs we 177 

propose a protocol that combines enzymatic dissociation in conjunction with slight mechanical 178 

disruption. 179 

 180 

scRNAseq reveals relevant cells and a major impact of heat shock and 181 

ribosomal genes 182 

Next, we subjected cells obtained after FACS to a 10X Genomics Chromium run to test if the 183 

established dissociation protocol resulted in representative cell types expected in the eye-184 

antennal disc. After droplet-based isolation of RNA from individual cells and subsequent 185 

Illumina sequencing, we obtained almost 200 million reads from about 14,500 cells with 186 

13,303 reads and 537 genes per cell (Table 1). 12,000 cells showed less than 10 % 187 

mitochondrial gene expression (Figure 1A) confirming that we mostly isolated live cells. 188 

Among the top ten genes with most variable expression across cells, we found two heat shock 189 

related genes (Hsp23 and lncRNA:Hsromega, Figure 2A) and many reads of the scRNAseq 190 

dataset mapped to genes coding for heat shock proteins (Figure 1C), suggesting that the 30°C 191 

incubation temperature during dissociation or/and the FACS may impose stress on the cells. 192 
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The distribution of reads also showed a high expression of cytoplasmic genes, such as 193 

eEF1alpha1 and eukaryotic elongation factors. Additionally, a lot of genes coding for 194 

ribosomal proteins were expressed in our dataset (Figure 1C). The high content of ribosomal 195 

genes is expected for scRNAseq because cytoplasmic mRNA is extracted and ribosomal RNAs 196 

are known to be very stable [69, 70]. However, they are often considered uninformative.  197 

 198 

Table 1: Summary statistics for the cell- and nuclei dataset. 199 

Dataset Cell Nuclei_MDC 

Estimated Number of Cells 14,487 9,048 

Median Genes per Cell 537 812 

Mean Reads per Cell 13,303 13,334 

Valid Barcodes 96.10% 97.10% 

No. of Reads 192,731,871 120,649,741 

Fraction of Reads in Cells 38.20% 73.50% 

Total Genes Detected 11,062 12,296 

Median UMI Counts per Cell 1,249 1,383 

Reads Mapped to Genome 93.20% 85.70% 

Reads mapped confidently to genome 86.40% 84.50% 

Reads Mapped Confidently to Intronic Regions 2.10% 14.70% 

Reads Mapped Confidently to Intergenic Regions 9.00% 0.80% 

Reads Mapped Confidently to Exonic Regions 75.20% 69.00% 

Percentage of cells with high mitochondrial read count 

(>10%) 

14.00% 0.02% 

 200 

We performed an unbiased cluster analysis based on variable gene expression to identify major 201 

cell types. Among the top four genes that define a certain cluster, we found well-known genes 202 

involved in different processes during eye-antennal disc development. For instance, cut, which 203 

is expressed in antennal tissue of the disc [71, 72] was strongly expressed in cells of clusters 2 204 

and 6, while the retinal gene twin of eyeless (toy) [73] was predominantly expressed in cells of 205 

clusters 9 and 15 (Figure 2B). The ocelli marker gene ocelliless/orthodenticle (oc/otd) [74] 206 

could be detected in cells of cluster 18 and homothorax (hth), which is broadly expressed in 207 

the eye-antennal disc [71, 75, 76] was found in cells of clusters 2, 6, 7, 17 and 18 (Figure 2B). 208 

Clusters 14 and 15 were predominantly defined by expression of members of the enhancer of 209 

split gene complex (Figure 2B), which are broadly expressed in the dynamic differentiation 210 

wave, the so-called morphogenetic furrow [77, 78]. Overall, we found major eye-antennal disc 211 

marker genes for different cell clusters allowing to define meaningful cell types in accordance 212 

with previous scRNAseq data obtained for late L3 eye-antennal discs [65]. Gene ontology (GO) 213 

term enrichment analyses for marker genes defining each cell cluster (Supplementary Table 214 

S2) further confirmed that cells in each cluster expressed genes involved in relevant biological 215 
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processes (Supplementary Table S3).  216 

Besides these relevant biological findings, the potential stress response of the cells was also 217 

evident in our cluster analysis because three heat shock genes were among the top four cluster 218 

defining genes (Hsp23, Hsp26 and Hsp68; Figure 2B). Those three genes were expressed in 219 

most cells of all clusters, and they showed very high expression in cluster 7 (Figure 2B).  220 

In summary, our tissue dissociation protocol successfully resulted in a cell suspension 221 

containing major cell types of the eye-antennal disc but may pose stress on the cells which is 222 

detectible through high expression of heat shock genes. Additionally, the high level of 223 

ribosomal genes may introduce a bias during further analysis of such data. 224 

 225 

Cryo-preservation of imaginal discs for efficient isolation of single nuclei 226 

Our scRNAseq data suggested that the applied dissociation conditions were still stressful for 227 

the cells. Additionally, the protocol relies on the processing of fresh tissue samples hampering 228 

the analysis of even smaller tissue samples. For instance, eye-antennal discs at the late L3 larval 229 

stage contain about 60,000 cells, while discs at the transition from the L2 to the L3 stage are 230 

only composed of about 5,000 cells [79]. Therefore, about 12 times more discs are needed to 231 

obtain sufficiently high cell numbers for scRNAseq applying our single cell dissociation 232 

protocol. As tissue growth is an integral part of developmental processes, more efficient 233 

protocols are needed to harness the full potential of single cell sequencing methods for 234 

developmental biology. To this end, we tested two main approaches: First, we evaluated the 235 

use of single nuclei for RNA sequencing (i.e. snRNAseq) as snRNAseq has been shown to 236 

result in comparable data, especially for tissue samples that are difficult to dissociate into single 237 

cells [80–83]. Second, we tested the effect of cryo-preservation on the subsequent isolation of 238 

single nuclei and RNA integrity as this step allows collecting small tissue samples over time.  239 

 240 
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Figure 1. Evaluation of read distribution after scRNAseq and snRNAseq.  241 

(A) Total amount of genes (features) over percentage of mitochondrial reads, per cell each. The dashed line 242 

indicates a threshold of 10% of reads attributed to mitochondrial genes. In single-cell RNA sequencing data, 243 

approximately 14% of cells show a high (>10%) proportion of mitochondrial gene reads on the total number of 244 

reads. | (B) Total amount of genes (features) over Percentage of mitochondrial reads, per cell each in single-nuclei 245 

RNA sequencing data. The dashed line indicates a threshold of 10% of reads attributed to mitochondrial genes. 246 

In most nuclei, only a low percentage of reads is attributed to mitochondrial genes. | (C) Number of reads found 247 

in nuclei (y-axis) over the number of reads of those same genes found in cells. The basis are normalized datasets. 248 

Ribosomal genes are highlighted in blue and heat shock genes in red. Ribosomal genes are defined as genes 249 

starting RpS- or RpL-. Heat shock genes are defined as genes encoding heat shock proteins, starting Hsp-. 250 

 251 

For the isolation of single nuclei, we tested two main protocols: One protocol suggested by 252 

10X Genomics is based on NP40 as detergent and a small number of centrifugation and 253 

pipetting steps [84]. The other protocol had been established for human heart tissue and is 254 

based on using Triton X-100 as a detergent and a variety of RNAse inhibitors to preserve RNA 255 

in single nuclei [85]. When 30-50 freshly dissected eye-antennal discs at late L3 stage were 256 

used for nuclei isolation, both protocols resulted in more than 20,000 nuclei and extracted RNA 257 

was of high quality suitable for snRNAseq (Supplementary Figure S3).  258 

We next dissected imaginal discs, snap-froze them in liquid nitrogen and stored them at -80°C 259 

for at least one day, or up to four weeks. All applied protocols allowed us to isolate more than 260 

20,000 intact nuclei from about 30 cryo-preserved eye-antennal discs. RNA extracted from 261 

nuclei isolated with the 10X Genomics protocol resulted in low RNA quality, suggesting a high 262 
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level of RNA degradation (Supplementary Figure S4, lanes 7 and 8). The addition of Citric 263 

acid to the dissociation buffer has been shown to preserve RNA integrity in human pancreatic 264 

cells [86]. However, the use of Citric acid during the 10X Genomics protocol did only 265 

marginally improve the quality of RNA extracted from cryo-preseved samples (Supplementary 266 

Figure S4, lanes 10 and 11). In contrast, we observed almost no RNA degradation and high 267 

RNA quality when we used the protocol that employs RNAse inhibitors (Supplementary Figure 268 

S4, lanes 1, 2, 4 and 5). RNA integrity was preserved even when eye-antennal discs were 269 

thawed for 3.5 hrs and frozen again prior to nuclei isolation and RNA extraction 270 

(Supplementary Figure S3), showing that the use of RNAse inhibitors are highly efficient to 271 

prevent RNA degradation when processing of cryo-preserved tissue samples. Based on the high 272 

yield and the high RNA quality, we conclude that the combination of cryo-preservation and 273 

nuclei isolation employing RNAse inhibitors is highly efficient to process low input material 274 

for snRNAseq. 275 

 276 

snRNAseq is comparable to scRNA and reduces technical biases 277 

To test if the nuclei obtained after cryo-preservation are suitable for snRNAseq and represent 278 

main cell types of the eye-antennal disc, we subjected the nuclei to a 10X Genomics run to 279 

obtain 120 million read 280 

s from about 9,000 cells with 13,334 reads and 812 genes per cell (Table 1). For the analysis 281 

of the data, we applied the same pipeline and settings as for the scRNAseq dataset, with the 282 

exception that intronic reads were included because pre-mRNA is expected in nuclei [83]. 283 

Among the 10 genes with most variable expression in the dataset, we found some with known 284 

functions and expression in late L3 eye-antennal discs. For instance, the homophilic cell 285 

adhesion molecule Klingon (Klg) is strongly expressed during R7 photoreceptor development 286 

[87] and rotund (rn) that codes for a Kruppel zinc-finger transcription factor is expressed in 287 

large parts of the antennal field [88]. Importantly, we did not observe genes associated with 288 

heat shock response among the top 10 variable genes (Figure 2C) and no bias of reads 289 

originating from heat shock genes was observed (Figure 1C), suggesting that they will not 290 

impact the subsequent clustering analysis as observed for the scRNAseq data. As expected for 291 

snRNAseq data [80, 82, 89, 90], we found only two cells with more than 10 % mitochondrial 292 

gene expression (Figure 1B) and much less reads originating from ribosomal genes (Figure 293 

1C). In fact, we observed 28 % less reads of ribosomal genes in the snRNAseq dataset 294 

compared to the scRNAseq data, assuming lower impact on the entire dataset.  295 
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 296 

 
Figure 2. Most variable genes and marker genes for cell clusters after scRNAseq and snRNAseq.  297 

(A) Variable feature plot of scRNAseq data of dissociated cells. The top 10 variable genes are labeled. These 298 

genes are the ones having the strongest influence on clustering and cell type identification. (B) Dot plot of the top 299 

4 marker genes (X-axis) for each cell cluster (Y-axis) obtained after scRNAseq. The size of the dots represents 300 

the percentage of cells expressing each gene. The color intensity represents the average expression level. (C) 301 

Variable feature plot of snRNAseq data of isolated nuclei. The top 10 variable genes are labeled. These genes are 302 

the ones having the strongest influence on clustering and cell type identification. (D) Dot plot of the top 4 marker 303 

genes (X-axis) for each cell cluster (Y-axis) obtained after snRNAseq. The size of the dots represents the 304 

percentage of cells expressing each gene. The color intensity represents the average expression level. 305 

 306 

An unbiased clustering of the snRNAseq data resulted in 24 unique clusters. A closer 307 

examination of the top four genes that define a certain cluster we found for instance Sp1 [91], 308 

cut (ct) [72], disco-related (disco-r) [92] and homothorax (hth) [71, 75, 76] in clusters 2 and 9 309 

(Figure 2D). As all four genes are expressed in the antennal region of the eye-antennal disc and 310 

have been implicated in antennal development we conclude that these nuclei originated from 311 

antennal tissue. Similarly, we observed expression of Fasciclin 2 (Fas2) [93], nemo (nmo) [94], 312 

big bang (bbg) [95] in cluster 11 (Figure 2D), suggesting that these nuclei contribute to the 313 

morphogenetic furrow and differentiating photoreceptors. GO term enrichment analyses for 314 

marker genes defining each cell cluster (Supplementary Table S4) revealed biological 315 

processes relevant for eye-antennal disc cells (Supplementary Table S5).  316 
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We conclude that the snRNAseq dataset captured relevant cell types present in the eye-antennal 317 

disc at the late L3 larval stages. At the same time, technical artefacts, such as heat shock gene 318 

expression and an excess of reads from ribosomal genes were diminished in snRNAseq.  319 

 320 

Conclusion 321 

Assessing genome wide gene expression for individual cells has proven powerful to describe 322 

the heterogeneity of complex tissues, identify novel cell types and to study biological 323 

processes, such as immunity and cell-cell interactions at unprecedented detail. Despite the 324 

technological advances, single-cell RNA sequencing (scRNAseq) methods still require many 325 

cells as starting material. Therefore, we evaluated different dissociation protocols and 326 

compared scRNAseq to single-nuclei RNA sequencing (snRNAseq) with special emphasis on 327 

low-input material. Based on data obtained for eye-antennal imaginal discs of Drosophila 328 

melanogaster, we found snRNAseq superior to scRNAseq for the following reasons: 1) The 329 

isolation of nuclei requires less experimental steps compared to tissue dissociation into live 330 

cells, increasing reproducibility across experiments. This feature is especially relevant if gene 331 

expression comparisons are needed on the level of individual cells, for example to assess the 332 

effect of experimental manipulations, to study different developmental stages or to compare 333 

species/populations. 2) In our evaluation experiment, we observed significantly reduced stress-334 

related expression responses and reduced ribosomal gene expression in snRNAseq data, 335 

suggesting that more informative reads contribute to biological insights. 3) We showed highly 336 

efficient nuclei isolation and high-quality RNA extraction from frozen tissue [see also e.g. 96]. 337 

It is a major advantage to have the opportunity to collect tissue over time and process samples 338 

simultaneously, especially for low-input material. 4) In line with previous reports [80, 82, 83, 339 

89, 90, 97–99], our snRNAseq dataset contained sufficient expression information to unravel 340 

major cell types expected in eye-antennal imaginal discs. 5) While scRNAseq has been shown 341 

to result in biased cell composition, due to different cell sizes, shapes, and survival rate upon 342 

dissociation [100], the more streamlined nuclei isolation procedure ensures a more 343 

representative assessment for snRNAseq, especially for complex organs, such as nervous tissue 344 

including glia cells [81]. 345 

It is important to consider major differences in the analysis and interpretation of scRNAseq 346 

and snRNAseq data. For instance, snRNAseq data contains intronic reads originating from 347 

immature nuclear RNA [83]. Accordingly, well-annotated genome resources are advantageous 348 
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and analyses pipelines need to be adjusted to also include reads mapped to introns in subsequent 349 

read quantification. snRNAseq data captures only rather transient nuclear RNA, while 350 

scRNAseq also includes cytoplasmic mature mRNA. Hence, gene regulation events acting on 351 

the level of nuclear export [101, 102], splicing [103] or mRNA maturation [104, 105] may 352 

contribute to differences in expression information derived from nuclei and cells, respectively. 353 

If cytoplasmic RNA molecules are of special interest and thus single cells need to be isolated, 354 

we strongly suggest a dissociation protocol combining chemical and mechanical treatment of 355 

tissue samples in conjunction with FACS-aided life cell selection based on fluorescent life-356 

dead cell staining. 357 

In summary, based on a thorough evaluation of different dissociation and sequencing protocols 358 

we suggest a highly efficient snRNAseq procedure to obtain high-quality expression data for 359 

individual cells. Our procedure is specifically tested for low-input material and will therefore 360 

be perfectly suited for future studies with limited access to tissue samples. 361 

 362 

Methods 363 

Fly stock keeping and tissue dissection 364 

Flies of the Oregon R strain of Drosophila melanogaster were kept in fly food vials (400 g of 365 

malt extract, 400 g of corn flour, 50 g of soy flour, 110 g of sugar beet syrup, 51 g of agar, 90 366 

g of yeast extract, 31.5 ml of propionic acid, and 7.5 g of Nipagin dissolved in 40 ml of Ethanol, 367 

water up to 5 L) in incubators at 25°C prior to the experiment for at least one generation. The 368 

incubators maintain 12 h light and dark cycles. For single-cell RNA sequencing (scRNAseq), 369 

eye-antennal discs were dissected from late wandering L3 larvae. For single-nuclei RNA 370 

sequencing (snRNAseq), eye-antennal discs were dissected from late L3 larvae at 120 h after 371 

egg laying. To control for larval density, eggs were deposited on yeast-coated apple agar plates 372 

for 1-2 hours and incubated for 24 h before 40 first instar larvae were transferred to food vials 373 

for further incubation. 374 

For each dissociation experiment, at least 15 larvae were dissected for no more than 1 h in 400 375 

µl ice-cold 1x PBS. When larval tissue was used for tests, the larvae were everted, and a mix 376 

of inner organs (e.g. imaginal discs, gut, brain etc.) was isolated. When eye-antennal discs were 377 

used, ~30 eye-antennal discs were dissected (generally from about 15 larvae). All organs were 378 

transferred into a microcentrifuge tube containing Storage Buffer (4% BSA, 0.2U Protector 379 

RNAse inhibitor (Merck; 3335399001) in PBS). If the sample was to be frozen for later nuclei 380 
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extraction, the tube was submerged in liquid nitrogen for 2 min and stored at -80 °C until further 381 

processing.  382 

Recommended dissociation protocol to obtain single-cell suspensions for 383 

scRNAseq 384 

In the following, the dissociation protocol is described that was used to obtain the live cells 385 

used for scRNAseq. Supplementary Table S1 contains detailed information about the protocol 386 

steps that had been varied and tested to achieve efficient dissociation.  387 

~30 eye-antennal discs were dissociated in 10x TrypLE (Thermo Fisher Scientific; A1217701) 388 

containing 2.5mg/ml Collagenase (Invitrogen; 17100017) for 30 minutes on the shaker at 30°C 389 

and 300 rpm. Every 15 minutes, or, if the digestion time was only 15 min, once after 7.5 min, 390 

the discs were pipetted up-and-down 5 times using a 1,000 µl pipet tip to dissociate cell clumps 391 

efficiently. The reaction was stopped using Schneider’s supplemented medium (SSM, 0.02 392 

mg/ml Insulin in Schneiders Medium (Thermofisher/Gibco; 21720-024)). The suspension was 393 

gently pipetted up and down ~17x with a 1,000 µl pipet tip and passed through a 35 µm cell 394 

strainer (Corning; 352235). The suspension was centrifuged for 5 min at 1,000 rcf. For low 395 

amounts of tissue, the pellet might be small and barely visible on the side wall of the tube. 396 

Therefore, it is advantageous to use a swing bucket centrifuge to ensure that the pellet 397 

accumulates in the center at the bottom of the tube. The supernatant was removed, and the 398 

pellet was resuspended in 1x PBS. The suspension was centrifuged again (see above), the 399 

supernatant was removed, and the pellet was resuspended in 0.04% BSA (Invitrogen; 400 

17100017) and 0.2 U/µl Protector RNAse Inhibitor (Sigma-Aldrich; 3335402001) in 1x PBS.  401 

The cells were stained depending on the application: For testing non-fluorescent live-dead 402 

assays, 10 µl of a cell suspension were mixed with 10 µl Trypan Blue (Invitrogen; 15250061). 403 

10 µl of this solution were transferred onto a counting chamber and cells were counted using a 404 

Zeiss Telaval 31. For fluorescence-based assays, Calcein-AM (green: Sigma-Aldrich; 56496 405 

or violet: Sigma-Aldrich; ThermoFisher Scientific; C34858) was used to stain live cells at a 406 

final concentration of 0.5 µg/ml. The suspension was incubated for 30 min to 1 h in the dark at 407 

room temperature on a shaker. Either DAPI or Propidium Iodide were used to stain nuclei at a 408 

final concentration of 1 μg/ml each and incubated for 10-30 min. The cell suspension was then 409 

immediately processed by Fluorescence Activated Cell Sorting (FACS) at the 410 

Universitätsmedizin Göttingen or at the Center for Molecular and Cellular Bioengineering 411 

Dresden using a Becton Dickinson BD FACSAria™ II Cell Sorter or BD FACSAria™ III Cell 412 
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Sorter. In consecutive gating steps, living cells were selected out from debris, damaged cells, 413 

and doublets. Events which were positive for Calcein, as well as negative for Propidium Iodide 414 

were interpreted as live, undamaged cells. After FACS, cells were visually inspected under the 415 

microscope, counted and the volume of the suspension was adjusted with PBS and 0.04% BSA 416 

to achieve a concentration of ~1,000 cells per µl to match the optimal requirements for 10X 417 

Genomics scRNAseq. 418 

Recommended dissociation protocol to obtain single nuclei for snRNAseq 419 

Frozen tissue was thawed at 4 °C and kept on ice for the following steps unless specified 420 

otherwise. The tissue was transferred into a precooled Dounce homogenizer (2 ml) and 500 µl 421 

of Homogenization Buffer (HB) (0.4U/µl RiboLock RNase Inhibitor (ThermoFisher Scientific; 422 

EO0381), 0.2U/µl SUPERase In™ RNase Inhibitor (ThermoFisher Scientific; AM2694), 423 

0.10% (v/v) Triton X-100 in NIM2; Nuclei isolation buffer 2 (NIM2): 1 µM DTT, 1x Protease 424 

Inhibitor (Promega; G6521) in NIM1; Nuclei isolation buffer 1 (NIM1): 250 mM Sucrose, 25 425 

mM KCl, 5mM MgCl2, 10 mM Tris HCl, ph 8 in nuclease free water) was added. The tissue 426 

was homogenized with 8 strokes of the tight pestle and kept on ice whenever possible. If the 427 

homogenization seemed incomplete after visual inspection, 1 stroke was added at a time up to 428 

a maximum of 11 strokes. The homogenized tissue was filtered through a 30 µm MACS 429 

SmartStrainer (Miltenyi; 130-098-458) to exclude larger debris. The homogenizer was 430 

furthermore washed with 2x 500 µl of HB to transfer as much of the tissue as possible to the 431 

cell strainer. The nuclei suspension was centrifuged at 500 g for 5 min at 4 °C in a swing bucket 432 

centrifuge to obtain a nuclei pellet. The supernatant was removed, and the pellet was 433 

resuspended in 500 µl Storage Buffer.  434 

For subsequent FACS either 5 µl of a 100 μg/ml DAPI solution (Carl Roth; 6335.1) or 1 drop 435 

of NucBlue™ (Hoechst 33342; Invitrogen Live ReadyProbes™; R37605) was added and the 436 

nuclei were incubated for 10-20 min for the staining to occur. During the exposure time of the 437 

staining, the sample was immediately transferred to FACS (Becton Dickinson (BD™) FACS 438 

Aria III Flow Cytometry Cell Sorter) to collect intact nuclei into a 1.5 ml microcentrifuge tube 439 

pre-coated with 1% BSA containing 0.04% BSA in 5 µl PBS. The concentration should be 440 

~1,000 nuclei per µl to match the optimal requirements for 10X Genomics snRNAseq. The 441 

gates were set to select for DAPI positive nuclei. Particles smaller than 1 µm were excluded to 442 

remove small debris and damaged nuclei. Doublets and irregular shaped debris were also 443 

filtered out through gating as much as possible. Nozzle size was 100 µm. FACS was performed 444 
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at the Universitätsmedizin Göttingen or at the Dresden Concept Genome center using a Becton 445 

Dickinson BD FACSAria™ II Cell Sorter or BD FACSAria™ III Cell Sorter. The settings 446 

were adjusted using unstained and stained samples. 447 

Library preparation and 10x Genomics sequencing 448 

scRNAseq and snRNAseq were performed at the Dresden Concept Genome Center on a 10x 449 

Genomics Chromium sequencing system. The viability of the sorted cells or quality of nuclei 450 

were visually inspected under a light microscope (with 200x magnification) from a small 451 

aliquot of cells or nuclei stained with Trypan blue.  452 

Up to 20,000 cells/nuclei were carefully mixed with reverse transcription mix using the 453 

Chromium Single Cell 3’ Library & Gel beads chemistry v3 (10X Genomics, PN 1000075) 454 

and loaded into a Chromium Single Cell B Chip (10X Genomics, PN 1000073) on the 10X 455 

Genomics Chromium system [106]. 456 

Following the guidelines of the 10X Genomics user manual, the droplets were directly 457 

subjected to reverse transcription, the emulsion was broken, and cDNA was purified using 458 

Dynabeads MyOne Silane (10X Genomics). After cDNA amplification (11 cycles for cells, 12 459 

cycles for nuclei), the sample was purified and underwent a quality control check on the 460 

Fragment Analyzer.  461 

Preparation of single-cell or -nuclei RNA-seq libraries (fragmentation, dA-Tailing, adapter 462 

ligation and an indexing PCR step with 12 cycles (cells) or 15 cycles (nuclei)) followed the 463 

manufacture’s recommendations. After quantification, the libraries were sequenced on an 464 

Illumina NextSeq 500 using a high-output flowcell in PE mode (R1: 28 cycles; I1: 8 cycles; 465 

R2: 56 cycles) or on the Illumina Novaseq 6000 system with a S2 flowcell in PE mode (R1: 28 466 

cycles; I1: 8 cycles; R2: 94 cycles). An average of 13,000 fragments per cell were sequenced. 467 

 468 

Data analysis 469 

The obtained sequencing data from scRNAseq/snRNAseq were mapped to a genome of the D. 470 

melanogaster strain Oregon-R (OreR) (FBsn0000276) and reads mapped to individual genes 471 

were counted using 10x Genomics Cellranger 5 using default settings for mapping single-cell 472 

data. For mapping single-nuclei data, the option --include-introns " was added. The OreR 473 

genome was annotated by transferring the annotation of D. melanogaster genome r6.37 to a 474 

previously sequenced genome of Oregon-R [63, 107] using Liftoff [108]. 475 

Further data analyses were performed using R version 4.1.1 (2021-08-10). Specifically, the 476 
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package Seurat [109] was used for single-cell specific applications. This includes quality 477 

control steps such as calculating the percentage of mitochondrial, ribosomal and heat shock 478 

related genes and removing doublets and cells or nuclei of poor quality. Cells of poor quality 479 

were defined as expressing more than 3,000 or less than 300 genes. Nuclei of poor quality were 480 

defined as the top 1 % of nuclei expressing the highest number of genes or genes in cells, or 481 

the top 1 % of nuclei expressing the highest number of genes or less than 300 genes. Genes 482 

were kept if they were expressed in at least 5 cells (for scRNAseq) or 3 nuclei (for snRNAseq). 483 

Normalization was performed using the SCTransform method [110]. Unbiased clustering was 484 

performed in Seurat [111] and marker genes enriched in each cell cluster were identified by 485 

differential expression analyses (i.e. genes expressed in a cluster vs. all other clusters) followed 486 

by a cutoff of log2fold-change > 0.25 and an adjusted p-value < 0.05 (list of cell cluster markers 487 

for scRNAseq: Supplementary Table S2; list of cell cluster markers for snRANseq: 488 

Supplementary Table S4). Marker genes for each cell cluster were used to test for enrichment 489 

of gene ontology (GO) terms (i.e. Biological Process) using the R package gprofiler2 [112, 490 

113] (GO enrichment for scRNAseq: Supplementary Table S3; GO enrichment for snRNAseq: 491 

Supplementary Table S5). The top four genes defining each cell cluster were chosen by the 492 

lowest adjusted p-value. The ggplot2 package was used to create plots. Note that all scripts and 493 

the entire analysis pipeline are available online (https://doi.org/10.25625/YHG4ET). 494 
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 866 

Figure Legends 867 

 868 

Figure 1. Evaluation of read distribution after scRNAseq and snRNAseq.  869 

(A) Total amount of genes (features) over percentage of mitochondrial reads, per cell each. The 870 

dashed line indicates a threshold of 10% of reads attributed to mitochondrial genes. In single-871 

cell RNA sequencing data, approximately 14% of cells show a high (>10%) proportion of 872 

mitochondrial gene reads on the total number of reads. | (B) Total amount of genes (features) 873 

over Percentage of mitochondrial reads, per cell each in single-nuclei RNA sequencing data. 874 

The dashed line indicates a threshold of 10% of reads attributed to mitochondrial genes. In 875 

most nuclei, only a low percentage of reads is attributed to mitochondrial genes. | (C) Number 876 

of reads found in nuclei (y-axis) over the number of reads of those same genes found in cells. 877 
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The basis are normalized datasets. Ribosomal genes are highlighted in blue and heat shock 878 

genes in red. Ribosomal genes are defined as genes starting RpS- or RpL-. Heat shock genes 879 

are defined as genes encoding heat shock proteins, starting Hsp-. 880 

 881 

Figure 2. Most variable genes and marker genes for cell clusters after scRNAseq and 882 

snRNAseq.  883 

(A) Variable feature plot of scRNAseq data of dissociated cells. The top 10 variable genes are 884 

labeled. These genes are the ones having the strongest influence on clustering and cell type 885 

identification. (B) Dot plot of the top 4 marker genes (X-axis) for each cell cluster (Y-axis) 886 

obtained after scRNAseq. The size of the dots represents the percentage of cells expressing 887 

each gene. The color intensity represents the average expression level. (C) Variable feature 888 

plot of snRNAseq data of isolated nuclei. The top 10 variable genes are labeled. These genes 889 

are the ones having the strongest influence on clustering and cell type identification. (D) Dot 890 

plot of the top 4 marker genes (X-axis) for each cell cluster (Y-axis) obtained after snRNAseq. 891 

The size of the dots represents the percentage of cells expressing each gene. The color intensity 892 

represents the average expression level. 893 
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