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Abstract. The chromatin landscape defines cellular identity in multicellular organisms with 11 

unique patterns of DNA accessibility and histone marks decorating the genome of each cell 12 

type. Thus, profiling the chromatin state of different cell types in an intact organism under 13 

disease or physiological conditions can provide insight into how chromatin regulates cell 14 

homeostasis in vivo. To overcome the many challenges associated with characterizing 15 

chromatin state in specific cell types, we developed an improved approach to isolate Drosophila 16 

nuclei tagged with GFP expressed under Gal4/UAS control. Using this protocol, we profiled 17 

chromatin accessibility using Omni-ATAC, and examined the distribution of histone marks using 18 

ChIP-seq and CUT&Tag in adult photoreceptor neurons. We show that the chromatin landscape 19 

of photoreceptors reflects the transcriptional state of these cells, demonstrating the quality and 20 

reproducibility of our approach for profiling the transcriptome and epigenome of specific cell 21 

types in Drosophila. 22 
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Introduction 44 

Dynamic regulation of the epigenome is crucial to replication, transcription, and DNA repair. For 45 

instance, accessible chromatin is associated with gene regulatory sequences, such as 46 

enhancers, promoters and transcription factor binding sites, and contributes to transcription 47 

initiation (Klemm et al., 2019). In addition, chromatin-associated proteins, such as histones, 48 

transcription factors or chromatin remodelers, modulate several processes, including 49 

nucleosome occupancy (Brahma & Henikoff, 2020), heterochromatin maintenance (Allshire & 50 

Madhani, 2018), and recruitment of DNA repair factors (Stadler & Richly, 2017). Thus, genome-51 

wide chromatin profiling across different physiological states can help us understand how 52 

chromatin-mediated processes impact cell homeostasis. 53 

The wide array of genetic manipulation tools, a highly mapped and annotated genome, relatively 54 

short lifespan, and ease of growth have made Drosophila one of the most widely used model 55 

organisms for studying the basic molecular mechanisms of eukaryotic cells (Hales et al., 2015). 56 

Further, the tissue homology between Drosophila and humans can be leveraged to uncover 57 

regulatory mechanisms associated with human relevant conditions, such as aging, 58 

neurodegeneration, and diabetes (Bolus et al., 2020; Graham & Pick, 2017; Piper & Partridge, 59 

2018; Ugur et al., 2016). Since epigenetic dysregulation is one of the hallmarks of many 60 

diseases, including cancer and neurodegeneration (Bailey et al., 2018; Lardenoije et al., 2015), 61 

profiling chromatin states in a tissue-specific context using Drosophila might improve our 62 

understanding of how chromatin-associated changes contribute to disease onset. However, 63 

profiling cell type-specific chromatin states in vivo is challenging. Although tissue dissection can 64 

be coupled with bulk and single-cell genome wide experiments, manual tissue dissection is 65 

technically demanding and contamination from surrounding tissues can often confound results. 66 

To overcome these limitations, alternative techniques have been developed based around 67 

epitope labeling and immunoprecipitation of nuclei (Chitikova & Steiner, 2016). These nuclei 68 
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tagging approaches, such as the “Isolation of Nuclei Tagged in specific Cell Types” (INTACT) 69 

method (Deal & Henikoff, 2010) have been applied to tissue specific experiments in Arabidopsis 70 

(Maher et al., 2018; Sijacic et al., 2018), Drosophila (Agrawal et al., 2019; Bozek et al., 2019; 71 

Henry et al., 2012; Jones et al., 2018), Xenopus (Amin et al., 2014), and mice (Ambati et al., 72 

2016). In Drosophila, these nuclei labeling approaches rely on genetic tools for binary 73 

expression of transgenes, such as the well-established Gal4-UAS system (Brand & Perrimon, 74 

1993). Currently, more than 8000 stocks that express Gal4 under control of different cell-type 75 

specific promoters are available through the Bloomington Drosophila Stock Center (BDSC). 76 

Thus, these nuclei tagging approaches combined with the Gal4-UAS expression system provide 77 

a powerful and flexible tool to manipulate and examine many cell-types in Drosophila. 78 

We previously developed a Gal4-UAS based nuclei immuno-enrichment (NIE) protocol to isolate 79 

nuclei from specific Drosophila cell types labeled with an outer nuclear membrane localized 80 

GFPKASH protein (Hall et al., 2017; Ma & Weake, 2014). This approach was successfully applied 81 

to transcriptomic studies in specific cell populations, such as larval glial cells (Ma et al., 2016), 82 

adult photoreceptor neurons (Hall et al., 2017, 2018), and olfactory sensory neurons (Slankster 83 

et al., 2020). However, our previous protocol yielded low nuclei numbers, which made 84 

performing chromatin profiling and obtaining material from rare cell populations challenging. 85 

Here, we sought to optimize the NIE protocol to increase nuclei yield and stringency over 86 

background. Using this ‘improved’ GFPKASH-based NIE protocol, we applied chromatin profiling 87 

techniques (Omni-ATAC, ChIP-seq and CUT&Tag) to NIE-purified adult Drosophila 88 

photoreceptor nuclei and demonstrate the reproducibility and quality of the associated datasets. 89 

Results 90 

Optimization of tissue-specific nuclei immuno-enrichment (NIE) from adult Drosophila 91 
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As a starting point for profiling chromatin states in specific cell types in Drosophila, we sought to 92 

improve nuclei yields obtained with the NIE protocol using flies that express the GFPKASH tag in 93 

outer photoreceptor neurons driven by Rh1-Gal4 (herein referred as Rh1>GFPKASH) (Mollereau 94 

et al., 2000). We reasoned that isolating nuclei in a buffer designed to retain the integrity of the 95 

nuclear envelope would increase the availability of the GFPKASH epitope, which is anchored to 96 

the outer nuclear membrane with GFP facing the cytoplasm (Fischer et al., 2004). Previous 97 

studies have shown that perinuclear proteins are retained when nuclei are purified using a 98 

detergent-containing isotonic buffer (Shaiken & Opekun, 2014), suggesting that the outer 99 

nuclear membrane remains intact under these conditions. Based on this rationale, we replaced 100 

the hypotonic/hypertonic buffers used in the homogenization, incubation, and washing steps of 101 

our previous NIE method with detergent-containing isotonic buffers. We also decreased the 102 

relatively high concentration of NP-40 detergent used for homogenization during the 103 

immunoprecipitation steps to decrease background binding (see methods). We refer to our 104 

previous and new NIE approaches as the ‘standard’ and ‘improved’ methods, respectively 105 

(Figure 1A). 106 

We first assessed how nuclei yields varied based on the NIE method used. To do this, we 107 

performed GFPKASH-based NIE using either the ‘standard’ or ‘improved’ method and quantified 108 

total DNA after each NIE reaction (n=4). We used DNA yield as a measure of nuclei yield 109 

because the magnetic beads used in the NIE auto fluoresce, making it difficult to quantify nuclei 110 

accurately using microscopy-based techniques (Figure 1B).  The ‘improved’ method yielded 1.2 111 

ng of DNA per fly, compared to 0.2 ng of DNA for the ‘standard’ method (Figure 1C). 112 

Considering that there are ~7200 outer photoreceptors per fly, and that a diploid Drosophila 113 

nucleus typically contains ~0.36 pg DNA (Rasch et al., 1971), the ‘improved’ method yields 114 

around 45% of the tagged nuclei compared with 13% for the ‘standard’ approach. We note that 115 

the starting material for each NIE reaction was 400 age-matched Rh1>GFPKASH flies 116 
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homozygous for both Gal4 and UAS transgenes; nuclei yield decreased approximately two-fold 117 

when GFPKASH-based NIE was performed using flies heterozygous for both transgenes (data not 118 

shown), suggesting that higher GFPKASH expression levels can further improve purification 119 

efficiency. 120 

Next, we evaluated if the NIE-purified nuclei were enriched relative to background cell types. To 121 

do this, we mixed an equivalent number of Rh1>GFPKASH flies with Rh1>mCherry-FLAGKASH, 122 

performed GFP-based NIE, and extracted DNA before (PRE) and after (POST) immuno-123 

enrichment. We then quantified the relative genomic copies of GFP and mCherry in each 124 

sample using quantitative PCR (qPCR). If nuclei from the POST sample are depleted of the 125 

mCherryKASH-positive nuclei upon GFP-based NIE, then the ratio of GFP/mCherry for the POST 126 

sample will be higher than the value of one observed in the PRE sample, which contains an 127 

equivalent number of GFP and mCherry labeled nuclei. Using this approach, we observed 24-128 

fold enrichment of GFP nuclei over mCherry using the ‘improved’ method, which compared 129 

favorably with the 20-fold enrichment observed using the ‘standard’ method (Fig. 1C). 130 

Improved NIE method enriches for a purer cell-type specific nuclei pool relative to the standard 131 

method 132 

Because we had previously generated high-quality nuclear RNA-seq from outer photoreceptor 133 

nuclei using the ‘standard’ approach (Hall et al., 2017), we profiled the nuclear transcriptome of 134 

NIE-purified outer photoreceptor nuclei (Rh1>GFPKASH) using the ‘improved’ method and 135 

compared the transcriptome between methods; we note that the identical genotype, sex, and 136 

age were used for both studies, and that both library sets were generated using the same 137 

amount of RNA. We first analyzed similarity between the two datasets by calculating Spearman 138 

correlation for gene counts (Figure 2A). Spearman’s rank scores between replicates were high 139 

for both methods (p<0.97), and samples clustered together based on the method used for NIE. 140 

Further, we also observed similar clustering by NIE approach using Principal Component 141 
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Analysis (PCA) (Figure 2 – Supplemental Figure 1A). Notably, the variation between biological 142 

replicates slightly decreased using the improved method.  143 

The observation that samples clustered by method suggested there were differences between 144 

the datasets obtained using the different NIE methods. We sought to identify the differences in 145 

gene expression associated with each NIE method by analyzing differentially expressed genes 146 

(DEGs) (n=3). Surprisingly, we identified 2046 DEGs (FDR < 0.01, FC > 2) between the two NIE 147 

methods, despite their identical genotypes, sex, and age (Figure 2B). Amongst these genes, 148 

824 genes were upregulated in the improved dataset, and 1224 genes were upregulated in the 149 

standard dataset, representing improved- or standard-enriched genes, respectively. RNA-seq 150 

libraries for each experiment were made using different RNA-seq kits (see methods). Since we 151 

used a kit designed for low-input material (200 pg – 10 ng RNA) to make the improved dataset 152 

libraries, we wondered if genes enriched in the improved dataset were being quantified as lowly-153 

expressed in the standard dataset. However, the identified DEGs spanned a wide range of 154 

expression levels, including low, medium, and highly-expressed genes (Figure 2C), suggesting 155 

that differences in amplification of lowly abundant transcripts do not account for the differences 156 

in expression observed between the two approaches. Instead, inspection of the top DEGs in 157 

each condition revealed that several rhodopsin genes (Rh3, Rh4, and Rh6) were enriched in the 158 

standard method relative to the improved method. These rhodopsin proteins are highly enriched 159 

in inner photoreceptors (R7-R8) and are also expressed in the Johnston organ (Göpfert & 160 

Robert, 2001; Stark & Thomas, 2004), but are not expressed in outer photoreceptors; 161 

conversely, Rh1-Gal4 is expressed only in the outer photoreceptors (Mollereau et al., 2000). 162 

Since inner photoreceptor-specific genes were enriched in the standard dataset, these 163 

observations suggest that the ‘improved’ method yields a more tissue-specific enriched nuclei 164 

pool relative to our previous approach. GO-term analysis of genes that were upregulated in 165 

each dataset revealed that the standard-enriched DEGs were enriched for categories such as 166 
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neuropeptide signaling pathway, muscle contraction, and muscle structure development (Figure 167 

2D, top). Further, gene-concept network analysis revealed enrichment of 42 genes associated 168 

with non-photoreceptor cell types in the standard-enriched DEGs, including ventral lateral 169 

neuron-expressed Pdf (FBgn0023178), protocerebrum-enriched Dsk (FBgn0000500), and 170 

muscle-enriched Unc-89 (FBgn0053519) (Figure 2E) (Helfrich‐Förster & Homberg, 1993, 171 

Nichols et al., 1988). In contrast, GO terms over-represented in the improved-enriched DEGs 172 

were associated with processes related to protein folding and polytene chromosome puffing 173 

(Figure 2D, bottom). Gene-concept network analysis revealed that the over-representation of 174 

these GO-term categories were driven by a modest enrichment of five Heat Shock Protein (Hsp) 175 

genes (Figure 2F).  176 

Altogether, these findings suggest that nuclei purified using the ‘improved’ NIE method have 177 

higher enrichment of tissue-specific transcripts compared to the ‘standard’ approach, which 178 

corresponds with the modest increase in GFP/mCherry ratio obtained in Figure 1D. Considering 179 

that the ‘improved’ method also had higher nuclei yields, we proceeded to optimize the 180 

subsequent chromatin profiling methods with NIE-purified outer photoreceptor nuclei from 181 

Rh1>GFPKASH flies using this method.  182 

Profiling chromatin accessibility (Omni-ATAC) in NIE-purified nuclei 183 

We next sought to profile accessible chromatin of NIE-purified nuclei using Omni-ATAC, a 184 

recently modified ATAC-seq technique which yields higher quality data, especially with lower 185 

input (Corces et al., 2017). ATAC-seq techniques, including Omni-ATAC, require optimization of 186 

the number of nuclei or cells used for each reaction to generate appropriate DNA fragment sizes 187 

and avoid either under- or over-tagmentation. Normally, cultured cells are counted to achieve 188 

precise numbers of cells per assay. However, nuclei bound to magnetic beads cannot be 189 

quantified using a cell counter because the free magnetic beads interfere with the identification 190 

of individual nuclei (see Figure 1B). To overcome this limitation, we isolated genomic DNA from 191 

8

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 23, 2021. ; https://doi.org/10.1101/2021.03.23.436625doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.23.436625


a fraction of the purified nuclei and normalized input material for Omni-ATAC reactions based 192 

on this quantification (Figure 3A). We note that because our protocol begins with NIE-purified 193 

nuclei, mitochondria are already depleted from the initial starting material, as shown by qPCR 194 

analysis of mitochondrial DNA present in the PRE and POST NIE samples (Figure 3 - 195 

Supplemental Figure 1A). To evaluate whether differences in starting material would 196 

substantially alter data quality, we performed Omni-ATAC using either 50 or 100 ng of DNA 197 

(corresponding to approximately 125,000 and 250,000 nuclei, respectively) with a fixed amount 198 

of Tn5. 199 

Tapestation analysis of Omni-ATAC libraries revealed similar DNA laddering patterns with both 200 

amounts of input nuclei (Figure 3 -  Supplemental figure 1B). We then sequenced these 201 

libraries, and evaluated the size  distribution of the mapped fragments. We observed the 202 

expected nucleosomal phasing distribution in both libraries (Figure 3B), with the first peak (80-203 

120 bp) corresponding to nucleosome-depleted region (NDR)-associated DNA, followed by a 204 

peak around 180 bp corresponding to mononucleosome-associated fragments. Genome 205 

browser inspection of the data revealed discreet peaks with similar enrichment profiles obtained 206 

under each condition (Figure 3C). Since the Omni-ATAC signal should be enriched around 207 

transcriptional start sites (TSS), we next evaluated read distribution around the TSS of protein-208 

coding genes (Figure 3D). We observed a significant enrichment of Omni-ATAC signal around 209 

the TSS with no differences between the 50 ng- and 100 ng- associated datasets. This finding 210 

was further corroborated by heatmap plots of all protein-coding genes ranked based on their 211 

Omni-ATAC signal enrichment around TSS (Figure 3 - Supplemental Figure 1C).  212 

Next, we evaluated the genomic distribution of peaks from both samples (Figure 3E). As 213 

expected from the observed enrichment of Omni-ATAC signal around the TSS (Figure 3C), 70% 214 

of the peaks mapped to promoters with no discernible differences in distribution between the 215 

two samples. Because accessible chromatin is enriched for active promoters, we next evaluated 216 
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if chromatin accessibility levels correlated with transcript levels detected by nuclear RNA-seq 217 

(see Figure 2). To do this, we divided the 13930 genes in the Drosophila genome based on their 218 

position on the heatmap into six groups, where genes are ranked based on the Omni-ATAC 219 

signal around the TSS (Figure 3F), and plotted the transcript level (log2 transcript per million - 220 

TPM) for all genes in each cluster (Figure 3G). We observed a positive correlation between the 221 

levels of chromatin accessibility at the TSS and transcript expression levels. Altogether, these 222 

observations suggest that high-quality chromatin accessibility data can be obtained from NIE-223 

purified nuclei using as little as 50 ng of DNA equivalent of starting material, when coupled with 224 

Omni-ATAC. 225 

Omni-ATAC of NIE-purified nuclei does not require high sequencing depth  226 

To benchmark the quality and reproducibility of the Omni-ATAC protocol using the NIE-purified 227 

nuclei, we sought to systematically evaluate different quality control metrics of ATAC-seq 228 

datasets. We performed Omni-ATAC on NIE-purified nuclei equivalent to 100 ng of DNA in four 229 

independent biological samples, processing and analyzing each replicate individually (n=4). We 230 

first calculated the Spearman’s correlation based on read distribution over a 500-bp binned 231 

genome, and found high reproducibility between samples, with Spearman’s p scores above 0.90 232 

(Figure 4A). Next, we plotted the Omni-ATAC signal around the TSS of protein coding genes 233 

(Figure 4B). We observed that the enrichment profiles around the TSS were highly consistent 234 

between replicates, corroborating the Spearman’s correlation analysis. Next, we sought to 235 

evaluate the quality of peak-based analysis for each sample. Genome browser inspection of 236 

Omni-ATAC signal next to the peaks corresponding to each replicate showed high consistency, 237 

as determined by signal intensity of peaks (Figure 4C). Further, 88% of peaks presented 238 

significant overlap amongst all four replicates (Figure 4C). Similarly, we observed high 239 

concordance by Irreproducible Discovery Rate (IDR) analysis of peaks between replicates 240 

(Figure 4-Supplental Figure 1A), with all pair-wise comparisons having an IDR value above 241 
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0.61. The Fraction of Reads in Peaks (FRiP) score is a common quality control metric for 242 

genomic datasets, such as ChIP-seq and ATAC-seq, that measures overall signal-to-243 

background ratio, as defined by ENCODE guidelines (Landt et al., 2012).  According to 244 

ENCODE, good quality ATAC-seq datasets are defined as having FRiP score higher than 0.3. 245 

Thus, we next evaluated how FRiP scores varied based on sequencing depth. To do this, we 246 

down-sampled each replicate to 0.5, 1, 2.5, 5, 10, 20, 30, 40, and 50 million mapped fragments, 247 

and obtained its corresponding FRiP score (Figure 4E). FRiP scores did not vary significantly 248 

between replicates, and surprisingly, there was no substantial improvement in FRiP scores past 249 

10 million mapped fragments. Further, visual inspection of the down-sampled data on a genome 250 

browser revealed similar enrichment of peaks at only 0.5 million fragments, resembling that 251 

observed using 50 million fragments (Figure 4 – Supplemental Figure 1B). Next, we evaluated 252 

the number of peaks called for each sample based on the number of fragments (Figure 4G). As 253 

expected, peak calling benefited from the higher sequencing depth. However, when the number 254 

of peaks identified was normalized to the sample with greatest sequencing depth (50 million 255 

mapped fragments), we found that obtaining 20 million fragments identified approximately 80% 256 

of all possible peaks. Taken together, these observations imply that Omni-ATAC datasets do 257 

not require high sequencing depth for consistent gene- and peak-based analysis, and that 10-20 258 

million reads is likely sufficient for most peak-based analyses in Drosophila samples.  259 

The histone methylation landscape of adult Drosophila photoreceptors 260 

Chromatin Immunoprecipitation (ChIP) is one of the most commonly used techniques in the 261 

genomics field, whereby sonicated chromatin is used to immunopurify a protein-DNA complex, 262 

followed by purification of the enriched DNA. Coupled with qPCR or high-throughput sequencing 263 

(ChIP-seq), it allows researchers to interrogate if a protein of interest is bound to a particular 264 

locus, or assay its genome-wide distribution, respectively. We sought to optimize a ChIP 265 

protocol suitable for use with NIE-purified nuclei. During development of the protocol, we initially 266 
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found that fixing the nuclei during homogenization led to an increase in background nuclei upon 267 

NIE (data not shown), leading us to modify the protocol so that the chromatin was cross-linked 268 

while the nuclei were immobilized on the magnetic beads, immediately following NIE (Figure 269 

5A). Chromatin was then sonicated, and ChIP performed using standard approaches (see 270 

methods).  271 

To benchmark the ChIP protocol, we examined genome-wide distribution of two histone methyl 272 

marks, Histone H3 Lysine 4 tri-methylation (H3K4me3) and H3 Lysine 36 tri-methylation 273 

(H3K36me3), both of which have been widely characterized by ChIP-qPCR and ChIP-seq 274 

studies in Drosophila and other organisms. We also examined the distribution of bulk histone 275 

H3, as well as an input sonicated chromatin control. First, we assessed the enrichment of each 276 

antibody by evaluating the overall distribution of reads over gene bodies for all protein-coding 277 

genes. Histone H3 is distributed throughout both active and repressed chromatin, and is usually 278 

slightly depleted around the TSS of transcribed genes (Bai & Morozov, 2010). In Drosophila, as 279 

well as in Saccharomyces cerevisiae and in humans, H3K4me3 is enriched at the TSS whereas 280 

H3K36me3 localizes to gene bodies (Edmunds et al., 2008). Consistent with this expected 281 

distribution, we observed depletion of histone H3 and enrichment of H3K4me3 around the TSS, 282 

while H3K36me3 was enriched towards the 3´ region of the gene body (Figure 5B). Further, 283 

genome browser inspection of individual genes, such as the photoreceptor-enriched genes trp 284 

and trpl, corroborated the enrichment for H3K4me3 around the TSS and H3K36me3 over the 285 

gene body. In contrast, the inner photoreceptor-expressed Rh3 showed no enrichment for either 286 

histone mark, as expected based on its lack of expression in outer photoreceptors (Figure 5C).  287 

Next, we assessed the reproducibility between the replicates obtained using our ChIP-seq 288 

approach. Given the semi-quantitative nature of ChIP-seq, there has been growing interest in 289 

adding exogenous chromatin prior to immunoprecipitation, using the reads that map to the 290 

“reference” genome for spike-in normalization (Chen et al., 2016). To facilitate this spike-in 291 
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normalization approach, we added 5% of Arabidopsis thaliana chromatin to Drosophila samples 292 

before each immunoprecipitation. To evaluate how the similarity between individual samples 293 

varied based on the normalization method, we normalized the data using the Arabidopsis spike-294 

ins (as described in Orlando, et al.,2014) or calculated traditional counts per million or CPMs. 295 

We then calculated the Spearman correlation of read coverage over the binned genome for 296 

H3K4me3 and H3K36me3 separately (Figure 5D-E). Interestingly, the H3K4me3 samples 297 

clustered based on the normalization method used, although there were no major differences 298 

between Spearman’s rank scores obtained for individual samples using either approach. 299 

Replicate correlation was high for both normalization methods (p > 0.96 for both normalization 300 

methods). Strikingly, the H3K36me3 samples clustered together based on replicate rather than 301 

normalization approach, and each replicate had a p=1, with its normalization counterpart. 302 

Corroborating the heatmap findings, metaplot analysis of the H3K4me3 distribution around the 303 

TSS and H3K36me3 distribution over gene bodies showed no substantial differences between 304 

biological replicates using either normalization approach (Supplemental Figure 5A-B). To further 305 

assess similarity between the replicates based on antibodies used, we next evaluated 306 

Spearman’s correlation of CPM-normalized data for H3, H3K4me3, and H3K36me3 (Figure 5F). 307 

Corroborating the findings from the global read distribution over gene bodies, samples clustered 308 

together based on antibody. Moreover, the correlation between replicates for each antibody was 309 

also high (p < 0.96). Because H3K4me3 and H3K36me3 are histone modifications associated 310 

with active transcription, we next asked if H3K4me3 and H3K36me3 ChIP-seq signal levels 311 

positively correlated with gene expression. To do this, we ranked all protein-coding genes based 312 

on H3-normalized H3K4me3 signal around the TSS (Figure 5G, left) or H3-normalized 313 

H3K36me3 signal over gene bodies (Figure 5H, right), and separated all 13930 genes into six 314 

clusters based on their level of the respective histone mark. We then examined gene expression 315 

for each cluster by plotting transcript levels for each gene in the cluster (log2 transcript per 316 
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million -TPM) (Figure 5H). Similar to our observations for the Omni-ATAC clusters, H3K4me3 317 

and H3K36me3 levels positively correlated with active transcription.  318 

Overall, these observations demonstrate that chromatin obtained from NIE-purified nuclei 319 

accurately reflect the transcriptional state of these cells and can be used for profiling of 320 

chromatin accessibility and histone modifications. Furthermore, in our hands, adding a 321 

reference genome for spike-in normalization does not outperform traditional CPM normalization. 322 

We note that although the ChIP-seq data shown here was generated from libraries that used 2 323 

ng of DNA as starting material, libraries made with as little as 100 pg of DNA showed 324 

comparable profiles (Supplemental Figure 5C), suggesting that this ChIP-seq protocol is 325 

amenable to low-input starting material. We also performed qPCR on ChIP samples obtained 326 

using this protocol (Supplemental Figure 5D), demonstrating that this approach may be useful 327 

for researchers interested in examining individual genes rather than performing genome-wide 328 

studies. 329 

NIE-purified nuclei are compatible with CUT&Tag for profiling histone marks 330 

Last, we sought to apply CUT&Tag to NIE-purified nuclei. CUT&Tag is a recently developed 331 

technique used to profile chromatin, whereby a fusion protein (pAG-Tn5) targets an antibody-332 

bound chromatin target, followed by tagmentation and release of enriched DNA (Kaya-Okur et 333 

al., 2019). CUT&Tag has several advantages over ChIP-seq, including shorter sample 334 

processing times and lower background signal, therefore requiring less sequencing depth to 335 

identify high probability binding sites for proteins of interest. Further, CUT&Tag yields 336 

sequencing-ready libraries with no need for an additional library construction step. Based on 337 

these advantages, we sought to develop a CUT&Tag approach suitable for use with NIE-338 

purified nuclei using commercially available Protein A/Protein G-Tn5 (pAG-Tn5). 339 
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Standard CUT&Tag protocols require cell/nuclei immobilization with Concanavalin A beads. 340 

However, NIE-purified nuclei are already bound to Protein G-magnetic Beads (PGBe), providing 341 

an initial starting point for CUT&Tag protocols. Our first H3K4me3 CUT&Tag trials with NIE-342 

purified nuclei using PGBe were unsuccessful, and we wondered if the rabbit anti-H3K4me3 343 

antibodies were being adsorbed by the excess protein G in our nuclei preparations (Figure 6A). 344 

To test this possibility, we performed NIE using Mouse IgG-coupled magnetic Beads (MIBe) 345 

instead of PGBe. Strikingly, performing NIE with MIBe led to successful purification of DNA 346 

following CUT&Tag, suggesting that PGBe were interfering with CUT&Tag steps. We then 347 

performed H3K4me3 CUT&Tag using age and sex-matched photoreceptor nuclei in order to 348 

compare the data with H3K4me3 ChIP-seq, since both datasets were obtained using the same 349 

antibody. TapeStation profiles of the four replicates detected sub-, mono- and di-nucleosomal 350 

fragments, with significant enrichment for mononucleosome-associated DNA (Figure 6B). We 351 

then proceeded with paired-end sequencing of the libraries. Genomic browser inspection of 352 

H3K4me3 CUT&Tag data (Figure 6C) revealed that profiles between replicates were highly 353 

consistent between the ChIP-seq and CUT&Tag methods. CUT&Tag enrichment is based on 354 

cleavage by Tn5, which traditionally binds and cuts accessible DNA. It has been shown that Tn5 355 

can bind accessible chromatin during CUT&Tag, thereby increasing non-specific background. 356 

However, comparison of the CUT&Tag and Omni-ATAC profiles did not reveal substantial 357 

similarity, indicating that the CUT&Tag profiles obtained for H3K4me3 reflect the distribution of 358 

this mark rather than accessible chromatin. Next, we sought to systematically evaluate the 359 

signal to background ratio for CUT&Tag data relative to ChIP-seq. To do this, we down-sampled 360 

the H3K4me3 CUT&Tag and ChIP-seq samples to 0.5, 1, 2.5, 5, 10, and 15 million mapped 361 

fragments and calculated FRiP scores to assess quality of the data obtained using each 362 

approach (Figure 6D). Notably, CUT&Tag substantially outperformed ChIP-seq with a FRiP 363 

score of 0.367 for CUT&Tag data even at only 0.5 million mapped fragments. In comparison, 364 

the FRiP score for ChIP-seq data only reached 0.266 at 15 million fragments. 365 
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However, analysis of the average H3K4me3 CUT&Tag signal around the TSS of all protein-366 

coding genes revealed substantial differences between the individual replicates, both in intensity 367 

and distribution (Figure 6E, top). These differences were not observed for the ChIP-seq 368 

replicates (Figure 6E, bottom). Out of four biological replicates, only the metaplot profile of one 369 

CUT&Tag sample (replicate-4; R4) closely resembled the H3K4me3 ChIP-seq. To further 370 

assess the correlation between each CUT&Tag sample, we calculated Spearman’s correlation 371 

rank scores. Because CUT&Tag data had very low levels of background relative to ChIP-seq, 372 

we calculated the correlation based on read coverage over the narrow peaks obtained from the 373 

H3K4me3 ChIP-seq data (Figure 6G) instead of the binned genome. As expected from the 374 

above comparisons, samples clustered together based on technique. Using this approach, 375 

ChIP-seq samples had higher correlation values between individual replicates (p>0.9) 376 

compared with CUT&Tag replicates (p>0.83). R4(CUT&Tag) had the lowest correlation score 377 

when compared to the ChIP-seq samples, which is contrary to the profile obtained from the 378 

metaplot. To further assess if the same group of genes were being marked by H3K4me3 in both 379 

techniques, we ranked genes based on H3K4me3 ChIP-seq signal and compared the H3K4me3 380 

CUT&TAG signal across replicates (Figure 6F). Heatmaps revealed that overall, CUT&Tag 381 

replicates showed similar patterns over the same group of genes. However, R4 had the highest 382 

similarity with ChIP-seq profiles in terms of overall distribution around the TSS. 383 

Taken together, these observations indicate that a slight modification to the NIE reagents makes 384 

it possible to apply CUT&Tag to NIE-purified nuclei, providing a cost effective and efficient way 385 

of examining the genome-wide distribution of DNA-binding proteins. However, we note that the 386 

increased variability observed between CUT&Tag replicates relative to ChIP-seq samples 387 

suggests that further optimization to the protocol might improve reproducibility of these data for 388 

quantitative analysis.  389 

Discussion 390 
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Here, we demonstrate the feasibility of chromatin profiling in specific cell types using immuno-391 

enriched nuclei as starting material and show that profiling of chromatin accessibility and 392 

histone modifications associated with active transcription correlate with the transcriptional state 393 

of the profiled cell type. Our NIE approach enables isolation of nuclei within one hour, that can 394 

be subsequently used for RNA, DNA, and chromatin extraction, therefore enabling the 395 

application of RNA-seq, ATAC-seq, ChIP-seq, and CUT&Tag (Figure 7A). By isolating nuclei, 396 

rather than cells, we can obtain highly pure nuclear RNA that provides a view of the actively 397 

transcribed genome. While these data correlate with the adult photoreceptor transcriptome 398 

determined in our previous studies using a similar approach (Hall et al., 2017), our modified NIE 399 

protocol results in significant decrease in levels of transcripts corresponding to genes that are 400 

expressed in other cell types. Thus, in addition to increasing nuclei yield, our improved NIE 401 

approach reduces levels of contamination from surrounding cells, with estimated purity levels of 402 

approximately 20-fold over background. Combining this improved NIE approach with library 403 

construction kits developed for low RNA inputs, such as the one used in this study, will facilitate 404 

RNA-seq studies on much rarer cell populations, or on cells labeled in mosaic animals, that 405 

have previously been difficult to analyze using other techniques. 406 

In addition to RNA-seq, we profiled accessible chromatin at a genome-wide scale in the NIE-407 

purified nuclei using Omni-ATAC. To our knowledge, this is the first report of cell-type specific 408 

chromatin accessibility data in adult Drosophila, although ATAC-seq studies have been 409 

performed in different embryonic cell-types isolated using the INTACT method (Bozek et al., 410 

2019) and in dissected larval imaginal discs (Davie et al., 2015). Here, we show that using as 411 

little as 50 ng DNA equivalent of NIE-purified nuclei was sufficient to produce high-quality 412 

genome-wide chromatin accessibility data, suggesting that this technique should be suitable for 413 

lowly abundant cell types. Published reports have shown that ATAC-seq and Omni-ATAC can 414 
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be applied to as little as 500 human cells (Buenrostro et al., 2013; Corces et al., 2017), 415 

indicating that these chromatin profiling approaches are highly amenable to low input samples. 416 

We also applied two approaches to profile genome-wide distribution of histone modifications, 417 

ChIP-seq and CUT&Tag. Our ChIP-seq protocol is amenable to incorporation of exogenous 418 

chromatin for spike-in normalization, although in our hands, normalizing the ChIP-seq data with 419 

a published spike-in normalization approach did not outperform traditional CPM normalization. 420 

We note that there has been discussion of the caveats for spike-in normalization with regard to 421 

ChIP-seq data (refer to Dickson, et al., 2020). Last, we switched the beads used for NIE from 422 

protein-G Dynabeads to mouse IgG Dynabeads, allowing successful application of H3K4me3 423 

CUT&Tag to NIE-purified nuclei. To our knowledge, this work is the first report of tissue-specific 424 

CUT&Tag in Drosophila. Although the CUT&Tag data showed increased variability between 425 

replicates relative to ChIP-seq, FRiP score evaluation showed that even at a low sequencing 426 

depth (1x106 mapped fragments), H3K4me3 CUT&Tag signal-to-background ratio outperformed 427 

the ChIP-seq data obtained using the same antibody. We expect NIE-purified nuclei to be 428 

compatible with CUT&RUN techniques using a similar approach to that described in this study, 429 

since both techniques are based on the same principle; CUT&RUN uses MNase to digest and 430 

release enriched DNA (Skene & Henikoff, 2017).  431 

Together, our data demonstrate that combining the improved NIE protocol with commonly used 432 

chromatin profiling techniques provides a feasible approach to characterizing the transcriptome 433 

and epigenome of specific cell types in Drosophila. Based on the wealth of available Gal4 434 

drivers for cell type-specific expression in Drosophila, the NIE approach described here 435 

provides a flexible and resourceful chromatin profiling toolkit for researchers to interrogate 436 

chromatin-associated processes in a tissue-specific context. Additionally, we have generated fly 437 

stocks expressing the GFPKASH tag under the Q binary expression system (Potter et al., 2010) 438 
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as well as UAS lines that tag nuclei with either mCherry-FLAG, 6xmyc or mCherry-FLAG/GFP, 439 

to provide additional flexibility for studies in Drosophila (Figure 7B).  440 

Materials and Methods 441 

Fly strains  442 

Flies homozygous for Rh1>GFPKASH = P{ry+t7.2=rh1-GAL4}3, ry506, P {w+mC = UAS-GFP-443 

Msp300KASH}attP2 or Rh1>mCherryKASH, P{ry+t7.2=rh1-GAL4}3, ry506, P{w +mC = UAS-444 

Msp300KASH-mCherry-Flag}attP2} (Hall et al., 2017) were raised in 12:12 h light:dark cycle at 445 

25°C on standard fly food. Flies were maintained in population cages with a density of ~1000 446 

flies/cage. Fresh food was switched every other day. For all the biological replicates, male flies 447 

were collected at 10 days post-eclosion at Zeitgeber time 6 (-/+ 1 hour).  448 

Nuclei Immuno-Enrichment (NIE)  449 

NIE was performed as described previously (Hall et al., 2017; Ma & Weake, 2014) with minor 450 

modifications to the buffers used through-out the protocol. Briefly, fly heads from 400 age-451 

matched flies were collected by freezing flies in 5 cycles of flash-freezing and vortexing. Fly 452 

heads were collected using frozen sieves and transferred to a 1 mL Dounce homogenizer 453 

containing 1 volume of homogenization buffer (40 mM HEPES, pH 7.5, 120 mM KCl and 0.4% 454 

v/v NP-40). Flies were homogenized using 10 strokes with ‘loose pestle’ followed by 10 strokes 455 

with ‘tight’ pestle. Homogenized lysate was then filtered using 40 μm cell strainers (Corning, 456 

Tewksbury MA, Catalog# 352340), and NP-40 was diluted to 0.1% final concentration by adding 457 

3 volumes of Dilution buffer (40 mM HEPES, pH 7.5 and 120 mM KCl). Nuclei were immuno-458 

enriched using 40 μL of Dynabeads Protein G (ThermoFisher, Waltham MA, Catalog #10004D) 459 

pre-coupled with 4 μg of mouse anti-GFP antibody (Sigma Aldrich, St. Louis MO, Catalog 460 

#11814460001) for RNA-seq, ChIP-seq and Omni-ATAC experiments. For CUT&Tag, nuclei 461 

were immunoenriched using 40 μL of Dynabeads Pan Mouse IgG (ThermoFisher. Catalog 462 

#11041) pre-coupled with 4 ug of mouse anti-GFP antibody (Sigma Aldrich, Catalog 463 
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#11814460001). Beads and nuclei were incubated at 4°C for 30 min with constant rotation, 464 

followed by 3 x 5-min washes with homogenization buffer at 4°C. 465 

Quantitative PCR  466 

DNA was purified with Quick-DNA Microprep Plus Kit (Zymo Research, Irvine CA, Catalog 467 

#D4074) and qPCR was performed using Bullseye EvaGreen qPCR 2X master mix-ROX 468 

(Midsci, Valley Park, MO, Catalog #BEQPCR-R) following manufacturer's instructions. 469 

RNA-seq 470 

Purified nuclei were resuspended in 100 μL TRI reagent (Zymo Research, Catalog #R2050-1-471 

200). RNA was purified using Direct-zol™ RNA Microprep (Zymo Research, Catalog, #R2061) 472 

and quantified with Qubit™ RNA HS Assay Kit. 10 ng of nuclear RNA were used for 473 

construction of cDNA libraries with Ovation SoLo RNA-seq System with Drosophila-specific 474 

anyDeplete technology for rRNA depletion (Tecan, Redwood City, CA, Catalog #0502-32). Up 475 

to 16 libraries were pooled in one lane for paired-end 150 bp Illumina HiSeq sequencing.  476 

Omni-ATAC 477 

Transposition was performed as published (Corces et al., 2017). Briefly, a fraction of 478 

immunoprecipitated nuclei were purified with Quick-DNA Microprep Plus kit (Zymo Research, 479 

Catalog #D4074). Nuclei corresponding to 50 or 100 ng were aliquoted and resuspended in 50 480 

μL of Transposition mix (25 μL 2x TD buffer, 16.5 μL PBS, 0.05 μL 1% v/v Digitonin, 0.05 μL 481 

10% v/v Tween and 2.5 μL TDE1 enzyme (Illumina, San Diego CA, Catalog #20034198). 482 

Tagmented DNA was purified with Zymo DNA clean & concentrator-5 kit (Zymo Research 483 

#D4013). Libraries were constructed using IDT for Illumina Nextera DNA Unique Dual Indexes 484 

Set A (Illumina, Catalog #20027213) and 7 PCR cycles were used to amplified libraries using 485 

NEBnext High-Fidelity 2X PCR Master Mix (New England Biolabs, Ipswich MA, Catalog 486 

#M0541S) and SYBR Green I (ThermoFisher, Catalog #S7563). To determine additional cycles, 487 

Nextera primers 1 and 2 were used. Purified libraries were submitted to a round of double-size 488 

selection with AMPure XP beads (Beckman Coulter, Brea CA, Catalog #A63880) with a 0.5X-489 
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1.0X ratio. Libraries fragment size distribution was assessed with TapeStation High-Sensitivity 490 

D1000 Screentapes (Agilent, Santa Clara CA, Catalog #5067-5584). Up to 16 libraries were 491 

pooled in one lane for paired-end 150 bp Illumina HiSeq sequencing.  492 

ChIP-seq  493 

Chromatin extraction (Drosophila): Immunoenriched nuclei were resuspended in 1 mL of A1 494 

buffer (15 mM HEPES, pH 7.5, 15 mM NaCl, 60 mM KCl, 4 mM MgCl2, 0.5% Triton X-100 v/v) 495 

and cross-linked with 1% methanol-free formaldehyde (ThermoFisher #28906) for 2 min at room 496 

temperature. Fixed nuclei were quenched with 125 mM Glycine, pH 7.5 for 5 min, followed by 497 

sonication in 130 μL of Nuclei Lysis Buffer (50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 1% v/v SDS) 498 

in Covaris E220 with the following conditions: 10 min, 2% duty cycle, 105 Watts and 200 c.p.b. 499 

to obtain an average fragment size of ~320 bp. Chromatin was centrifuged at 14,000 rpm, 10 500 

min, 4°C, and the soluble chromatin supernatant was diluted with X-ChIP dilution buffer (16.7 501 

mM Tris, pH 8.0, 167 mM NaCl, 1% Triton X-100 v/v, 1.2 mM EDTA pH 8.0), flash-frozen in 502 

liquid nitrogen, and stored at -20°C. Chromatin extraction (Arabidopsis): 2.5 g of 10-day old 503 

ref4-3MED15FLAG Arabidopsis seedlings were ground to a fine powder using liquid nitrogen 504 

and resuspended in 20 mL of cold EB1 buffer (sucrose 0.440 mM, 10 mM Tris, pH 8.0, 10 mM 505 

MgCl2, 5 mM B-Me, 0.1 mM PMSF). The solution was filtered through two layers of miracloth 506 

and centrifuged at 3,000 x g, 20 min, 4°C. The pellet was then resuspended in 1 mL of cold EB2 507 

Buffer (Sucrose 0.25M, 10 mM Tris, pH 8.0, 10 mM MgCl2, 1% v/v Triton X-100, 5 mM B-Me, 508 

0.1 mM PMSF) and centrifuged at 4°C, 12,000 g for 10 min. The pellet was resuspended in 300 509 

μL of cold EB3 buffer (sucrose 1.7M, 10 mM Tris, pH 8.0, 2 mM MgCl2, 0.15% v/v Triton X-100, 510 

5 mM B-Me, 0.1 mM PMSF) and the sample was overlaid on top of 300 μL of cold EB3 and 511 

centrifuged at 4°C, 16,000g for 1 hour. Supernatant was transferred to a low-retention tube, 512 

snap-frozen and stored at -20°C. 513 

Chromatin immunoprecipitation: ChIP was performed as described (Deal & Henikoff, 2010) with 514 

the following modifications. Briefly, 380 ng of Drosophila chromatin (DNA) was mixed with 20 ng 515 
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of Arabidopsis chromatin as a spike-in control (5%), and incubated with 1 μg of each of the 516 

following antibodies: H3 (Abcam, Cambridge MA, Catalog #1791), H3K4me3 (Abcam, Catalog 517 

#8580) and H3K36me3 (Abcam, Catalog #9050) for 12 to 18 hours at 4°C. Immunoprecipitated 518 

histone-DNA complexes were incubated with 25 μL Dynabeads protein G (ThermoFisher, 519 

Catalog #10004D) for 2 hours at 4°C, followed by 5-min washes with 1 mL Low Salt Buffer (20 520 

mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% v/v SDS, 1% v/v Triton X-100, 2 mM EDTA), 1 mL 521 

High Salt Buffer (20 mM Tris, pH 8.0, 500 mM NaCl, 0.1% v/v SDS, 1% v/v Triton X-100, 2 mM 522 

EDTA), 1 mL LiCl Wash buffer (10 mM Tris, pH 8.0, 250 mM LiCl, 0.1% v/v Na-Deoxycholate, 523 

1% v/v NP-40 substitute, 1 mM EDTA) and 1 mL TE (10 mM Tris, pH 8.0, 1 mM EDTA). 524 

Histone-DNA complexes were eluted from the magnetic beads with X-ChIP elution buffer (100 525 

mM NaHCO3, 1% v/v SDS), treated with RNAse A (ThermoFisher, Catalog #EN0531) at 37°C 526 

for 30 min and Proteinase K (ThermoFisher, Catalog #AM2546) at 55°C for 12 to 18 hours. DNA 527 

was purified with Zymo Research ChIP DNA clean & concentrator kit (Zymo Research, Catalog 528 

#D5205). Purified DNA was quantified with Qubit 1X HS DNA kit (ThermoFisher, Catalog 529 

#Q33230). Input sample fragment size was determined with TapeStation High-Sensitivity D5000 530 

Screen tapes (Agilent, Catalog #5067-5592) 531 

ChIP-seq library prepation: 2 ng of DNA were used for ChIP-seq libraries constructed with 532 

Tecan Ovation Ultralow V2 DNA-Seq Library Preparation Kit-Unique Dual Indexes (Tecan, 533 

Catalog #9149-A01). Following amplification, purified libraries were submitted to a round of 534 

double-size selection with AMPure XP beads (Beckman Coulter, Catalog# A63880) with a 535 

0.61X-0.8X ratio. Libraries fragment size distribution was assessed with TapeStation High-536 

Sensitivity D1000 Screentapes (Agilent, Catalog #5067-5584). Up to 16 libraries were pooled in 537 

one lane for paired-end 150 bp Illumina HiSeq sequencing.  538 

CUT&Tag 539 

CUT&Tag was performed using CUTANA™ CUT&Tag reagents (Epicypher, Durham NC, #15-540 

1017, #15-1018, #13-0047) following manufacturer’s “Direct-to-PCR CUT&Tag Protocol” with 541 
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minor modifications: Briefly, purified nuclei were washed 3 times with cold Antibody150 buffer, 542 

and protocol was started at Section III “Binding of Primary and Secondary antibodies” and 543 

followed as described: https://www.epicypher.com/content/documents/protocols/cutana-cut&tag-544 

protocol.pdf 545 

Data processing 546 

Raw reads were trimmed using Trimmomatic version 0.39 (Bolger et al., 2014) to filter out low 547 

quality reads (Q>30) and clean adapter reads. Cleaned reads were aligned to the Drosophila 548 

melanogaster genome (BDGP Release 6 + ISO1 MT/dm6 from UCSC) using splicing-aware 549 

aligner STAR version 1.3 (Dobin et al., 2013) for RNA-seq, and Bowtie2 version 2.3.5.1 550 

(Langmead & Salzberg, 2012, p. 2) for Omni-ATAC, ChIP-seq and CUT&Tag using –sensitive 551 

settings. Samtools version 1.8 (Li et al., 2009) was used to obtain, sort and index BAM files. For 552 

genome browser inspection as well as further analyses, bigwig files were generated by 553 

normalizing datasets to count-per-million CPM coverage tracks using deepTools version 3.1.1 554 

(Ramírez et al., 2014) using --normalizeUsing CPM settings. Spearman’s correlation scores 555 

were calculated using deepTools’ subpackages multiBigwigSummary and plotCorrelation.  556 

Metaplots and genomic distribution heatmaps were made with deepTools’ subpackages 557 

computeMatrix, plotHeatmap and plotProfile. GO term analysis was performed using R package 558 

clusterProfiler (Yu et al., 2012). Spike-in normalization. FastQ Screen version 0.13.0 (Wingett & 559 

Andrews, 2018) was used to separate reads that uniquely mapped to either the genome of 560 

Drosophila melanogaster (BDGP Release 6 + ISO1 MT/dm6 from UCSC) or Arabidopsis 561 

thaliana (Tair10 – Arabidopsis.org) using the filter option and with sensitive parameters. Each 562 

fastq file was aligned and processed separately, and alignment rates to each genome file were 563 

used to calculate spike-in factors (Orlando et al., 2014). Calculated spike-in factors were used to 564 

convert bam files into normalized bigwig files using deepTools bamCoverage subpackage, with 565 

–scaleFactor setting, generating Reference-adjusted Reads Per Million (RRPM) files with a 10-566 

bp resolution. Encode blacklist regions were removed. Spearman correlation scores were 567 
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calculated by partitioning the mappable genome into 500-bp bins and obtaining the RRPM 568 

within each bin. Omni-ATAC narrow peaks were obtained using MACS2 version 2.1.2 (Zhang et 569 

al., 2008) with settings: “--nolambda --nomodel --extsize 150 --shift 75 --keep-dup all”, and 570 

H3K4me3 ChIP-seq and CUT&Tag peaks were obtained with settings: “--nolambda --nomodel --571 

keep-dup all”. FRiP scores were calculated using FeatureCounts of Subread version 1.6.1. (Liao 572 

et al., 2013). Peak overlap and genomic distribution of peaks was determined using R package 573 

ChIPseeker (Yu et al., 2015). 574 

Graph plots 575 

Bar-plots were generated using GraphPad Prism and scripts used for RNA-seq analysis and 576 

plot generation are available upon request.   577 
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A. Schematic diagram depicting the nuclear immuno-enrichment (NIE) protocol highlighting major 
differences in buffer composition between the ‘standard’ and ‘improved’ methods. Heads from flies 
expressing Rh1>GFPKASH were homogenized, followed by bead-antibody incubation and washes. B. 
Microscopy images of POST sample using the ‘improved’ method. Scale bars: 50 µM. White arrowhead: 
bead-bound nuclei. Black arrowhead: single bead. C. Bar plot showing DNA yields when Rh1>GFPKASH 
nuclei were enriched using either the ‘standard’ or ‘improved’ NIE method (mean ± standard deviation (SD), 
n=4, p-value t-test). D. Bar plot showing qPCR enrichment for GFP and mCherry in the PRE and POST-NIE 
samples comparing ‘methods (mean ± SD; n=3, p-value t-test).
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Figure 2. Improved NIE method enriches for a purer cell-type specific nuclei pool relative to the 
standard NIE method.
A. Spearman correlation heatmap of gene expression profiles from nuclear RNA-seq of nuclei extracted
with standard and improved method (n=4). Scores between 0 and 1 shown in each box correspond to
Spearman’s rank score. B. Volcano plot showing the differentially expressed genes between methods.
Genes with significant differential expression (FC > 2, FDR < 0.05) are highlighted in red. C. Scatter plot
showing log2-transformed transcript per million (TPM) values between methods. DEGs highlighted in red,
as in panel B. D. Gene Ontology (GO) term analysis on genes that are overrepresented in either the
‘standard’ or ‘improved’ method. E. Gene Concept Network plot (Cnetplot) highlighting linkage of individual
genes and associated functional categories of genes over-represented in standard (top) and improved
(bottom) dataset. Color intensity represents fold change between conditions.

33

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 23, 2021. ; https://doi.org/10.1101/2021.03.23.436625doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.23.436625


A

Jauregui-Lozano,2021_Figure2.SupplementalFigure1

Standard-1

Standard-3

Standard-2

Improved-1

Improved-2

-0.50

-0.25

0.00

0.25

-0.25 0.00 0.25 0.50

PC1 (93.38%)

Improved-3

P
C

2
 (

3
.4

%
)

Figure 2 -Supplemental Figure 1. 
A. Principal Component Analysis (PCA) of gene counts
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Figure 3. Profiling chromatin accessibility (Omni-ATAC) in NIE-purified nuclei
A. Diagram depicting Omni-ATAC approach applied to NIE-purified nuclei. After NIE purification, a fraction 
of nuclei is used for genomic DNA extraction and quantification to determine the input material for Omni-
ATAC. Nuclei remain on ice until tagmentation, followed by two washes with tagmentation buffer without 
Tn5 enzyme. Upon washes, nuclei are tagmented using standard ATAC-seq conditions. B. Fragment size 
distribution of Omni-ATAC libraries using 50 ng (light green) or 100 ng (light red) as starting material. C. 
Genome browser views of counts per million (CPM)-normalized Omni-ATAC signal with genes shown in 
blue. D. Metaplot of CPM-normalized Omni-ATAC signal around the transcription start site (TSS) averaged 
for all protein-coding genes in the 50 ng and 100 ng samples. E. Genomic distribution of accessible peaks 
of 50 ng- and 100 ng- associated dataset. F. Heatmap showing CPM-normalized Omni-ATAC signal 
around TSS of protein-coding genes of 100ng-associated dataset. Clusters used for transcript boxplot are 
highlighted. G. Boxplot showing log2-transformed TPM scores for each cluster defined in 3F.
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Figure 3-Supplemental Figure 1
A. Bar plot showing qPCR enrichment for GFP and mitochondrial DNA (mt:Cyt-B) in
the PRE and POST-NIE. (Mean ± SD; n=3). B. Tapestation profiles of Omni-ATAC
libraries prepared using 50 ng (Blue) and 100 ng (Orange) datasets. C. Heatmaps
showing CPM-normalized Omni-ATAC signal for 50 ng- and 100 ng-associated
datasets.
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Figure 4. Omni-ATAC of NIE-purified nuclei does not require high sequencing depth. 
A. Spearman correlation heatmap of Omni-ATAC read distribution over binned genome. Scores between
0 and 1 shown in each box correspond to Spearman’s rank score. B. Metaplot of CPM-normalized Omni-
ATAC signal around TSS averaged for all protein-coding genes comparing replicates (n=4). C. Genome
browser inspection of CPM-normalized Omni-ATAC signal for each replicate, coupled with narrow peaks
(pink). Genes are shown in blue. D. Venn diagram showing peak overlap/similarity between replicates. E.
Fraction of Reads in Peaks (FRiP) scores of Omni-ATAC peaks comparing replicates down-sampled
from 0.5 to 50 million mapped fragments. F. Percentage of peaks called relative to peaks called using the
Omni-ATAC replicate #1, with 50x106 mapped fragments as absolute percent of peaks.
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Figure4-Supplemental Figure 1
A. Pair-wise comparison of irreproducible discovery rate (IDR) values of peaks that pass the 0.05
threshold. B. Genome browser inspection of down-sampled CPM-normalized Omni-ATAC signal
used for FRiP score analysis. Genes are shown in blue.
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Figure 5. The histone methylation landscape of adult Drosophila photoreceptors
A. Diagram depicting Chromatin Immunoprecipitation (ChIP)-seq approach coupled to NIE-purified
nuclei. Before adding the ChIP antibody, a fraction of soluble Drosophila chromatin (input) is
quantified, to adjust final amount of chromatin per replicate, as well as to define amount of spike-in
genome (In this case, 5% of Arabidopsis chromatin). B. Metaplots of H3 (dark blue), H3K4me3 (light
blue) and H3K36me3 (yellow) ChIP-seq signal (CPM) over gene bodies averaged for all protein-
coding genes. C. Genome browser inspection of H3, H3K4me3 and H3K36me3 ChIP-seq signal
(CPM) around the inner photoreceptor-specific gene Rh3, which is not expressed in outer
photoreceptors, and two highly expressed outer photoreceptor-specific genes trp and trpl. D.
Spearman correlation heatmap of H3K4me3 ChIP-seq data comparing Spike-in and CPM
normalization. Spearman’s rank scores are based on read distribution over binned genome. E.
Spearman correlation heatmap of H3K36me3 ChIP-seq data comparing Spike-in and CPM
normalization. Spearman’s rank scores are based on read distribution over binned genome. F.
Spearman correlation heatmap of reads that align to binned genome for all replicates of H3, H3K4me3
and H3K36me3 ChIP-seq datasets. G. Heatmap showing signal for all protein coding genes of H3-
normalized H3K4me3 (left) and H3-normalized H3K36me3 (right). F. Boxplots showing transcript level
expressions of H3K4me3 (top) or H3K36me3 clusters (bottom).
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Figure 5-Supplemental Figure 1
A. H3K4me3 Metaplots of Spike-in (top) and CPM normalized (bottom) data. B. H3K36me3 Metaplots of 
Spike-in (top) and CPM normalized (bottom) data. C. Genome browser inspection (IGV) of CPM-normalized 
H3K36me3 signal comparing libraries made with 100 pg or 2 ng of DNA as starting material. D. Bar plot 
showing H3K36me3 ChIP-qPCR enrichment as percentage chromatin input at the 5' and 3' ends of the 
housekeeping gene alphaTub84B and the photoreceptor-specific gene trp (n=1).
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Figure 6. Bead modification in NIE protocol allows application of CUT&Tag 
A. Schematic diagram representing the major difference between bead-antibody conjugation necessary to
perform CUT&Tag in NIE-purified nuclei. Protein-G Dynabeads recognize both rabbit and mouse
antibodies, while Mouse Pan IgG Dynabeads only recognize mouse antibodies. Nuclei preparation contains
excess Dynabeads, therefore the protein G can interfere with CUT&Tag because it can bind the rabbit
antibodies used to tag chromatin targets, such as H3K4me3. B. Tape Station profiles of H3K4me3
CUT&Tag libraries. C. Genome browser inspection (IGV) of CPM-normalized H3K4me3 ChIP-seq (top),
H3K4me3 CUT&Tag replicates (medium) and Omni-ATAC (bottom). All samples were obtained from 10-
day old male flies. Genes are shown in blue. D. FRiP score comparison between H3K4me3 CUT&Tag
replicate 4 and H3K4me3 ChIP-seq replicate 1. Both samples were down sampled from 0.5 to 15 million
mapped fragments. E. Metaplots of CPM-normalized H3K4me3 ChIP-seq (top) and H3K4me3 CUT&Tag
(bottom) (n = 4 for each method). F. Heatmaps showing CPM-normalized H3K4me3 ChIP-seq (left-most)
and H3K4me3 CUT&Tag signal for all replicates, with rows representing the same gene across all
heatmaps. G. Spearman correlation heatmap of read distribution over H3K4me3 peaks called using ChIP-
seq datasets. Correlation is calculated for H3K4me3 ChIP-seq and CUT&Tag replicates
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Figure 7. Method summary
A. Schematic diagram representing the two versions of the “improved” NEI-method. The first version (top) 
uses protein G-coupled magnetic Dynabeads, and can be coupled with RNA-seq, Omni-ATAC and ChIP-
seq. The second version (bottom) uses Mouse IgG-coupled magnetic beads, and can be coupled with 
CUT&Tag, RNA-seq, Omni-ATAC and ChIP-seq. B. Table describing the available fly lines to perform NIE 
either using the Gal4-UAS or the QF-QUAS system.
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