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Summary

The early Drosophilaembryo provides unique experimental advantages for addressing
fundamental questions of gene regulation at multiple levels of organization, from individual gene
loci to the entire genome. Using 1.5-hour old Drosophila embryos undergoing the first wave

of genome activation?, we detected ~110 discrete “speckles” of RNA Polymerase 11 (Pol-11)

per nucleus, two of which were larger and localized to the histone locus bodies (HLBs)?3. In

the absence of the primary driver of Drosophila genome activation, the pioneer factor Zelda
(Z1d)143, 70% fewer speckles were present, however, the HLBs tended to be larger than wild-type
(wd) HLBs, indicating that Pol-11 accumulates at the HLBs in the absence of robust early-gene
transcription. We observed a uniform distribution of distances between active genes in the nuclei
of both wtand z/d mutant embryos, indicating that early co-regulated genes do not cluster into
nuclear sub-domains. However, in instances whereby transcribing genes did come into close

3D proximity (within 400 nm), they were found to have distinct Pol-11 speckles. In contrast to
the emerging model whereby active genes are clustered to facilitate co-regulation and sharing

of transcriptional resources, our data support an “individualist” model of gene control at early
genome activation in Drosophila. This model is in contrast to a “collectivist” model where active
genes are spatially clustered and share transcriptional resources, motivating rigorous tests of both
models in other experimental systems.
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Blurb

Genome activation in Drosophila begins at one hour of development. Huang et a/. demonstrate that
RNA Polymerase 1l accumulates in discrete foci, or speckles, whose number and size depend on
the pioneer factor Zelda. Transcribing genes that come into close 3D proximity (<400 nm) do not
share a speckle, suggesting that co-regulated genes do not share RNA Polymerase |1 factories.

Graphical Abstract
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Results and Discussion

RNA Polymerase Il appears in discrete transcriptional foci during zygotic genome
activation

Zygotic genome activation in Drosophila begins one hour after fertilization with a minor
wave of transcription (tens of genes), followed by a major wave of activation an hour
later (thousands of genes)16-8. The limited number of the early expressed genes provided
a unique opportunity to globally visualize RNA Polymerase Il (Pol-11) at sites of nascent
transcription at the single-nucleus level, thus lending a complementary view to Pol-II
activity seen in ChIP profiles’:8.
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High resolution microscopy of wild-type (w2) nuclear cycle 12 (nc12; ~1.5 hours old)
embryos incubated with antibodies that recognize the RPB1 subunit of Pol-11 revealed
distinct Pol-11 spot foci (Figure 1A, Pol-I1 in green), reminiscent of the membraneless
condensates of Pol-1 seen at active genes in mammalian cells, also called “speckles”®-14,
Interestingly, two of the Pol-I1 foci in each nucleus were typically larger than others, and
turned out to be the histone locus bodies (HLBs), multiprotein-RNA complexes involved in
the transcription and processing of histone RNAs, as they stained for Multi sex combs (Mxc)
protein, a component of the HLB5:16, and fistone H3 (His3) RNAs (Figure 1A, Mxc in
yellow, His3in magenta; see Methods).

Since ZId is a pioneer transcription factor required for genome activation417, embryos
devoid of z/d RNA and protein (Figure S1B), herein referred to as z/d~, were stained for Pol-
Il. There appeared to be fewer speckles in z/d~, but surprisingly, the HLBs seemed larger
(Figure 1A-B). These observations were confirmed by quantifying Pol-11 spot fluorescence
intensity using Imaris software (see Methods). First, to ensure that any observed Pol-I1
intensity differences between genotypes was not due to cell-cycle dependent accumulation
of Pol-Il, each nc12 embryo was staged within interphase. Since nuclei change shape as
interphase proceeds, appearing less round (see example Hoechst stainings in Figure 1C, and
His2av-RFP in Figure S1C), we used the feature of “nuclear sphericity” as a proxy for time
(Figure S1D), i.e, pseudo-time, and compared the total nuclear Pol-11 signal intensity in wr¢
and z/d™ nuclei over time. As nuclei progressed through interphase, Pol-I1 levels increased
in both genotypes alike (Figure 1C), suggesting that Pol-I1 is continually imported into the
nucleus during interphase, and there is no difference between genotypes.

We next measured Pol-I1 intensity at the HLBs. Although HLBs in both wtand z/a~
nuclei acquired more Pol-11 signal over time, which is consistent with the observation
that HLBs accumulate Pol-11 and grow larger over timel8, z/g~ HLBs tended to acquire
Pol-11 “earlier”, suggesting an increase in the rate of accumulation of Pol-1l at HLBs,

and maintain it higher than in w# (Figure 1D). To assess whether this Pol-11 accumulation
had a functional consequence on transcription at the HLBs, we examined the output of
His3 mRNA via single molecule (sm) FISH over the same pseudo-time axis (Figure 1D).
His3intensity levels showed a strikingly similar trajectory to Pol-11, indicating that the
reallocation of Pol-11 to the HLBs in z/d~ embryos indeed affects transcription. We next
compared wtand z/d~ HLB total volumes (see Methods) and found that z/ad~ HLBs tended
to be larger (Figure 1E), as their Pol-1l and His3signal intensities trended higher (see
Figure 1F-H histograms and HLB metaspots; data shown for early interphase only). For
all measurements, we found the greatest differences in “early” embryos, suggesting that a
key limiting factor for transcription initiation at the HLBs is simply the ability to recruit
Pol-11 from the nucleoplasm. In the absence of the wide scale genome activation typically
seen in wtembryos, the available pool of Pol-I1 is higher in z/d™, thus leading to higher
transcriptional output of the core histone genes.

Pol-Il accumulation at transcriptional foci depends on ZId.

We next sought to gain insight into ZId’s effect on genome activation by examining Pol-11
staining not found at the HLBs. We suspected that single Pol-I1 spots represent single
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transcribing genes, as reported in mammalian cells11%-21, To confirm, we performed
single molecule FISH (smFISH) on a reporter transgene (sog-/acZ, described below) and co-
stained for Pol-11 (Figure 2A). We demonstrated that the smFISH staining produced linear
signal amplification by rank-ordering small extra-nuclear spots to observe a “stair-step”
pattern, showing a defined amount of fluorescence is associated with a signal molecule,
which we estimated to be ~1650 AU (Figure 2B—C). Next, we examined sites of nascent
transcription, high intensity foci of sSmFISH staining inside each nucleus, and estimated the
number of nascent transcripts based on the fluorescence of a single molecule. Since there
was a wide range of expression levels across the reporter expression domain, this analysis
was able to demonstrate that the number of nascent transcripts scales with brightness of
the corresponding Pol-I1 spot (Figure 2G-I). Additionally, because we see relatively few
deviations from our line of best fit (Figure 2C), we are confident that the spots of Pol-11 do
indeed represent single genes.

To compare Pol-11 spots in wtand z/a~ embryos, we used the Imaris “spots” finding
function, testing several different thresholds to effectively eliminate background noise before
calling the number of Pol-11 spots in wtversus z/d™ nuclei (see Methods and Figure S2). As
expected, there was a dramatic reduction in the total number of Pol-I1 spots in z/d" nuclei
(early 33 + 13.8, late 37 + 14.2) compared to wt (early 95 + 13.0, late 109 + 17.6) (Figure
2D), and many of the remaining spots had less Pol-11 signal (Figure 2E-F), both consistent
with past observations on ZId’s role in transcriptionl422-24 Most genes expressed at nc12
are completely dependent on Zld, and are thus absent in z/a", hence the reduced number

of Pol-I1 spots. However, some genes are only partially dependent on ZId, as they are also
regulated by the patterning factors Bicoid (Bcd) and Dorsal (DI)*25:26, with ZId potentiating
their activity by increasing binding-site accessibility2’=2° and their local concentrations at
target enhancers2426:30_ Without ZId, there is reduced transcriptional output of these genes,
which could give rise to less intense Pol-11 spots.

To test the prediction that Pol-I1 spot intensity levels can be modulated by Zld, we used
two transgenes containing enhancer-reporter constructs with or without ZId binding sites,
rather than z/d~ mutants, to eliminate potential effects of Pol-11 availability in z/a™ nuclei
since Pol-11 moves to the HLBs. We previously showed that the short gastrulation (sog)
shadow enhancer with three Zld binding sites (3TAG) drives higher and more robust reporter
expression than an enhancer without ZId sites (0TAG), especially in nuclei with low-level
DI22.24 Thus, we compared Pol-11 signal intensity at the 3TAG and 0TAG transgene loci,
in nuclei containing high or low levels of DI. To further control for Pol-11 variability
between embryos, 3TAG and 0TAG were expressed in the same nucleus as heterozygotes
(see Methods). To distinguish between the transgenes, each contained a different reporter,
either yellow ()) or lacZ (Figure 2G, 3TAG-yin yellow, 0TAG-/acZ in magenta). We found
that Pol-11 signal intensity was significantly lower at the 0TAG locus compared to the
3TAG locus, and as we predicted, the effect was more pronounced in the neuroectoderm
where DI morphogen levels are at their lowest (Figure 2H-I). These results are consistent
with the known effects of ZId on DI target genes2426.27 and demonstrate that the reduced
transcription in the absence of ZId binding is a consequence of reduced Pol-II levels at the
site of transcription.
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Pol-Il speckles are distributed evenly and randomly throughout the nucleus

Now confident that our Pol-I1 spots accurately reflect actively transcribed genes in nc12,
we analyzed the spatial distribution of these spots to gain insight on the 3-dimensional
(3D) distribution of transcribed genes during early genome activation. Multiple studies
have implicated the 3D spatial conformation of genes as an important regulator of gene
expression31-33, Critically, we wanted to know if there was any evidence of non-uniformity
in the locations of active transcription. For example, there could be non-uniformity along
the radius, i.e., a radial gradient, or there could be local clustering (Figure 3A), the latter
indicative of “transcriptional hubs” where active loci share Pol-1I machinery20:34-36_First,
we asked if there is a systematic inhomogeneity in the density of spots as we scan radially
outwards from the center of the nucleus. To address this question, we divided the nuclear
regions into concentric 3D shells from the center of mass along the radius (like onion
layers). We calculated the local density of spots for each shell, p(shell), then divided by
the average total nuclear density (o). Figure 3B shows that the p(shell)/p ratio for each
shell along the radius was ~1 in both wtand z/d", indicating that Pol-I1 spots are evenly
distributed along the radius, and this is not influenced by ZId.

Next, we asked whether the Pol-11 speckles could be locally clustered (see Figure 3A, right)
by assessing the distribution of the distances between spots and their neighbors. First, we
took the 3D coordinates of the spots and constructed the Delaunay triangulation of the set
of points using MATLAB (see Methods). Next, we identified all pairs of points in each
tetrahedron to be each other’s nearest (Voronoi) neighbors3’ (Figure 3C shows a Delaunay
tetrahedron with a spot and its neighbors highlighted in red), then calculated the probability
distribution of distance between each pair of nearest neighbors {7 (see Methods). Figure
3D shows these functions calculated for a uniformly-dispersed versus a clustered distribution
of points generated /n sifico. If distributed uniformly, spot distances will fit a Gaussian
distribution with a single peak (Figure 3D, red dashed line). If however spots are clustered,
we would expect neighbor distances for spots within the same cluster to be small, while

the distances between spots in different clusters to be large, therefore the distribution would
have two peaks (Figure 3D, black dashed line). wzspots fit a Gaussian distribution with one
peak (Figure 3D, solid blue line). Moreover, removing ZId does not affect the distribution
of spots, but instead, the average distance between neighboring spots, which is increased

as a consequence of the reduced number of Pol-I1 spots observed in z/d™ (Figure 3E, coral
curve shifts right). Taken together these analyses show that Pol-11 speckles are uniformly
distributed throughout the nucleus in both wzand z/d™~ nuclei, and suggest that although ZId
affects the relative enrichment of Pol-11 molecules in speckles, it does not control their 3D
organization.

Genes in close proximity do not share a Pol-Il speckle

The above analysis assessed clustering of Pol-11 speckles from a global perspective, i.e., a
bird’s eye view of the nucleus, however, it was not able to address whether two, or a few,
genes could come together in 3D space, particularly if co-regulated by the same transcription
factor. 3D interactions between early genes have been observed in Hi-C studies3849, which
revealed the emergence of TADs at nc12 as well as low-frequency interactions between TAD
boundaries38, many positioned at ZId target loci (see Hi-C contact map in Figure S3B). We
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speculated that these interactions could reflect ZId target genes coming together in 3D space
to form a Pol-11 hub.

Since it is not possible to know which genes are specifically being transcribed at each of
the Pol-11 spots, we instead looked for instances where transcribing genes came into close
proximity in 3D, and then asked if they shared a Pol-Il spot. Focusing on a 5 megabase
(Mb) region of chromosome 2L comprising several highly expressed genes (see Pol-II
ChIP-seq track8 in Figure 4A), we performed dual color RNA FISH of genes in pairwise
combinations to first assess if their nascent transcription foci ever appeared close together
despite lying far apart on the chromosome (Figure 4B—C). For each of six pairs of genes, we
observed the two FISH signal centers come within less than 400 nm of each other at least
10% of the time (Figure S3C); 400 nm was used as the cutoff to define “close proximity”
since promoter-enhancer interactions have been observed at this distance*142. For example,
CG15382and CG14014 are separated by 3.4 Mb, but their transcriptional foci were seen
as close as 230 nm. In a control experiment, two probes from the s/am gene, 87 bp apart,
showed 3D distances of 172+46 nm (Figure S3C; Figure 4D), thus we considered 218 nm
the operational resolution limit in our imaging experiments. In contrast, two probes for
genes on different chromosomes (s/am on 2 and Ab on 3) never came into close proximity
(Figure S3C; Figure 4E).

Combining FISH with Pol-11 antibody staining, we then asked whether two genes
transcribing in close proximity could occupy a single Pol-11 spot, indicating a shared
transcriptional hub. Figure 4F shows images of Bsg25D and CG14014 foci with their
associated Pol-I1 spots, and in each case, the Pol-11 spots could be resolved as discrete spots
(if above the resolution limit of ~218 nm). Similar results were seen for FISH pairs, slam-
elbal, slam-elbaz, and CG14014-CG15382 (Figure 4G, respectively). A striking example
of loci in close proximity was observed at the e/bal locus where two sister chromatids were
actively transcribing, each in its own discrete Pol-I1 spot, which measured 223 nm apart
(Figure 4J). These results indicate that genes in 3D close proximity do not share Pol-I1 hubs.

Transcriptional output is independent of 3D distance between loci

Lastly, we asked whether the transcriptional output of genes transcribing in 3D close
proximity was increased compared to when they were distant, as it has been proposed that
sharing of transcriptional machinery could lead to a greater transcriptional efficiency and
output2043, \We used smFISH to quantify nascent transcript levels of CG14014 and Bsg25D
when the two loci were in close proximity (<400 nm) versus not close (500nm-2300nm
apart) in single nuclei (see example image in Figure S4A). For each nucleus we generated
a close/distant smFISH signal intensity ratio for each gene probe, which would be greater
than 1 (>1) if there was higher transcriptional output when the two genes were in close
proximity, however, the ratio on average was ~1 for both CG14014 and Bsg25D (Figure
4K). These ratios were not significantly different from those of the control groups, which
comprised the remaining pairs of foci where both pairs of CG14014and Bsg25D foci
were in close proximity or were distant (see p-values in Figure 4K and control box plot

in Figure S4C). Furthermore, subdividing the close-proximity distances into three bins of
increasing distances (<200nm, 200-300nm, and 300—-400nm), also gave ratios close to 1
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(Figure S4D). The same analysis was performed for two additional gene pairs, Bsg25D-
slamand CG14014-slam, yielding the same results (Figures 4K and S4C, E-F), indicating
that there was no ‘benefit’ in them being transcribed in close proximity. These results

are in agreement with recent studies demonstrating that 3D proximity is uncoupled from
transcriptional status39:44,

Taken together, our results support a role for ZId in recruiting and maintaining Pol-II at gene
loci in nc12 embryos when genome activation is initially underway. ZId co-regulated genes
do not appear to transcribe in shared Pol-I1 factories/hubs even when within 400 nm of each
other, and neither is their transcriptional output increased. Although we cannot rule out the
possibility that on occasion two or more loci might share a Pol-11 hub, at nc12 or in later
cycles as hundreds of genes become active, our results support an “individualist” model,
whereby each active gene transcribes in its own discrete Pol-I1 entity. The individualist
model is in contrast to a “collectivist” model where active genes are spatially clustered

and share transcriptional resources, motivating rigorous tests of both models in other
experimental systems.

STAR Methods

Resource availability

Lead contact—Requests for further information, resources, and reagents should
be directed to and will be fulfilled by the Lead Contact, Christine Rushlow
(chris.rushlow@nyu.edu).

Materials availability—This study generated new unique reagent: Zld antibody available
upon request.

Data and code availability—All data reported in this paper will be shared by the lead
contact upon request. All original code has been deposited at Figshare and is publicly
available as of the date of publication. DOls are listed in the key resources table. Any
additional information required to reanalyze the data reported in this paper is available from
the lead contact upon request.

Experimental Model and Subject Details

All flies were grown on standard fly (Drosophila melanogaster) cornmeal-molasses-yeast
media. Embryos were depleted of maternal and early zygotic z/d'using the Maternal-Gal4-
ShRNA system*>. MTD-Gal4 / UAS-shRNA-zld females were crossed to w228 males as
described in Sun et al. 201527; the resulting embryos were devoid of z/d RNAs and referred
to as z/d". zIld™ embryos were compared to wild-type (wi) embryos derived from MTD-
GAL4 /w18 flies (for Pol-11 spot analysis experiment) or y/1] wy*]flies (for in silico
analysis and proximity experiments). Strains y/1] wf*J, sog 3TAG-MS2v7-/acZand y[1]
wl*[. sog 0TAG-MS2vT-lacZ, referred to as 3TAG and OTAG, respectively, are described
in Yamada et al., 201924, 3TAG and O0TAG transgenes with the ye/low (y+) gene reporter
in place of facZ (y[1] wf*]. sog 3TAG-MS2v5-yand y[1] wf*]. sog OTAG-MS2v5-)) were
constructed in the poPHi-eveprMS2 vector6, and integrated on chromosome 2 (VK18) by
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Best Gene, Inc. (Chino Hills, CA,; https://www.thebestgene.com). Two sets of heterozygotes
were generated: 3TAG-/acZI0TAG-y and 3TAG-y, 0TAG-/acZ to control for differences in
reporter sequences.

Methods details

Embryo Staging—Embryo staging was performed by defining the “sphericity” of nuclei,
a quality that changes over the course of a nuclear cycle. Sphericity is the volume divided
by the surface area of an object. An index can be created by comparing the sphericity of any
given object to that of a sphere with the same volume. Because a sphere has the minimum
possible surface area to volume ratio, dividing the s surface area by the sphere’s surface
area, a unitless index between 0 and 1 is generated, with 1 being perfectly spherical. We
observed in live imaging experiments that the average sphericity index of Drosophila nuclei
decreases as the nuclei approach mitosis (Fig. S1C), therefore we employed sphericity as a
proxy for time in our fixed imaging experiments.

Immunofluorescence (IF)—Embryos were collected 1 to 2.5 hours after egg laying

at room temperature, dechorionated with Clorox, fixed in 4% formaldehyde/heptane, and
devitellinized with methanol. Fixed embryos were rehydrated and stained with primary
antibodies overnight, washed in PBT (1X PBS, 0.1% Tween 20), and then stained with
secondary antibodies conjugated with Alexa Flour 488, 555, or 647 (Invitrogen and
ThermoFisher Scientific) for 2 hours at room temperature. After Hoechst 33342 (Tocris
Bioscience) staining (1ug/ml) for 15 minutes, embryos were washed in PBT and mounted
onto glass microscope slides (Fisher Scientific) using Aqua-Poly/Mount (Polysciences) and
Number 1.5 glass coverslips (Fisher Scientific). Primary antibodies included: anti-RBP1
conjugated with alexa488 (CTD4H8, Sigma-Aldrich, 05-623-AF488), which detects all
forms of RNA polymerase 11 (Pol-11; 1:100 dilution); guinea pig anti-Multi sex combs (Mxc)
to detect the histone locus body?®, a gift from Dr. Robert Duronio (1:5000 dilution); rabbit
anti-Zld antibodies raised against the N-terminal domain of Zld, amino acids 1-517 (Pocono
Rabbit firm, Canadensis, PA, see Figure S1A,B). For the Pol-11 foci clustering /n silico
analysis, embryos were stained with the IF protocol described above except the Aqua-Poly/
Mount (Polysciences) was diluted to 70% with PBS/Tween to prevent embryo drifting.
Embryos were re-suspended in mounting media and placed on a 35mm glass-bottom dish
(Bioptechs) without a coverslip to minimize deformation of nuclei.

Fluorescent in situ hybridization (FISH)—Hybridization of fixed embryos was done
following a standard RNA FISH protocol*’. The template DNA fragments were generated
by PCR with anti-sense cDNA primers also containing the T7 promoter sequence. DIG

or Fluorescein-labeled (Roche) anti-sense probes of CG15382, elbal, Bsg25D, CG14014,
hunchback (hb), CG15876, CG13712, slamand slami?2 (two different regions of the s/am
gene) were generated by /n vitro transcription with RNA labeling kits (Roche). Alexa Flour
488, 555, or 647 conjugated secondary antibodies were used to detect DIG or Fluorescein
(FL) antibodies. In the experiments combining IF and FISH, IF was done prior to FISH.

IF and FISH with oligonucleotide probes targeting His3—To detect His3RNAS,
a 21nt DNA probe (ACTTCACGTTTGAAAACACAA,; Integrated DNA Technologies)
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targeting the 5” UTR of the HJs3transcript was directly conjugated with ATTO 633 to
ensure a linear signal to transcript ratio. Targeting the 5’UTR in this manner allowed us to
only label transcripts from the main H7s3 gene and no other histone variants. Because the
HLB genes are massively amplified in Drosophila, only a single oligo was needed to achieve
a high signal to noise ratio when visualizing nascent transcripts. Briefly, fixed embryos were
hybridized first with the H7s3 probe using the single molecule FISH (smFISH) Stellaris
(LGC Biosearch Technologies) “Drosophila Embryo” protocol and reagents since a small
oligo probe is compatible with the Stellaris protocol. After overnight hybridization and
subsequent wash steps, embryos were then stained using anti-MXC (1:5000) and anti-RNA
Pol-I1 conjugated to Alexa 488 (1:50) diluted in PBT for 1.5 hours at room temperature.
Embryos were then washed in PBT and stained with anti-Guinea pig Cy3 (1:500) diluted

in PBT. Finally, embryos were washed in PBT and stained with Hoechst 33342 (1ug/

ml). Embryos were mounted on glass slides (Fisher Scientific) using ProLong Antifade
Mountant (ThermoFisher) and High Precision Deckglaser No. 1.5H coverslips (Thor Labs)
and allowed to cure for 24 hours.

Single molecule fluorescent in situ hybridization (smFISH)—To quantify

the output of 3TAG and OTAG transgenes, we generated Stellaris (LGC Biosearch
Technologies) smFISH probes targeting the /acz, yellow, and MSZ2 (spacer sequences in
MS2.v7) reporter genes using the Stellaris probe designer. Each reporter gene was labeled
with 48 20nt DNA probes directly conjugated to either Quasar 670 (/ac2) or Quasar 570
(MS2and yellow) to achieve linear signal amplification. SmFISH probes against Bsg25D,
CG14014, and slam were generated following the Gaspar et al. (2017)*8 protocol with
minor modifications. Probes comprising 33 (Bsg25D), 40 (CG14014), and 40 (s/am)
oligonucleotides (20 bases each; Integrated DNA Technologies) with gaps of at least two
bases were NH2-dd-UTP conjugated using terminal deoxy-nucleotidyl transferase (NEB)
and labeled with succinimidyl (NHS)-ester conjugated Alexa fluor 647 or Alexa flour 594
dyes (Invitrogen). smFISH was done following the Gaspar et al. (2017)*8 protocol. Two
different fluorophores were used for experiments comparing two different genes. Stellaris
reagents and protocols were used for sSmFISH. IF was done before smFISH when combining
IF and smFISH.

High resolution image acquisition—Images of IF, FISH, and smFISH were acquired
with the Zeiss confocal microscope, LSM 880, utilizing the Airyscan Detector and a
Plan-Apochromat 100x/1.46 Oil DIC M27 Elyra objective. Each embryo was imaged in

3 positions when possible. Each nc12 image contained at least 14 nuclei. The following
parameters were used for imaging: Resolution = 24.526 pixels per micron, Voxel size
=0.041 x 0.041 x 0.150 micron3, Bits per voxel = 16, Laser Power #1(633) = 0.005,

Laser Power #2(561) = 0.020, Laser Power #3(205) = 0.029, Laser Power #4(488) =
0.028. Each channel used appropriate filter sets to minimize bleed through, and channels
cycled each frame to minimize z-drift. For the distance-measuring experiments, fluorescent
beads (FocalCheck thin-ring fluorescent microspheres kit; Molecular Probes) were used to
ensure that lasers were aligned within 50nm tolerance. Confocal settings were: 1580x1580
(Figures 1 and 2) or 1156x1156 pixel, 25-30 z-stacks (except for the Pol-11 distribution
experiment, which was scanned in 70 z-stacks) 0.15um apart, 16 bit. All images were
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processed using the Zeiss Zen software with “Airyscan Processing” using the automatic
values for “strength”. Mxc signals were processed in FIJI with functions of remove outliers
(radius=6, threshold=50) and median filter (radius=4). 3D images of Pol-I1, dual-FISH pairs,
and Pol-I1 with dual-FISH pairs were snapshots of Imaris (Bitplane, Oxford Instruments,
http://www.bitplane.com/imaris/imaris) 3D views.

ChlP-seq tracks of Pol-1l and Zld and Hi-C contact map—The ChlIP-seq tracks

of Pol-118 and ZId17 of a 2 MB region of chromosome 2L (shown in Figure 4A and

Figure S3A) were generated using the Integrated Genome Browser#® (version 9.1.4, https://
www.bioviz.org/); Y-axis, normalized sequencing reads. Genome-wide, we estimated the
total number of highly bound genes to be 143 (using a cutoff of 30), 111 (using a cutoff

of 40), or 83 (using a cutoff of 50). Figure S3B shows a Hi-C contact heatmap of the
corresponding region at nc12 was generated from Hi-C data3® using Hi-glass software>0
(https://higlass.iol).

QUANTIFICATION AND STATISTICAL ANALYSIS

Nuclear Volume measurements—\olumes of nuclei were defined using the Imaris
“surfaces” function suing the following parameters: Enable Smooth = true, Surface Grain
Size = 0.200um, Enable Eliminate Background = true, Diameter Of Largest Sphere =
4.00pum, Enable Automatic Threshold = true. Data was exported to Rstudio (for all scripts
see (https://rushlowlab.bio.nyu.edu/), and each image was assigned a sphericity score by
taking the median of sphericity values. For any analysis that binned nuclei into stages,
“Early” images were defined as having a sphericity index greater than 0.75, and “Late”
images were defined as having a sphericity index less than 0.75. The positions of nuclear
centers measured by the function were used to assign spots to the nearest nucleus.

HLB Measurements—HLBs were defined and quantified by finding the center of HLBs
of all pictures using the Imaris “spots” function using the following parameters: Estimated
XY Diameter = 0.408um, Estimated Z Diameter = 0.815um, Background Subtraction =
true, “Quality” above 47.6. Centers were found using the His3 probe signal due to the high
signal to noise ratio of this channel. All position data was extracted from Imaris as .csv
files and subsequent analysis was done in Rstudio. Channel alignment for Pol-11 and MXC
channels was performed using a custom content-aware alignment method in Rstudio hamed
“findcenters,” which performed a lateral transformation to align the highest intensity points
of all channels. After alignment, single 2um x 2um slices were taken of each HLB, and
voxel values at each position in the slice were averaged together for all channels to generate
the final metaplots. Intensity measurements were taken using the same procedures listed
above, but instead of single slices, a sphere with a 0.5um radius was defined at each HLB,
and all voxel values within that sphere were averaged to create a measurement of intensity.

Pol-11 HLB volumes were calculated using a custom R Script “findvolumes” to deal
specifically with the difficulty of defining an accurate threshold value in images where
background intensity is known to be variable based on biological factors. The method works
by defining a 1um x 1um x 1pm cube centered on each HLB position, then adjusting a
threshold value from the maximum to minimum voxel intensity value within the cube and
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counting the number of contiguous voxels that satisfy this threshold by flood-filling from

a central seed point of the cube. To define an optimal threshold, the method looks for a
characteristic spike in voxels included for a given threshold. This spike is seen clearly by
taking the 3rd derivative (commonly referred to as “jerk”™) of a loess smoothed line generated
by plotting the thresholds used against the number of voxels that threshold generates.

This behavior is indicative of the threshold value reaching the background intensity values
outside of the HLB, which rapidly changes the rate at which new voxels are added to the
flood-fill in subsequent threshold values, and hence produces a spike in the 3rd derivative.

Pol-1l spot calling (non HLB)—Visually identified nc12 embryos were acquired and
loaded into Imaris software (Oxford Instruments). Images were first smoothed using a
Gausian distribution to call the background level, and that was subtracted from each image
by selecting the “background subtraction” icon. To “count” the number of Pol-11 spots

in each nucleus for comparison between wtand z/d~ genotypes, the following protocol

was used. 1) The Imaris “spots” function, with the method of standard deviation between
center-to-surrounding signal, was used in all 300 nm diameter spheres detected in the image.
300 nm was chosen because it included visually determined spots that were missed using the
250 nm or 400 nm window. Several different thresholds (T10-T110) in the Imaris “spots”
function were tested and compared for spot calling (see example images in Figure S2A-B);
the lower the threshold, the more spots were called (Figure S2C). 2) We chose a specific
threshold that best represented the Pol-I1 spots visually identifiable by eye, i.e. spots stronger
than diffuse nuclear “background” signal. There was no significant difference between the
specific thresholds used for images of wrearly (77+9.7), wtlate (79+15.6), z/d™ early
(87£13.0), and z/d" late (85%4.5) (one way ANOVA on Rank, p=0.51) (Figure S2D). 3) To
further exclude “background noise” that remained after thresholding (spots still undetectable
by eye), we created a filter based on a specific Pol-11 nuclear intensity level similar to diffuse
nuclear signal. This approach using Pol-I1 signal to estimate nuclear space is similar to

that used by Cisse et al., 2013°L. A second filter based on Hoechst staining, which defined
nuclear spaces, was also used in order to eliminate extra-nuclear spots so they would not

be counted in the nuclear spot counts. By using these filters, both “weak” background spots
inside the nucleus, and all extra-nuclear spots, were excluded in counts (white spots in Fig.
S2A, B). 4) To obtain the final number of spots per nucleus, spots first had to be assigned

to specific nuclei, by first identifying all nuclei in the image using the Imaris “surfaces”
function, which can distinguish when Pol-I1 signal intensity drops sharply (see image in
Figure S2E) and define homogenous masses. Then the centers of each homogeneous mass
were calculated to obtain nuclear centers, and each Pol-I1 spot was then assigned to the
nucleus whose center of mass was closest. Spots per nucleus was then calculated and an
average obtained to compare number of spots in w¢versus z/d™ nuclei.

Spot calling for in silico analysis—Because the Pol-11 spot distribution analysis used
a different mounting method to avoid flattening of embryos, the signal varied between
embryos even on the same slide, thus thresholds needed adjusting for each embryo.
However, there was no significant difference between thresholds for yw (105 + 29.5) and
zld™ (100 + 28.7) (t-test, p=0.25). Diffuse Pol-11 spots lying outside of the nucleus and large
spots comprising the HLBs as well as the centrosomes were removed.
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Number density of Pol-11 spots: To calculate number density of Pol-11 spots (o), we drew an
imaginary sphere of radius [, the average diameter of nucleus (4.76 um) centered at center
of mass of each nucleus and counted the number of spots inside it and divided it by the
volume of the sphere to obtain the number density of Pol-I1 spots in each nucleus. The mean
and standard deviation is calculated for all nuclei in wtand the z/a~ embryos. We averaged
over 300 spheres for both cases and densities for wrtand z/d™.

Radial distribution of density: To quantify how the density of spots varies with the distance
from centers of mass of the nuclei, we drew spherical shells of thickness 0.1 um centered

at the center of mass of each nucleus and calculated the number of Pol-I1 spots in each

shell. We defined p(r), local density at distance 7 from the center of mass as the ratio of the
mean number of particles in the spherical shell at distance r (averaged over all wrtand z/d~
embryos separately) and the volume of the spherical shell at distance 7. Figure 3B suggests
that local density at all distances from the center is close to the global density of dots in both
wtand z/d™ nuclei.

Distribution of distances between neighbors: To check if there is any correlation between
the position of Pol-Il spots within nuclei, we calculated W{/), the probability distribution
function of distance between nearest neighbor spots. To find the nearest neighbor of each
spot, we found the Delaunay triangulation of the point pattern (where each point represents
a Pol-Il spot) using the delaunay Triangulation function in MATLAB. Next, we allocated all
pairs of points in each Delaunay tetrahedron to be each other’s nearest neighbors. Then, we
calculated the probability distribution of distance between each pair of nearest neighbors.

Generation of synthetic point patterns: To check whether the Pol-I1 spots within the nucleus
are uniformly distributed or clustered, we generated synthetic point patterns, uniformly
distributed within a sphere, and distributed in a few clusters, with number densities similar
to Pol-11 spots in the wrand z/d™ nuclei. To generate a uniform (Poisson) distribution of
particles, we took a sphere of diameter D and generated pzD%/6 particles within the sphere
using the random number generator in MATLAB. To generate clustered distribution of
particles, we took a sphere of diameter D and divided pzD%/6 particles into /m clusters.
First, we placed m points within the sphere randomly as the center of each cluster. Next, we
drew a sphere of diameter /(D/m)l/S, where <1, around each center. Finally, we distributed
prD%/6m particles randomly into each of the /7 clusters.

Dual-color FISH 3D distance analysis—After stacks of images were loaded into
Imaris, the positions of foci were determined with the Imaris “spots” function to detect up
to 8 foci per nucleus. Duplicated sister chromatids were excluded from further analysis.
Samples were mounted with coverslips to flatten embryos in a traditional manner so the
measured distance may be larger than actual length. Distances between foci of different
genes were measured with the Imaris “measure” function by assigning start and end points
from the center of defined foci. Distances between FISH foci for two different genes were
measured for the following pairs of genes (1D distances listed, starting with closest; also
see Figure S3C): slam and slami2 (s/lam-RC: 1500 to 3427 and 425 to 1412, respectively,
87 bp apart; CR44504-RA (+144 to +900) and Aiiragi-RD (+1273 to +3038), 4 kb apart;
CG13712-RA (111 to +660) and CG15876-RA (+29 to +478), 14.4 kb apart; BSG25D-RD
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(+10 to +2380) and CG14014-RB (+58 to +1034), 272.5 kb apart; CG14014-RB (+58 to
+1034) and s/am-RC (+1500 to +3427), 824.2 kb apart, e/bal-RA (+120 to +1095) and,
slam-RC (+1500 to +3427), 1690.7 kb apart, CG14014-RB (+58 to +1034) and CG15382-
RA (+113 to +979), 3393.1 kb apart, #6-RA (+164to +2440) and s/am-RC (+1500~+3427)
on different chromosomes; /6 probe was a gift from Dr. Steve Small. Gene foci pairs in a
nucleus were assigned in the following manner: a focus of “gene A” was assigned to the
closest “gene B” focus. Up to two pairs of foci can be assigned per nucleus (representing the
two genes on the two homologous chromosomes). Using the Mann-Whitney Rank Sum Test
for any two of the groups, pairs with distances between 1700 kb ~ 15 kb have a significant
positive correlation between 1D distance and 3D distance (Figure S3C). No significant
differences were noted between 3.4 Mb and 1.7 Mb pairs, or 15 kb and 4 kb pairs. A control
pair of Aband s/am, two genes on different chromosomes, had the farthest 3D distance
(2186+909 nm) and no close proximity was ever observed, as expected. Two probes against
different regions of the s/am gene (s/amand slam#2, 87 bp apart) had an average distance
of 185+33 nm, thus we established our resolution limit as 218 nm (mean plus one standard
deviation covers 84% of data point).

smFISH 3D data analysis—3TAG and 0TAG transgene transcriptional output (Figure
2) was quantified in a similar manner to HLBs, by first defining the centers of nascent
transcripts using the Imaris “spots” function using the following parameters: Estimated
XY Diameter = 0.330um, Estimated Z Diameter = 0.660pum, Background Subtraction =
true, “Quality” above 13.5. Intensity of Pol-I1 channel and Pol-I1 signal metaplots were
generated by the methods detailed above. In order to spatially bin nuclei as either “Dorsal”
or “Ventral”, the DI gradient as defined by the DI antibody stain was visually inspected.

smFISH for gene pairs (Figure 4K and S4) were called the same way as Pol-11 spots to
detect up to eight foci per nucleus, and their position and intensity was recorded. Duplicated
sister chromatids were excluded from further analysis. Distances between foci of different
genes were measured with the Imaris “measure” function by assigning start and end points
from the center of defined foci. To compare smFISH signal of foci transcribed in close
proximity versus distant, we chose nuclei containing one pair of close foci (<400 nm)

and another pair of distant foci (Bsg25D-CG14014 pair: 500nm-2300nm with an average
of 828nm + 346nm, CG14014-slam pair: 500nm-2500nm with an average of 1008nm

+414 nm, Bsg25D-slam pair: 500nm-3300nm with an average of 1057nm + 438nm) and
generated their signal intensity ratio (close/distant). These ratios were compared to the
control group, comprising the remaining pairs of foci where both pairs of foci were either
close or were distant. Those that did not have two pairs were omitted from the analysis. The
Mann-Whitney Rank Sum Test was used to compare experimental groups with their control
groups. The One-way ANOVA on ranks test was used to compare control groups.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
RNA Polymerase Il (Pol-11) accumulates into nuclear speckles at genome activation
Without the pioneer factor Zelda, speckle number and size are greatly reduced
Pol-11 moves instead to the histone locus bodies and histone RNA synthesis increases

Genes in close 3D proximity do not share a Pol-11 speckle

Curr Biol. Author manuscript; available in PMC 2022 November 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Huang et al.

Page 19

c ©wt,_ n=1442 Pol-Il His3
~ 2ld~, n=1109
=) Early  Lat Early  Lat
< 800
=
@
S 60 i3
5 ‘ A i
= (1 I 1l
8 400 i ;
S > \
S ! {
= ‘ . ‘ @ 2ld 2ld”
0.9 0.8 0.7 06 09 075 06 09 075 06 09 075 06 09 075 06
Sphericity Index Sphericity Index
E F G
= = Owt, n=1352 i Owt, n=1334
- Earlyw B W petoms Late O wt, n=1693 . Pol-Il Qo nerse | His3 Boi6-, ne75a
x g I xX15 xX15
=15 > >,
g 810 810
o 10 o] o}
3 3 3
2 | g5 25
o 5 13 13
LE Iﬂ— w w
0 005 01 015 02 025 0 005 01 015 02 025 0 1000 2000 3000 4000 0 2000 4000 6000
HLB Volume (pm3) Intensity (AU) Intensity (AU)

H Pol-ll 5 H3 H3
4
3
2
1
0

Figure 1. Pol-11 accumulates at the HLBs in the absence of early gene transcription.
(A and B) Immunofluorescence of wt(A) and z/d~ (B) nc12 embryos using antibodies

against RPBL1 for Pol-11 (green), Multi sex Combs (Mxc, yellow), and His3 RNA (magenta).
Scale bar = 1 um. (C) Total levels of Pol-1I fluorescence plotted across a pseudo-time axis.
The average voxel intensity of Pol-11 was plotted using the median sphericity value of each
image. A loess regression line shows similar increases of total Pol-11 for both genotypes.
Example Hoechst-stained nuclei for the corresponding sphericity values are shown as insets,
highlighting the dramatic change in nuclear morphology across the pseudo-time axis. (D)
Pol-11 and His3fluorescence at the HLBs plotted in the same manner described in (C).
Values were generated by taking the mean voxel value of a sphere with a radius of 500

nm centered on the positions of HLBs. We highlighted distinct “Early” and “Late” phases
as images where the median sphericity value was greater or less than 0.75 respectively

(see white versus grey shading in Figure 1D panels). Pol-1l and His3within each genotype
agree well across the pseudo-time axis. (E) Histograms of volumes of HLBs based on Pol-II
signal in both “Early” (left) and “Late” (right) embryos (wzshaded in blue, z/d" in coral).
Volumes were calculated via a thresholding technique (see Methods) and by counting the
number of voxels satisfied by those determined thresholds. Distributions of volumes show
significant differences in both Early and Late stages. (F and G) All Pol-Il (F) and H/is3

(G) fluorescence value distributions are from “Early” embryos. Large differences are seen
between wi (blue) and z/a™ (coral). (H) HLB metaprofiles (collated 2 um x 2 um images
with HLBs at the center) showing Pol-I1 (green) and H/s3fluorescence (magenta) intensities

o -~ N ow & o
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in wt (left) and z/d™ (right). Heat maps indicate increasing fluorescence intensity, with white
as max intensity and decreasing through green to yellow to black. Note the overall “shelled”
organization of wrtand z/a~ HLBs are similar; the z/a™ HLBs are on average simply larger.
Sample numbers are indicated in the upper left (C) or right (E-G) corner of the panel; the
same samples were used for the histograms (F-G) and metaprofiles (H).
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Figure 2. ZId dictates Pol-11 speckle number and intensity in early embryos.
(A) Fluorescence imaging of RNA Pol-I1 and smFISH of the transcripts produced by

the sog-/acZ (3TAG) enhancer reporter transgene24. Spots of RNA Pol-11 show overlap
with high intensity FISH staining, assumed to be the sites of nascent transcription. The
number of nascent transcripts measured scales with brightness of the corresponding RNA
Pol-11 spot. (B) smFISH spot intensities ranked in order of intensity show a “stairstep”
pattern, indicating discrete numbers of underlying molecules labeled by the probe set. Each
step increases on average by 1650 AU, giving an estimate of the fluorescence produced

by a single molecule. (C) Number of molecules plotted against the fluorescence of the
corresponding RNA Pol-I1 spot. A strong linear correlation agrees with the assumption that
the population of Pol-11 within each spot is coupled to nascent transcripts, and therefore
represent actively elongating polymerases. (D) Box plot showing the distribution of Pol-

Il spots in wt (blue) and z/d™ (coral) in early (lighter) versus late (darker) interphase.
Sample numbers indicated underneath the plots. w#nuclei contain more spots in both

early (94.8+13.0) and late (136+26.1) interphase than z/d"™ early (33.5+13.8) and late
(42+17.7). The difference in spot counts between early and late interphase is significant
(Mann-Whitney Rank Sum Test) for both genotypes: w# (p<.001) and z/d" (p=0.03). (E-F)
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Histograms of Pol-11 fluorescence intensity (AU) distributions for w¢ (blue) and z/a™ (coral)
embryos in early interphase (E), wt. 1158+370.8 and z/d™ :1071+292.3) and late interphase
(F), wr. 1225+379.5 and z/d™ :1074+241.9). The difference in spot intensities between w¢
and z/d" are significant (Mann-Whitney Rank Sum Test) for both early (p<.001) and late
interphase (p<.001). (G) 3TAG/0TAG heterozygous embryo stained with antibodies against
Pol-11 (green) and smFISH probes against yel/low (yellow) and /acZ (magenta) to detect
nascent transcript foci. Scale bar = 1 um. (H) Metaprofiles (2 um x 2 um images) of Pol-I1
fluorescence intensity at 3TAG- y (left) and 0TAG-/acZ (right) foci in lateral neuroectoderm
(top) and ventral mesoderm (bottom) nuclei where DI levels are low and high, respectively.
(1) Box plot distributions of genotypes in (H) showing significant differences in Pol-11
intensities between 3TAG and 0TAG in both regions (p=0.001), and between O0TAG in the
mesoderm versus neuroectoderm (p=0.001), but not 3TAG (p=0.11). Sample numbers are
indicated underneath the plots. In all box plots, the box includes the 25-75! percentile with
the horizontal line marking the median. The lower and upper whiskers reach to 101" and 90t
percentiles, respectively, and the outliers are shown as dots.
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Figure 3. Pol-11 speckles are distributed evenly and randomly throughout the nucleus in both wt
and zId™.

(A) Synthetic point patterns distributed uniformly (left), in a gradient along the radius
(center), or clustered within a nuclear sphere (right). Note that a reverse gradient or extreme
clustering (one cluster only) could also occur. (B) The ratio of shell density, p(shell), of
Pol-11 spots to global density of spots, p, as a function of distance from the center of mass of
each nucleus for wt (blue) and z/d™ (coral) embryos. Simulated hypothetical ratios are shown
as dashed lines, uniform (red) and a center-to-periphery gradient (purple). (C) Schematic
example of Pol-I1 speckles in a nucleus. One speckle (orange), its neighbors (blue), and lines
between them (red) are highlighted. (D) Probability distribution functions of the distance
between nearest neighbors (1) in wt (solid blue line) compared to hypothetical uniform
(red dashed line) and clustered (black dashed line) distributions in the same density shown
in (A). (E) Probability distribution function of distances between nearest neighbors (1) in
wit (blue) and z/d™ (coral) nuclei. The shift of the coral curve to the right reflecting greater
distances between spots is due to the reduced total number of spots in z/d™~ embryos, while
the shift down occurs since Y-axis measures frequency.
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Figure 4. ZId co-regulated genes do not share Pol-11 speckles or increased transcriptional output
when in close proximity.

A) Integrated Genome Browser view of Pol-11 ChIP-seq® peaks in a 5SMb region of
chromosome 2, with one-dimension (1D) distances labeled for several pairs of active genes.
(B-E) 3D Imaris views of single nuclei with dual color FISH for the following pairs of genes
(color code indicated): CG15382and CG14014 (B), Bsg25D and CG14014 (C), slamand
slam#2 (D), and hband slam (E). Distances are measured by Imaris software. sfamand

Slam #2 are two probes for s/am mRNA, 78bp apart. (F-1) Zoom-in 3D images of Pol-11
immunofluorescence (IF) (green) and dual color RNA FISH for the following pairs of genes
(color code indicated and distances between FISH foci centers shown on the left): Bsg25D
and CG14014 (F), elbal and slam (G), elbaZand slam (H), and CG15382and CG14014
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(). Note that Pol-11 spots overlap with each RNA FISH signal, and are separable. Scale

bar = 500 nm. (J) Images of Pol-Il IF (green) and e/bal RNA FISH (magenta) on sister
chromatids. Note the elbal signals have not separated completely, though the associated
Pol-11 spots are separable (233nm apart). Scale bar = 500 nm. (K) Box plot showing the
ratio of smFISH signal intensity (close proximity/distant) for each gene of each pair tested
(as indicated); close proximity pairs are <400nm apart, distant pairs are 500nm and up apart
(see distribution of distances in Figure S4B). There is no significant difference between each
experimental group and its control group (Mann-Whitney Rank Sum Test, p-values inside
box plot).
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(CTD4HS)

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Mouse anti-RBP1 conjugated with Alexa Flour488 Sigma-Aldrich cat# 05-623-AF488 RRID: AB_309852

Guinea pig anti-Multi sex combs (Mxc) Terzo, Lyons, Poulton, Temple, N/A
Marzluff, and Duroniol®
Rabbit anti-Zelda antibody This manuscript N/A

Donkey anti mouse secondary antibody, Alexa fluor
488

ThermoFisher scientific

Cat# A-21202 RRID: AB_141607

Goat anti guinea pig secondary antibody, Alexa fluor
647

ThermoFisher scientific

Cat# A-21450 RRID:AB_2735091

Sheep anti-DIG-AP antibody

Roche

Cat# 11093274910 RRID:AB_2734716

Rabbit anti-FL antibody

Invitrogen

Cat# A-889 RRID: AB_221561

Donkey anti rabbit secondary antibody, Alexa fluor
555

ThermoFisher scientific

Cat# A-31572 RRID: AB_162543

Donkey anti sheep secondary antibody, Alexa fluor
647

ThermoFisher scientific

Cat# A-21448 RRID:AB_2535865

Chemicals, Peptides, and Recombinant Proteins

DIG RNA Labeling Kit

Roche

Cat# 11175025910

Fluorescein RNA Labeling Kit

Roche

Cat# 11685619910

smFISH Hybridization Buffer

Biosearch Technologies

Cat# SMF-HB1-10

Center

Terminal Transferase NEB Cat# M0315S
Amino-11-ddUTP Lumiprobe Cat# A5040
Alexa Fluor™ 555 NHS Ester Invitrogen Cat# A-20009
Alexa Fluor™ 594 NHS Ester Invitrogen Cat# A-20004
Alexa Fluor™ 647 NHS Ester Invitrogen Cat# A-20006
Hoechst 33342 R&D systems Cat# 5117/50
Experimental Models: Drosophila strains

y[1]wf1118] Bloomington Drosophila Stock Cat# 6598

Maternal Triple Driver(MTD)-Gal4: P52, P{Gal4-
nos.NGT}40; P{nos-Gal4-VP16}c

Bloomington Drosophila Stock
Center

Cat# 31777, RRID:BDSC_31777

MS2)

UAS-shRNA-z/d Sun, Nien, Chen, Liu, Johnston, N/A
Zeitlinger, Rushlow?”
Y[1] w*} sog 3TAG-MS2vT-lacZ Yamada, Whitney, Huang, Eck, N/A
Garcia, Rushlow?*
Y[1] wf*[. sog OTAG-MS2vT-lacZ Yamada, Whitney, Huang, Eck, N/A
Garcia, Rushlow?*
Oligonucleotides
Stellaris /acZ Quasar 670 smFISH Probe Biosearch Technologies SMF-1065-5
Stellaris yel/low Quasar 570 smFISH Probe Biosearch Technologies SMF-1083-5
Stellaris MS2 Quasar 570 smFISH Probe Biosearch Technologies SMF-1063-5
Custom Stellaris smFISH probes (/acZ, yellow, Biosearch Technologies Table S1
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REAGENT or RESOURCE SOURCE IDENTIFIER

Custom probes for smFISH (/istone H3, Bsg25D, IDT Table S1

CG14014, slam)

Software and Algorithms

F1JI (ImageJ) NIH http://fiji.sc

Imaris Bitplane http://www.bitplane.org
Matlab The Mathworks Inc. https://www.mathworks.com
R The R Foundation https://www.r-project.org

All the graphing functions in R

This manuscript

https://doi.org/10.6084/
m9.figshare.15167187.v1

convert imaris csv file to R data

This manuscript

https://doi.org/10.6084/
m9.figshare.15167169.v1

yellow/lacZ quantifier

This manuscript

https://doi.org/10.6084/
m9.figshare.15167199.v1

Integrated Genome Browser 9.1.4

Freese, Norris, and Loraine®

Bioviz https://www.bioviz.org/genome-

dashboard

Hi-Glass Kerpedjiev et al.50 https://higlass.io/

Zen (Black) Zeiss https://www.zeiss.com/microscopy/us/products/
microscope-software/zen.html

Other

Confocal microscope Zeiss LSM880

Power meter(X-cite)

Lumen Dynamics Group Inc,
Canada

Model # XR2100

Aqua-Poly/Mount

Polysciences

Cat# 18606-20

ProLong™ Glass Antifade Mountant Invitrogen Cat# P36984
Number 1.5 glass coverslips Fisher Scientific Cat# 22266858
High Precision Deckgléser No. 1.5H coverslips Thor labs Cat# CG15CH2
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