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 2 

Abstract 9 

Early embryos often have unique chromatin states prior to zygotic genome activation 10 

(ZGA). In Drosophila, ZGA occurs after 13 reductive nuclear divisions during which the 11 

nuclear to cytoplasmic (N/C) ratio grows exponentially. Previous work found that histone 12 

H3 chromatin incorporation decreases while its variant H3.3 increases leading up to ZGA. 13 

In other cell types, H3.3 is associated with sites of active transcription and 14 

heterochromatin, suggesting a link between H3.3 and ZGA. Here, we test what factors 15 

regulate H3.3 incorporation at ZGA. We find that H3 nuclear availability falls more rapidly 16 

than H3.3 leading up to ZGA. We generate H3/H3.3 chimeric proteins at the endogenous 17 

H3.3A locus and observe that chaperone binding, but not gene structure, regulates H3.3 18 

behavior. We identify the N/C ratio as a major determinant of H3.3 incorporation. To 19 

isolate how the N/C ratio regulates H3.3 incorporation we test the roles of genomic 20 

content, zygotic transcription, and cell cycle state. We determine that cell cycle regulation, 21 

but not H3 availability or transcription, controls H3.3 incorporation. Overall, we propose 22 

that local N/C ratios control histone variant usage via cell cycle state during ZGA. 23 

 24 

Keywords: Zygotic genome activation, nuclear to cytoplasmic ratio, histones, 25 

chromatin, transcription, cell cycle 26 
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Introduction  28 

Genome accessibility can be dynamically regulated through controlled incorporation of 29 

variant histones1–3. In most tissues, replication-coupled (RC) histones, produced during 30 

S-phase, generate the majority of nucleosomes2,4,5. RC histones have unusually high 31 

copy number, lack introns, and contain specialized UTRs to facilitate their rapid 32 

production during S-phase3,6–9. Conversely, replication-independent (RI), “variant” 33 

histones are made throughout the cell cycle and incorporated into specific genomic 34 

regions4,10. The exchange of RC and RI histones on chromatin is a common feature of 35 

early embryonic development especially during zygotic genome activation (ZGA)11–17. 36 

During ZGA, chromatin undergoes extensive remodeling to facilitate bulk transcription 37 

and establish heterochromatin18–25. 38 

 39 

The pre-ZGA cell cycles in many organisms depend on maternally supplied components, 40 

including histones26–29. These cycles are unusual since they oscillate between S and M 41 

without growth phases, leading to an exponential increase in the nuclear to cytoplasmic 42 

(N/C) ratio29–34. The N/C ratio, in turn, controls the timing of cell cycle slowing and ZGA31–43 

33,35–37. Titration of maternal histones against the increasing amount of DNA has been 44 

proposed to contribute to N/C ratio sensing in the early embryo38–45. Another hallmark of 45 

ZGA is histone variant exchange on chromatin. In many organisms, maternally supplied, 46 

embryonic-specific linker histone variants are replaced by RC H1s during ZGA12–14,16,17. 47 

Concurrently, the RC nucleosomal H2A is also replaced by RI H2Av as a consequence 48 

of the lengthened interphase in cycles leading up to ZGA in Drosophila15,46. Similarly, we 49 
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have previously shown that RC H3 is replaced by RI H3.3 during these same cycles, 50 

though the cause remains unclear29.  51 

 52 
H3.3 is essential for proper embryonic development in mice, Xenopus, and zebrafish47–53 

51. In Xenopus, the H3.3-specific S31 residue is required for gastrulation while its 54 

chaperone binding site is dispensable50. In Drosophila, H3.3 nulls survive until adulthood 55 

using maternal H3.3 but are sterile52. Flies expressing H3 from the H3.3 enhancer 56 

generated conflicting results as to whether H3.3 protein or simply a source of replication-57 

independent H3 is required for fertility52,53. The H3/H3.3 pair is particularly interesting 58 

during ZGA because H3.3 is enriched at sites of active transcription and in 59 

heterochromatin, which are both established during ZGA2,4,54.  60 

 61 

Here, we examine the factors that contribute to H3.3 incorporation at ZGA in Drosophila. 62 

We identify a more rapid decrease in the nuclear availability of H3 than H3.3 over the final 63 

pre-ZGA cycles. We find that chaperone binding, not gene expression, controls 64 

incorporation patterns using H3/H3.3 chimeric proteins at the endogenous H3.3A locus. 65 

The increase in H3.3 incorporation depends on the N/C ratio. Since the N/C ratio affects 66 

many parameters of embryogenesis, we further test the contributions of genomic content, 67 

zygotic transcription, and cell cycle states. We identify cell cycle regulation, but not H3 68 

availability or transcription, as a major determinant of H3.3 incorporation. Overall, we 69 

propose a model in which local N/C ratios regulate chromatin composition via cell cycle 70 

state during ZGA. 71 

  72 
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Results 73 

The interphase nuclear availability of H3 decreases more rapidly than H3.3 over the 74 

pre-ZGA cycles 75 

To understand in vivo dynamics of the H3/H3.3 pair during ZGA in Drosophila, we 76 

previously tagged H3 and H3.3 with a photo-convertible Dendra2 protein, (H3-Dendra2 77 

and H3.3-Dendra2) at a pseudo-endogenous H3 locus and the endogenous H3.3A locus 78 

respectively (Figures S1A-B)29. Drosophila ZGA occurs after 13 rapid syncytial nuclear 79 

cycles (NCs) and is accompanied by cell cycle slowing and cellularization. We have 80 

previously shown that with each NC, the pool of free H3 is depleted and its levels on 81 

chromatin decrease (Figure S1C-D)29. In contrast, H3.3 chromatin levels increase during 82 

the same cycles (Figure S1C-D)29. To test if changes in the relative nuclear availability of 83 

H3 and H3.3 mirror the observed chromatin incorporation trends, we measured the 84 

nuclear intensities of H3-Dendra2 and H3.3-Dendra2 in each interphase. We observed 85 

that H3 nuclear intensities decreased by ~40% between NC10 and NC13 as previously 86 

shown (Figure 1A-B)29. However, when we measured H3.3-Dendra2 nuclear intensities 87 

we found that they decreased by only ~20% between NC10 and NC13 (Figure 1A-B). To 88 

further assess how nuclear uptake dynamics changed during these cycles, we tracked 89 

total nuclear H3 and H3.3 in each cycle and found that H3.3 accumulation reduced more 90 

slowly than H3 (Figure 1C-D).  91 

  92 

The reduction in nuclear accumulation could be due to a decrease in nuclear import, an 93 

increase in nuclear export, or both. To test these possibilities, we quantified the rate of 94 

nuclear export by photo-converting Dendra2 during interphase and measuring red 95 
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Dendra2 signal over time. Using this method, we have previously shown that nuclear 96 

export of H3 is negligible29. Here, we find that export of H3.3 is also negligible (Figure 97 

S1E). These data suggest that the distinct dynamics of H3 and H3.3 nuclear availability 98 

are due to their import dynamics. Though the change in initial import rates between NC10 99 

and NC13 are similar between the two histones (Figure S1F), we observed a notable 100 

difference in their behavior in NC13. H3 nuclear accumulation plateaus ~5 minutes into 101 

NC13, whereas H3.3 nuclear accumulation merely slows (Figure 1C-D). These changes 102 

in nuclear import and incorporation result in a less dramatic loss of the free nuclear H3.3 103 

pool than previously seen for H3 (Figure 1E)29. 104 

 105 

Chaperone binding sites regulate the differences in H3 and H3.3 chromatin 106 

incorporation 107 

We next investigated what differences between H3 and H3.3 caused the observed trends 108 

in chromatin incorporation. There are two major differences between H3 and H3.3: protein 109 

sequence and expression pattern. H3 differs from H3.3 by four amino acids which create 110 

an additional phosphosite in H3.3 and generate differing affinities for specific H3-family 111 

histone chaperones55. H3 is also generally expressed at much higher levels and in a 112 

replication-dependent manner. To determine which factor controls nuclear availability and 113 

chromatin incorporation, we genetically engineered flies to express Dendra2-tagged 114 

H3/H3.3 chimeras at the endogenous H3.3A locus. These chimeras include (i) H3.3’s 115 

phosphosite replaced with Alanine from H3 (H3.3S31A) (ii) H3.3’s chaperone binding 116 

domain replaced with H3’s (H3.3SVM), and (iii) all four H3.3-specific amino acids replaced 117 

with those of H3 (H3.3ASVM), (Figure 2A). In all cases, the gene structure, including the 118 
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promoter, intron, and UTRs of H3.3, remained intact and no other codons were changed 119 

to maximize similarity to the endogenous H3.3A locus.  120 

  121 

To study how chromatin incorporation differed in these chimeras, we measured their total 122 

intensities on mitotic chromatin during each nuclear cycle. We observed that, though 123 

H3.3S31A chromatin incorporation was significantly reduced compared to H3.3 by NC13, 124 

its levels increased on chromatin over the nuclear cycles, resembling H3.3 more than H3 125 

(Figure 2B, S2A). Conversely, the total amount of H3.3SVM and H3.3ASVM on mitotic 126 

chromatin fell over the nuclear cycles, similar to H3 (Figure 2B, S2B-C). This suggests 127 

that chromatin incorporation is mainly determined by the chaperone binding site. These 128 

results are broadly consistent with the final interphase nuclear concentrations and import 129 

dynamics where H3.3S31A was intermediate between H3 and H3.3 while H3.3SVM and 130 

H3.3ASVM were more similar to H3 (Figure 2C, S2A-G). However, both nuclear H3.3S31A 131 

and H3.3SVM fell more quickly than H3.3 and H3 respectively, suggesting that chimeric 132 

histones may not be as stable and/or efficiently imported as their canonical counterparts.  133 

Together, these data indicate that the specific amino acid sequence of the chaperone 134 

binding site is the primary factor in differentiating the two histones for chromatin 135 

incorporation and nuclear import dynamics.  136 

 137 
H3 chaperone binding site conveys independence from Hira for chromatin 138 

incorporation 139 

Since the chromatin incorporation of the H3/H3.3 chimeras appears to depend on their 140 

chaperone binding sites, we asked whether they still required the canonical H3.3 141 

chaperone, Hira. We used Hirassm-185b (hereafter Hirassm) flies which have a point mutation 142 
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in the Hira locus56. This mutant Hira protein can bind but not incorporate H3.3 into 143 

chromatin (Figure 2D-E, S2H), resulting in sperm chromatin decondensation defects. 144 

These embryos develop as haploids and undergo one additional syncytial division before 145 

ZGA (NC14)56. The fall in nuclear concentration of H3 is slightly more gradual in the 146 

haploid Hirassm embryos than in wildtype, though H3 chromatin incorporation is not 147 

disrupted (Figure 1B, 2F-G, S2I). To test if H3-like chimeras expressed from the H3.3A 148 

locus use the canonical Hira pathway, we measured import and chromatin incorporation 149 

of H3.3ASVM in Hirassm. We found that H3.3ASVM interphase nuclear concentration was 150 

more stable than H3 or H3.3 in Hirassm embryos (Figure 2G, S2J). This stability is reflected 151 

in H3.3ASVM chromatin incorporation where it only drops by ~20% between NC10 and 152 

NC14 compared to the observed ~40% drop in H3 (Figure 2H-I). These data indicate that 153 

H3.3ASVM chromatin incorporation is Hira independent, even when expressed from the 154 

H3.3A locus. 155 

 156 

Local N/C ratios determine H3 and H3.3 chromatin incorporation 157 

Since the N/C ratio controls many aspects of pre-ZGA development we asked whether 158 

the local N/C ratio determines histone chromatin incorporation within a nuclear cycle. To 159 

test this, we employed mutants in the gene Shackleton (Shkl) whose embryos have non-160 

uniform nuclear densities across the anterior/posterior axis (Figure 3A-B, Movie 1-2)57. In 161 

these embryos, impaired cortical migration of early nuclei increases the N/C ratio in the 162 

center and decreases it in the posterior, which results in frequent partial extra divisions at 163 

the posterior pole (Figure 3B, G)57. For our analyses, we manually defined low and high 164 

nuclear density regions, with the low-density region always undergoing an extra division 165 
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 9 

(Figure 3B, see methods). To control for potential positional effects, we measured 166 

chromatin incorporation at the middle and pole regions of control embryos for comparison 167 

(Figure 3A). In control embryos, the drop in the total amount of H3 and rise in total H3.3 168 

on chromatin are comparable between the middle and pole over the pre-ZGA cycles 169 

(Figure 3C-D). In contrast, in Shkl embryos, we observe decreased incorporation of H3 170 

on chromatin at high nuclear densities compared to low nuclear densities (Figure 3E, 171 

S3A). This trend is reversed for H3.3, where chromatin from high density regions has 172 

more total H3.3 than chromatin from low density regions (Figure 3F, S3B).   173 

 174 

This observation indicates that incorporation of H3 and H3.3 are reciprocal and depend 175 

on the local N/C ratio leading to several possible models (Figure 3H). First, the H3 pool 176 

available for chromatin incorporation may become limiting at high N/C ratios leading to 177 

increased H3.3 incorporation. Second, since H3.3 is known to be associated with sites of 178 

active transcription50,52,58–62, the increased H3.3 incorporation might be downstream of 179 

N/C ratio dependent ZGA. Finally, since H3 is usually incorporated only during S-phase 180 

the changing H3 to H3.3 incorporation rates may be the result of N/C ratio-dependent cell 181 

cycle changes. Note, that all these processes feedback onto one another such as cell 182 

cycle slowing allowing time for ZGA37,63. 183 

 184 

H3 nuclear availability depends on the local N/C ratio 185 

To ask whether nuclear availability can explain the N/C ratio-dependent differences in H3 186 

and H3.3 incorporation, we measured their interphase accumulation in Shkl embryos 187 

(Figure 4A). Since H3 and H3.3 both have negligible nuclear export, their nuclear 188 

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

The copyright holder for this preprintthis version posted December 12, 2024. ; https://doi.org/10.1101/2024.07.15.603602doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.15.603602
http://creativecommons.org/licenses/by-nc/4.0/


 10 

availabilities are determined by their import rates (Figure 1B, S1E)29. To assess the 189 

impact of the N/C ratio on nuclear import in individual nuclei, we calculated the number 190 

of neighbors within a 20 µm radius for each nucleus at its minimum volume (Figure 3G, 191 

Figure S3C). We then binned the nuclei by their number of neighbors and determined 192 

their nuclear import curves for both H3 and H3.3. In control NC13 embryos, there is little 193 

variation in the number of neighbors and all nuclei import H3 and H3.3 similarly (Figure 194 

4B-E). In NC13 Shkl embryos, H3 import is anticorrelated with the local N/C ratio (Figure 195 

4F, H, S3D). We observed slower H3 nuclear uptake at high N/C ratios resulting in lower 196 

total interphase H3 accumulation (Figure 4F). This was also reflected in the initial H3 197 

import rates where the nuclei with fewer neighbors had higher slopes (Figure 4H). H3.3 198 

uptake was less affected by the local N/C ratio (Figure 4G, I, S3E). A similar trend was 199 

also observed in NC12 for both histones, where more neighbors correspond to slower 200 

import. However, the range of behaviors was not as large as seen in NC13 (Figure S3F-201 

G). These observations support a model where H3 pools are exhausted by the increasing 202 

N/C ratio, increasing the relative availability of H3.3 to H3 over the pre-ZGA cycles. 203 

 204 

H3.3 incorporation is not caused by exhaustion of H3 pools 205 

Given that the available H3 seems to be depleted by the increasing N/C ratio we sought 206 

to test if H3.3 chromatin incorporation depends on the size of the H3 pool (Figure 5A). 207 

We hypothesized that as the embryo exhausted the supply of RC H3 it might increase the 208 

use of RI H3.3 to compensate. We knocked down Stem-loop binding protein (Slbp), which 209 

specifically binds and stabilizes the mRNAs of RC histones, including H3, but does not 210 

interact with H3.3 mRNAs7,64,65. Slbp RNAi dramatically decreases the size of the 211 
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 11 

available H3 pool and results in frequent chromosomal segregation defects (Figure 212 

S4A)39. For this reason, we only analyzed embryos that appeared reasonably healthy 213 

until the final cell cycle under consideration. In embryos that survives through at least 214 

NC12, we found that H3.3 incorporation is largely unaffected by the reduction in RC H3 215 

(Figure 5B). To further validate that the lack of effect on H3.3 incorporation was not due 216 

to inefficient Slbp-knockdown, we also tested H3.3 incorporation in embryos that already 217 

display severe bridging in NC11. In these embryos, we detected no difference in the H3.3 218 

incorporation in NC10 mitosis (Figure S4B). These results strongly indicate that simply 219 

running out of H3 is not the cause of the observed increase in H3.3 on chromatin. 220 

 221 

H3.3 incorporation does not depend on zelda-dependent ZGA 222 

Since H3.3 is associated with sites of active transcription in other systems50,52,58–62, we 223 

next sought to test if H3.3 incorporation during ZGA depends on transcription. To do this, 224 

we knocked down the critical pioneer transcription factor zelda (Figure 5C). zelda controls 225 

the transcription of the majority of Pol II genes during ZGA and when zelda is disrupted, 226 

Pol II relocates to the histone locus body66–68. We found that H3.3 chromatin incorporation 227 

did not change in zelda RNAi embryos despite their inability to cellularize and longer 228 

NC13s (Figure 5D and S4C). This suggests that the large increase in H3.3 incorporation 229 

that we detect by microscopy in the final nuclear cycles does not depend on bulk ZGA. 230 

 231 

H3.3 incorporation depends on cell cycle state, but not cell cycle duration 232 

Finally, to test the contribution of the cell cycle on the N/C ratio dependent accumulation 233 

of H3.3 on chromatin we used mutants in Chk1 (grapes in Drosophila) that are less 234 
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efficient in cell cycle slowing (Figure 5E, S4C). These mutants have an unusually rapid 235 

NC13 and attempt to enter mitosis before their DNA is fully replicated resulting in mitotic 236 

catastrophe69. We found that H3.3 accumulation is disrupted as early as NC12 (P-237 

value=10-8) in Chk1 mutants (Figure 5F). Importantly, the Chk1 mutants have relatively 238 

normal NC12 durations69,70. In our experiments, Chk1 NC12 was only ~1 minute faster 239 

than wildtype and Chk1 embryos with comparable cell cycle durations still displayed 240 

reduced H3.3 incorporation (Figure 5F and S4C). To further isolate the effect of cell cycle 241 

length on H3.3 incorporation we used the natural variation in NC13 duration in control 242 

embryos. When we plotted H3.3 chromatin signal against the total NC13 duration for 243 

control embryos we found no correlation (Figure S4D). This result suggests that cell cycle 244 

duration as such does not directly regulate H3.3 chromatin incorporation. Instead, Chk1 245 

appears to regulate H3.3 incorporation in a manner that is not mediated solely by 246 

lengthening the cell cycle. 247 

 248 

Discussion 249 

We demonstrate that H3.3 replaces H3 on chromatin leading up to ZGA in Drosophila. 250 

This process depends on the specific H3.3 chaperone binding site and is controlled by 251 

the N/C ratio. We tested which aspects of the N/C ratio control the dynamic incorporation 252 

of H3.3 and found that cell cycle state, but not H3 availability or bulk transcription, is the 253 

major regulator of H3.3 behavior. Chk1 mutants decrease H3.3 incorporation even before 254 

the cell cycle is significantly slowed. Cell cycle slowing has been previously reported to 255 

regulate the incorporation of other histone variants in Drosophila15. However, our results 256 

indicate that cell cycle state and not duration per se, regulates H3.3 incorporation. We 257 
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speculate that this may be due to changes in chromatin state as a result of Chk1 activity. 258 

Late replicating regions and heterochromatin first emerge during ZGA, and Chk1 can 259 

control origin firing in many contexts21,23,24,71,72. Since H3.3 is often associated with 260 

heterochromatin, the decreased H3.3 incorporation in Chk1 mutants may be an indirect 261 

result of increased origin firing and decreased heterochromatin formation71,72. Another 262 

possibility is that the additional Chk1 phosphosite that is found in H3.3-S31 may be 263 

important for promoting H3.3 incorporation during ZGA50. 264 

 265 

The interaction between H3-type histones and Chk1 has additional significance since H3 266 

nuclear concentration has been proposed to directly regulate cell cycle length through H3 267 

interactions with Chk140. In Hirassm embryos that undergo one extra division before cell 268 

cycle slowing, the fall in nuclear H3 concentration between NC10 and the final fast cell 269 

cycle is strikingly similar to that seen in wildtype. Moreover, H3 nuclear concentrations 270 

appear to be strongly sensitive to the local N/C ratio in Shkl embryos. Together these 271 

data are consistent with a model in which H3 nuclear concentrations regulate cell cycle 272 

slowing. However, H3.3 nuclear concentrations are less sensitive to the local N/C ratio 273 

than H3. Since H3.3 has an additional Chk1 phosphorylation site compared to H3 it may 274 

have different regulatory interactions with Chk150,73. The relative contributions of both H3 275 

and H3.3 nuclear availability to cell cycle slowing will require further exploration. 276 

 277 

Finally, how the changing histone landscape contributes to ZGA remains an important 278 

open question. We have shown that bulk H3.3 incorporation does not depend on 279 

transcription from zelda-dependent genes. However, the reciprocal relationship remains 280 
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untested. H3.3 incorporation may increase transcription factor accessibility at specific 281 

genomic loci to mark them for activation. It is also possible that H3.3 incorporation occurs 282 

as a response to transcription initiated by other transcription factors but does not 283 

specifically respond to the pioneer factor zelda. We have shown that disruption of major 284 

ZGA does not impair bulk H3.3 incorporation, but the role of H3.3 containing nucleosomes 285 

in ZGA remains to be tested. 286 

  287 
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Materials and methods 288 

Drosophila stocks and genetic crosses 289 

A)    y,w; 1xHisC.H3-Dendra2;  290 

B)    y,w; H3.3A-Dendra2/CyO;  291 

C)    y,w; IX HisC.H3-Dendra2; shklGM163/TM3 292 

D)    y,w; IX HisC.H3-Dendra2; shklGM130/TM3 293 

E)    y,w; H3.3A-Dendra2/CyO; shklGM163/TM6B 294 

F)     y,w; H3.3A-Dendra2/CyO; shklGM130/TM6B 295 

G)    y,w; H3.3A-Dendra2S31A/CyO;  296 

H)    y,w; H3.3A-Dendra2SVM/CyO; 297 

I)     y,w; H3.3A-Dendra2ASVM/CyO; 298 

J)    ssm185b,w/FM7c,wa; IX HisC.H3-Dendra2; 299 

K)   ssm185b,w/FM7c,wa; H3.3A-Dendra2/CyO; 300 

L)   ssm185b,w/FM7c,wa; H3.3A-Dendra2S31A/CyO; 301 

M)  ssm185b,w/FM7c,wa; H3.3A-Dendra2SVM/CyO; 302 

N)  ssm185b,w/FM7c,wa; H3.3A-Dendra2ASVM/CyO; 303 

O)  y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMJ21114}attP40 (Slbp-RNAi) 304 

P)  ;;UAS-Zld-shRNA 305 

Q)  yw; Mat-ɑ-tub67-gal4, H3.3A-Dendra2 / CyO; Mat-ɑ-tub15 306 

R)  y[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+t1.8]=TRiP.GL00094}attP2 (white-RNAi) 307 

S)  y,w; H3.3A-Dendra2, grp1; 308 

Fly stocks A, B, J, and K were generated previously in our lab and are described in Shindo 309 

and Amodeo (2019). The Shkl lines y,w; Sp/CyO; shklGM163/TM3 and y,w; Sp/CyO; 310 
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shklGM130/TM3 were a generous gift from Stefano Di Talia, Duke University. Stocks C, D, 311 

E, and F were generated in the lab by the genetic crossing of these Shkl lines with lines 312 

A and B. Stocks L, M, and N were generated by crossing the stocks G, H and I with 313 

ssm185b,w/FM7c,wa;; (a generous gift from Eric Weischaus). Stocks O and R were 314 

obtained from the Bloomington Drosophila Stock Center with IDs #51171 and #3557374. 315 

Stock P was a generous gift from Christine Rushlow, NYU. Stock Q was generated by 316 

performing recombination crosses of B with y,w; Mat-ɑ-tub67-gal4; Mat-ɑ-tub15 (a 317 

generous gift from Eric Weischaus)75. Stock S was generated by performing 318 

recombination crosses of B with y,w; grp1/CyO; flies (a generous gift from Eric 319 

Weischaus)70.  320 

 321 

Drosophila husbandry 322 

All fly stocks were maintained at room temperature, on standard molasses media. The 323 

egg lay cages were set up to collect embryos at 25oC (except for the Slbp RNAi flies). 324 

Slbp RNAi egg lay cages and associated control w-RNAi cages were set up at 18oC. 325 

Embryos from these cages were collected on apple juice agar plates with yeast paste, 326 

dechorionated with 50% bleach for up to 2 minutes, and washed twice with dH2O. The 327 

ssm185b embryos were collected from ssm185b/ssm185b homozygous females. For shkl 328 

embryos, the 2 shkl lines were crossed to obtain shklGM130e/shklGM163e transheterozygous 329 

females and their embryos were imaged. For all the RNAi crosses, males from the gal4 330 

driver line Q, were crossed with virgins from UAS-RNAi lines (O, P or R) to obtain progeny 331 

expressing both UAS and Gal4. Embryos from these progeny flies were used for imaging. 332 
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Embryos from w-RNAi flies were used as controls for all RNAi experiments. Chk1-/- 333 

embryos were collected from grp1/grp1 homozygous females. 334 

 335 

Plasmids and transgenesis 336 

To generate stocks G, H, and I, CRISPR-Cas9 editing was performed at the endogenous 337 

H3.3A locus. To this end, pScarlessHD-H3.3A-Dendra2-DsRed plasmid, reported in 338 

Shindo and Amodeo (2019)29 was modified through site-directed mutagenesis to express 339 

H3.3 with H3-specific amino acids, generating pScarlessHD-H3.3AS31A-Dendra2-DsRed 340 

(S31A mutation), pScarlessHD-H3.3ASVM-Dendra2-DsRed (A87S, I89V, G90M 341 

mutations) and pScarlessHD-H3.3AASVM-Dendra2-DsRed (S31A, A87S, I89V, G90M 342 

mutations) plasmids (Genscript). Two CRISPR target sites were identified using Target 343 

Finder76, one near the stop codon and one near S31, and the corresponding gRNAs were 344 

cloned into pU6-BbsI-chiRNA vector (a gift from Melissa Harrison & Kate O’Connor-Giles 345 

& Jill Wildonger, Addgene plasmid #45946). Each mutant plasmid was co-injected with 346 

both the gRNA plasmids into nos-Cas9 embryos (TH00787.N) and DsRed+ progeny were 347 

selected (BestGene). These progeny were then crossed with nos-PBac flies (a generous 348 

gift from Robert Marmion and Stas Shvartsman) to remove the DsRed marker. DsRed 349 

negative single males were then crossed with y,w;Sp/CyO; to establish stocks G, H, and 350 

I. Insertion of Dendra2 tagged mutants was verified by PCR and Sanger sequencing.  351 

 352 

Microscopy 353 

For live imaging, dechorionated embryos were mounted on glass-bottom MatTek dishes 354 

in deionized water and imaged with the 20x, 0.8 NA, objective of Zeiss LSM980 confocal 355 
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microscope with Airyscan-2 at 45 s intervals for 2 h at room temperature (19-22oC). All 356 

H3-Dendra2 tagged embryos were imaged using a 488 nm laser at 2% power and all 357 

lines expressing Dendra2 tagged proteins from the endogenous H3.3A locus (H3.3 and 358 

the chimeras) were imaged with a 488 nm with 0.5% power in Airyscan multiplex CO-8Y 359 

mode. All but shkl embryos and their controls were imaged at a 700 x 700 pixels 360 

resolution, with 1 µm Z-steps over a 15 µm range, with a frame time of 26.06ms. All Shkl 361 

embryos and their controls (Figure 3, 4, S3) were imaged at a 2836 x 2836 pixels 362 

resolution, with 1.2 µm Z-steps over a 14.4 µm range, with a frame time of 328.29ms. All 363 

images were acquired with a pixel size of 0.149 µm x 0.149 µm. 364 

 365 

Nuclear export and unbound H3.3 measurement through Dendra2 photoconversion 366 

For measuring the nuclear export and amount of free histone H3.3 (Figure 1E and S1E), 367 

we used the photoconvertible Dendra2 tag and the interactive bleaching panel in Zen 368 

software. We used a 4µm diameter circular stencil to interactively photo-convert the 369 

nuclei. H3.3-Dendra2 within a single nucleus was photoconverted from green to red using 370 

a 405 nm laser at 3% power with 60 iterations of laser exposure at a speed of 1.37µs/pixel. 371 

The nucleus was converted in the middle of each nuclear cycle for NC11-13 and then 372 

imaged with 561 nm at 1% laser power and 488 nm with 0.5% laser power at 15-second 373 

intervals until the end of the nuclear cycle. Images were captured at 576 x 576 pixels 374 

resolution with 1 µm Z-steps over a 15 µm range, with a frame time of 66.55ms for each 375 

channel. The images were acquired with a 40x oil immersion objective, 1.3 NA with a 376 

pixel size of 0.092 µm x 0.092 µm.  377 

 378 
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Photobleaching corrections 379 

To assess the potential effects of fluorophore photobleaching during our image capture, 380 

we performed parallel embryo experiments. In these experiments, we identified 2 381 

embryos of the same age and imaged the interphase nucleus and the metaphase 382 

chromatin for both in NC10. Following this, we image only a sub-region of one of the two 383 

embryos continuously with our experimental settings described for H3-Dendra2 embryos 384 

above until NC13, while keeping the other embryo to develop parallelly without imaging. 385 

Once the imaged embryo reached NC13, both the imaged and unimaged parallel embryo 386 

were imaged again. We quantified the total nuclear signal from both embryos to evaluate 387 

the photobleaching effects. We then compared the continuously imaged section of the 388 

embryo, with the area outside the sub-region imaged as well as the unimaged parallel 389 

embryo. Using these comparisons, we determined that the effect of photobleaching was 390 

minimal and therefore did not apply a numeric photobleaching correction to our data 391 

(Figure S1G-H, Table S4-5).  392 

 393 

Nuclear segmentation and intensity analysis  394 

All raw CZI output files from ZEN 3.3 (blue edition) live imaging were first 3D Airyscan 395 

Processed at a strength of 3.7 and then converted into individual TIFF files.  396 

  397 

For mitotic chromatin quantification, the time points corresponding to metaphase 398 

chromatin from each nuclear cycle were extracted and the z-stacks were sum projected 399 

in FIJI (2.14.0/1.54f) These files were segmented using the ‘pixel classification + object 400 

classification’ applet in the ilastik-1.4.0 software77 into chromatin and cytoplasm. The 401 
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individually segmented mitotic chromatin objects were then exported as a single CSV file 402 

containing object properties such as total intensity, mean intensity, and size. The total 403 

intensity within each chromatin mass was calculated and normalized to the average NC10 404 

chromatin values (or NC11 for shkl embryos and their controls) for that genotype.  405 

  406 

In Shkl embryos and their controls (Figure 3C-F, S3A-B), chromatin was segmented from 407 

different regions within an embryo (middle and pole regions for control, and from low and 408 

high-density regions for Shkl). In control embryos, middle regions were defined by 409 

outlining a box (250x250 pixels) in NC10 around the line separating the embryo into 2 410 

halves. A similar-sized box was outlined with one edge at the tip of the embryo to define 411 

the pole region. In shkl embryos, the regions with the highest apparent nuclear density 412 

within the center was defined as the high-density region and the region that underwent 413 

the partial extra division in NC14 was defined as the low-density region. To account for 414 

the asynchronous nature of the divisions in the shkl embryo, within each region, 5-6 nuclei 415 

that divided synchronously along the mitotic wave were quantified. For both control and 416 

shkl embryos, at least 5 nuclei per embryo were quantified in each cycle for each region.    417 

  418 

For analyzing the interphase nuclear concentrations, nuclei from 45 seconds before the 419 

nuclear envelope breakdown were segmented in 3D using the ‘pixel classification + object 420 

classification’ applet on ilastik software. The CSV file with the mean intensities of each 421 

nucleus was exported and normalized to the average NC10 nuclear concentration values 422 

for each genotype. 423 

  424 
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For obtaining the nuclear import curves, individual nuclear cycles were run through the 425 

pixel classification + object classification applet in the ilastik software. The results were 426 

exported as CSV files and processed with a custom R script. For Shkl embryos (Figure 427 

4B-C,F-G), the pixel prediction maps were used with the ‘tracking with learning’ applet 428 

(ilastik) to segment the nuclei as well as track them over time. The tracking result with 429 

object properties was exported as a CSV file and processed with a custom R script. 430 

Intensities were normalized by the average total intensity of the nuclei at their maximum 431 

size in each cycle. For each case, the volume was calculated by multiplying the voxel size 432 

with the ‘size in pixels’ of an object. 433 

   434 

Neighborhood analysis 435 

Nuclei within each embryo were tracked over a single nuclear cycle using the ‘tracking + 436 

learning’ applet on ilastik. The tracking result with the coordinates of each nucleus over 437 

time was obtained as a CSV file, along with other parameters including the total intensity, 438 

mean intensity, and nuclear size. The CSV file was analyzed to calculate the number of 439 

nuclear neighbors for each nucleus within a 20 µm radius using a custom R script. The 440 

script calculates the number of neighbors each nucleus has at its minimum volume since 441 

the maximum nuclear import occurs at this time point. To overcome the noise from the 442 

incomplete edge nuclei, which are centered lower in the embryo, we utilized the 443 

differences in their Z-coordinates to filter them out, after using them for the number of 444 

neighbor calculations. For Shkl embryos, as the nuclear cycles are asynchronous, the 445 

total intensity traces were aligned to match their minimum volumes to T0. Nuclei with the 446 

same number of neighbors were binned together and weighted to reflect the number of 447 
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nuclei being averaged. The total intensity curves were then normalized such that the 448 

average total intensity of the nuclei at their maximum size was equal to 1.  449 

 450 

Cell cycle time measurements 451 

Cell cycle durations were measured from metaphase to metaphase. To account for day-452 

to-day temperature variability, we normalized the mean NC11 durations in control 453 

embryos to 10 minutes and scaled for other cell cycles in all embryos acquired on the 454 

same day accordingly as done previously70.  455 

 456 

Western blot analysis 457 

For western blotting, embryos were collected from white-RNAi flies or Slbp-RNA flies, for 458 

a period of 1 hr. Following this the embryos were dechorionated with 50% bleach for 2 459 

minutes followed by 2 washes with deionized water. They were then collected in a 460 

microcentrifuge tube and lysed with forceps in ice-cold embryo lysis buffer (50 mM Tris 461 

pH 8.0, 150 mM NaCl, 0.5% Triton-X, 1 mM MgCl2, 0.1 mM EDTA, 1X protease inhibitor 462 

cocktail (Sigma: P2714)). 25 embryos were collected per genotype to quantify pan-H3 463 

levels. Lamelli buffer was added in 1:1 volume and the samples were boiled at 95oC for 464 

5 minutes. The protein lysates were run on a TGX 12% acrylamide gel (Bio-Rad 465 

Laboratories), stain-free activated for 45 secs under UV, and transferred onto a LF-PVDF 466 

membrane. Membranes were incubated in rabbit anti-H3 antibody (1:1000, Abcam: 467 

ab1791) overnight at 4oC. They were then washed and incubated 2 hrs in Alexa Fluor 468 

647-conjugated donkey anti-rabbit IgG antibody (1:2000, Invitrogen: A31573). The 469 
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membranes were then imaged to detect for fluorescence using a gel imager (Bio-Rad 470 

ChemiDoc MP). 471 

 472 

Statistical analysis 473 

Two-way ANOVA tests were conducted to assess the statistical significance between the 474 

dataset means of different genotypes over the nuclear cycles. All studies were performed 475 

with nuclei from at least 3 embryos. For Shkl embryos, a two-way ANOVA test was used 476 

to determine the statistical significance of nuclei within different regions of the same 477 

embryo over the different nuclear cycles, with each nucleus as a replicate. For all other 478 

embryos, the average chromatin/nuclear values for each NC from each embryo were 479 

considered as a replicate. Results from these tests are reported in supplementary tables 480 

S1-9. 481 
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 756 
 757 
Figure 1: Interphase Nuclear availability of H3 decreases more rapidly than H3.3 758 

over the pre-ZGA cycles  759 

(A) Maximum intensity projections of H3-Dendra2 (top) and H3.3-Dendra2 (bottom) 760 

interphase nuclei 45 seconds before nuclear envelope breakdown (NEB) from NC10-13. 761 

Images are pseudo-colored with non-linear look-up tables where purple indicates low and 762 

yellow indicates high intensities. (B) Average interphase nuclear pixel intensities for H3-763 

Dendra2 and H3.3-Dendra2 45 seconds before NEB in NC10-13, normalized to the 764 

average individual NC10 values. H3 and H3.3 concentrations decrease over time, but H3 765 

loss is relatively more rapid. (C-D) Summed (total) pixel intensities for each nucleus over 766 

time for NC11-13 normalized to the maximum NC11 values for H3-Dendra2 (C) and H3.3-767 

Dendra2 (D). Nuclear import plateaus after the first 5 mins for H3, but merely slows and 768 

does not plateau for H3.3 in NC13. (E) The fraction of photoconverted unbound H3.3-769 

Dendra2 after NEB in NC11-13 (see materials and methods for details). The “free” pool 770 

of H3.3 falls with each cycle. (n=3 H3 and 5 H3.3 embryos in B-D and >= 5 embryos in F; 771 

Statistical comparisons for B can be found in Supplemental table 2).  772 
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 773 

Chromatin Interphase NucleusB C

Figure 2: The chaperone binding site determines H3 variant chromatin incorporation.
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Figure 2: The chaperone binding site determines H3 variant chromatin 774 

incorporation 775 

 (A) Schematic of the Dendra2 tagged H3/H3.3 replacement chimeras at the endogenous 776 

H3.3A locus. S31A: H3.3 phosphosite (S) replaced with that of H3 (A), SVM: H3.3 777 

chaperone binding site (AIG) replaced with that of H3 (SVM), and ASVM: all H3.3-specific 778 

amino acids replaced with those from H3. (B) Total intensities on mitotic chromatin of 779 

chimeras during NC10-13 normalized to their NC10 values. The same data for H3-780 

Dendra2 and H3.3-Dendra2 are shown in Figure S1C. H3.3S31A increases similarly to 781 

H3.3 while the constructs containing the H3 chaperone binding site decrease similarly to 782 

H3. (C) Interphase nuclear concentrations of chimeras 45 seconds before NEB during 783 

NC10-13 normalized to their NC10 values. H3-Dendra2 and H3.3-Dendra2 from Figure 784 

1B included for reference. As seen for chromatin, nuclear accumulation generally follows 785 

the behavior of the chaperone binding site. (D) Schematic of H3.3 incorporation in control 786 

embryos and Hirassm mutants. H3.3 is imported to the nucleus, but the mutant Hira 787 

chaperone fails to incorporate H3.3. Hira mutants develop as haploids and undergo one 788 

additional fast nuclear division. (E, G, I) Representative maximum intensity projections 789 

during interphase and mitosis over NC10-14: interphase nuclei (top) and mitotic 790 

chromatin (bottom) for H3.3-Dendra2 (E), H3-Dendra2 (G), and H3.3ASVM-Dendra2 (I). 791 

Images are pseudo-colored with non-linear look-up tables such that purple indicates low 792 

intensities and yellow indicates high intensities. H3 and H3.3ASVM continue to accumulate 793 

on chromatin in the absence of Hira. (F, H) Total intensities of H3-Dendra2 (F) and 794 

H3.3ASVM-Dendra2 (H) on mitotic chromatin in Hirassm embryos between NC10-14 795 

normalized to their average NC10 values. Though H3.3ASVM is successfully incorporated 796 

without active Hira, the chromatin amounts decrease more slowly than H3. (n=5 all 797 

chimeras, 3 H3 ssm, 4 H3.3 ssm, and 5 H3.3ASVM ssm embryos. Statistical comparisons 798 

for B and C can be found in Supplemental tables 6-7).  799 

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

The copyright holder for this preprintthis version posted December 12, 2024. ; https://doi.org/10.1101/2024.07.15.603602doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.15.603602
http://creativecommons.org/licenses/by-nc/4.0/


 35 

 800 
 801 

Figure 3: Local N/C ratios determine H3 and H3.3 chromatin incorporation. 802 

(A) Example NC11 control embryo with middle (blue) and pole (red) regions labeled as 803 

used in C and D. (B) Example NC11 shkl embryo with high (blue) and low (red) density 804 

regions labeled as used in E and F. (C-D) Total intensities on mitotic chromatin of H3-805 

Dendra2 (C) and H3.3-Dendra2 (D) during NC11-13 in a representative control embryo 806 

where each point indicates a single nucleus. Total H3-Dendra2 intensities fall and H3.3-807 

Dendra2 intensities rise uniformly between middle and pole regions within each cycle. (E-808 

F) Total intensities on mitotic chromatin of H3-Dendra2 (E) and H3.3-Dendra2 (F) during 809 

NC11-13 in a representative shkl embryo where each point indicates a single nucleus. 810 

NC14 represents a partial extra division in the low-density region. Chromatin in the low-811 

density region retains more H3 and incorporates less H3.3 within the same cell cycle 812 

compared to the high-density region. Similar results were observed in replicate embryos 813 
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(Figure S3A-B). (G) Gradient in the number of neighbors for each nucleus at its minimum 814 

volume within a 20µm radius for the shkl embryo shown in B. (H) Direct and indirect 815 

mechanisms of H3.3 incorporation in response to the N/C ratio. H3.3 incorporation could 816 

be a direct result of reduced nuclear H3 availability. Here, the increasing demand for 817 

nucleosomes with the increasing numbers of genomes would be met by H3.3. The N/C 818 

ratio also controls transcription and cell cycle duration. H3.3 incorporation could be 819 

downstream of either process. (Statistical significance was determined by 2-way ANOVA, 820 

ns= p>.05, *** = p<0.001).  821 
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 822 
 823 

Figure 4: Local N/C ratios differentially affect H3 and H3.3 nuclear availabilities 824 

(A) Schematic of how the N/C ratio might affect H3 and H3.3 chromatin incorporation 825 

through loss of available H3. Bolded portion is the hypothesis under consideration. (B-C) 826 

Total intensities over time for nuclei in representative NC13 control embryos binned by 827 

the number of neighbors as in 3G for H3-Dendra2 (B) and H3.3-Dendra2 (C). Total 828 
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intensity was normalized to the average maximum intensities achieved in NC13 and line 829 

color represents the number of neighbors. In controls there is little variation in the number 830 

of neighbors or the import of H3 and H3.3 across the length of the embryo. (D-E) Initial 831 

slopes of nuclear import curves from representative NC13 control embryos from B and C 832 

for H3-Dendra2 (D) and H3.3-Dendra2 (E) plotted by the number of nuclear neighbors. 833 

Note the uniformity in the number of neighbors and similarity in nuclear import behaviors 834 

in control embryos. (F-G) Total intensities over time for nuclei in representative NC13 shkl 835 

embryos binned by the number of neighbors as in 3G for H3-Dendra2 (F) and H3.3-836 

Dendra2 (G). Nuclear import and accumulation of H3 inversely correlate with the number 837 

of neighbors, suggesting H3 nuclear import is N/C ratio sensitive. H3.3 nuclear import is 838 

less N/C ratio sensitive than H3. Similar results were observed in replicate embryos 839 

(Figure S3D-G). (H-I) Initial slopes of nuclear import curves from representative NC13 840 

shkl embryos from F and G for H3-Dendra2 (H) and H3.3-Dendra2 (I) plotted by the 841 

number of nuclear neighbors. The slopes reflect a faster H3 uptake in nuclei with fewer 842 

neighbors and a slower H3 uptake in nuclei with more neighbors. Slopes in some nuclei 843 

with more neighbors are near zero indicating that very little additional H3 is imported after 844 

nuclear envelope formation. Though the slopes reduce with the number of neighbors for 845 

H3.3, there is a non-negligible H3.3 import in the nuclei with the largest number of 846 

neighbors.  847 
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 848 
 849 

Figure 5: H3.3 incorporation depends on cell cycle state but not H3 availability or 850 

zelda-dependent transcription 851 

(A,C,E) Schematics of different parameters that may regulate H3.3 chromatin 852 

incorporation. Bolded portion is the hypothesis under consideration in B, D and F 853 

respectively. (A) Slbp-RNAi decreases the size of the available H3 pool. (B) Total 854 

intensities of H3.3-Dendra2 on mitotic chromatin in white-RNAi (control) and Slbp-RNAi 855 

backgrounds during NC10-13. H3.3 incorporation does not increase upon lowering H3 856 

availability. Note that most Slbp-RNAi embryos are arrested in NC13 without dividing and 857 

therefore do not contribute to the mitotic NC13 data. (C) zelda-RNAi inhibits the majority 858 

of zygotic transcription allowing us to test if H3.3 incorporation depends on transcription. 859 

Figure 5: H3.3 incorporation occurs in a time-dependent manner independent of the H3 nuclear availability and 
zelda-dependent transcription 
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(D) Total intensities of H3.3-Dendra2 on mitotic chromatin in white-RNAi (control) and 860 

zelda-RNAi backgrounds during NC10-13 normalized to their NC10 values. H3.3 861 

incorporation does not change upon inhibiting zelda-dependent transcription. (E) Chk1 862 

(grp1) mutation prevents cell cycle slowing allowing us to test if H3.3 incorporation is 863 

dependent on cell cycle state. (F) Total intensities of H3.3-Dendra2 on mitotic chromatin 864 

in control and embryos from chk1-/- mothers during NC10-13. H3.3 incorporation is 865 

reduced in both NC12 and NC13 indicating that cell cycle state though not cell cycle 866 

duration regulated H3.3 incorporation. Note that these embryos are homozygous for 867 

H3.3-Dendra2 and have double the fluorescent intensity compared to all previous 868 

embryos. (n≥5 embryos, Statistical significance was determined by 2-way ANOVA, ns= 869 

p>.05, *=p<.05, **=p<0.01, *** = p<0.001) 870 
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