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Locusts are characterized by alarge genome size, polyphenismand an X0
sex determination system. Here we generated chromosome-level genomes
for both desert and migratory locusts, as well as acomprehensive chromatin
map for the latter. We found that genome enlargement is associated with an
increased number of enhancersin expanded intronic regions. To explore
the function of expanded enhancers, we identified a distal enhancer that
contributes to behavioral differences between solitary and gregarious
locusts. In the X0 sex system, H4K16ac enrichment and H4K20mel
depletion maintain balanced X-linked expressionin male soma. Notably, the
distance-dependent H4K16ac enrichment diminishes gradually inintergenic
regions, revealing a special dosage compensation mechanismin large
genomes. Furthermore, the distance-dependent H4Kl16acresultsinalagin
the evolution of dosage compensation for the X-linked genes translocated
recently from autosomes. Therefore, expanded intronic and intergenic
regions shape a distinct chromatin regulation landscape in large genomes.

The migratory locust (Locusta migratoria), with a 6.9-Gb genome, isa
typical representative of large-sized-genome insect species and is char-
acterized by marked density-dependent polyphenism and an X0 sex
determination system'. Polyphenism or phenotypic plasticity, whichis
the ability of organisms with the same genotypes or genome to change
their phenotype in response to a changing environment, has an obvi-
ous epigenetic characteristic. As a unique biology feature of locusts,
polyphenism facilitates the rapid behavioral changes betweensolitary
and gregarious phases to adapt to changes in population density".
Behavioral changes lead to aggregation of locusts, which can ultimately
result in the formation of destructive swarms. Therefore, behavioral
dissimilarity between the two phases of locusts is the mostimportant
phase-related difference because it is the main cause of locust plague

outbreaks. The gene Henna encodes the most critical enzyme in dopa-
minebiosynthesis, which determines behavioral changes in locusts'>.
Behavioral plasticity is notably regulated at the transcriptional level,
whichisinfluenced by chromatin regulation. Compared to species with
smallgenomes, such asthe fruit fly, the gene size of Hennain the migra-
torylocust hasincreased 32-fold, primarily because of the expansionin
intronsize. Therefore, Hennarepresents a unique case in the migratory
locust for investigating the role of chromatinin the regulation of insect
polyphenism, particularly with respect to expanded intronic regions.

Sexual differentiation is associated closely with chromatin regu-
lation*. Locusts are typical representatives of the X0 sex determina-
tion system, which is characterized by male heterogamety. Although
unpaired homologous chromosomes can disrupt the equilibrium of
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gene expression, differences in X chromosome number between the
two sexes are mitigated by dosage compensation’. Dosage compensa-
tion strategies involving histone modifications are variable among
different sex determination models®. However, the dosage compen-
sation mechanism of an X0 sex determination system, such as that of
locusts, thatadheresstrictly to obligate sexuality following Mendelian
inheritance, remains unresolved. In principle, translocated genes
between sex chromosomes and autosomes are embedded more fre-
quentlyinintergenicregionsinlarge genomes thaninsmallgenomes
because of more spacious context. The spread of H4K16ac, catalyzed
by male-specific lethal (MSL) complex, can promote dosage com-
pensation to the flanking intergenic that lack MSL complex binding’.
Therefore, the expansive intergenic regionsinlarge genomes provide
anideal system for exploring the effects of dosage compensation and
itsassociated spreading efficiency in gene translocation.

Here we generated achromosome-level genome assembly of the
migratory locust for comprehensive annotation of chromatin struc-
ture. Taking polyphenism as an example, we compared chromatin
differences to explore the roles of cis-regulatory elementsin the behav-
ioral changes of locusts. Furthermore, we determined allele-aware
X-linked expression in XX females and investigated the role of histone
modificationin the loss and maintenance of balanced X-linked expres-
sion. We further generated a chromosome-level genome assembly
of the desert locust and revealed the role of histone modification in
X-linked gene translocation in locusts.

Results

Chromosome-level assembly of the migratory locust

We conducted genome sequencing on an adult female locust with a
heterozygosity of 1.58%, using a combination of long-read sequenc-
ing, optical mapping and chromosome conformation capture based
on proximity ligation (Figs. 1a,b, Supplementary Figs.1and 2, Supple-
mentary Table1and Supplementary Note1). Infemale locusts, the third
longest scaffold, identified as the X chromosome based on Hoechst
staining of metaphase chromosomes, showed equal read coverage to
autosomes and about twice that in male locusts (Figs. 1¢,d). The high
contiguity of the LMv3.1assembly greatlyimproved the completeness
ofthe transposable elements (TEs) (Supplementary Fig. 3). Fluorescent
insituhybridization (FISH) of a pericentromeric satellite DNA sequence
(Fig. 1le and Supplementary Note 1) showed fluorescent bands on one
ofthe chromosome ends (Fig. 1f), demonstrating the anticipated chro-
mosome end regions. We predicted 18,127 protein-coding genes using
RNA expression and homology data (SupplementaryFig.4). The LMv3.1
assembly presented higher mapping rates of full-length transcripts
than the LMv2.4 assembly, indicatingimproved coverage of RNA tran-
script structures (Supplementary Figs. 5 and 6). The improvement in
genome contiguity facilitates further investigation of the epigenomic
landscape in locusts.

Increased number of intronic enhancers in large-sized genes

To determine the chromatin structure, we performed cleavage under
targets and tagmentation (CUT&Tag) sequencing for a panel of 13
histone modifications, assay for transposase-accessible chromatin
using sequencing (ATAC-seq), transcription start site (TSS) sequenc-
ing (TSS-seq) and strand-specific RNA sequencing (RNA-seq) in brains.
The hierarchical clustering of read coverage clearly reflected the non-
crossreactivity of the primary antibodies, the consistency of biological
replicates and the differences among sequencing methods (Fig. 2a).
We demonstrated that the abundance of histone modificationsis asso-
ciated with gene expression levels (Supplementary Note 2 and Sup-
plementary Fig. 7). Approximately 40% of the genomic regions were
classified into the 11 ChromHMM-defined chromatin states, which are
associated with distinctregulatory elements (Fig. 2b, Supplementary
Note 3 and Supplementary Figs. 8-11). As exemplified in Supplemen-
tary Fig. 12, chromatin states allow for inference of gene expression.

The intergenic region contributes the largest portion of chromatin
states, due toits dominance in genomic composition (Supplementary
Fig.13). The permissive and repressed chromatin states have a consider-
able portion of TEs, indicating that TEs contribute to host regulatory
innovation and are subject to epigeneticimpact (Fig. 2c, Supplementary
Note 4 and Supplementary Figs. 14 and 15).

The intron length in locusts exceeds the values observed in
other insects (Supplementary Figs. 5 and 16). The chromatin states
E5 (enhancer) and E7 (bivalent enhancer) occupy a broader region in
thelargeintronsthanintheshortintrons, indicating a higher number
of enhancers in large introns (Fig. 2d). The changes in intron length
are correlated positively with the changes in enhancer number in the
locust compared to the fruit fly and the honey bee, suggesting that
the expansion ofintronsizeis associated withanincreaseinenhancer
number (Fig.2e). The changesin genelength do not have asignificant
impact on the gene expression changes in the migratory locust com-
pared to the fruit fly (Fig. 2f). Furthermore, expression values were
distributed evenly among short-sized and large-sized genes inlocusts
(Supplementary Fig. 17), demonstrating that gene structure enlarge-
mentinlocusts does not significantlyimpact gene expression. We also
found that the RNA expression of the large-sized gene associated with
anintronic enhancer is significantly higher than that of the large-sized
genelackingintronicenhancers (Fig. 2g), although it remains unclear
whether these enhancers serve the role of enhancing transcription
levels or adding extra control over gene expression. Compared with
the short-sized genes, the large-sized genes show greater depletion
of H3K4me2, H3K4me3 and H3K9ac, as well as greater deposition of
H3K27me2 and H3K27me3 (Fig. 2h), which are catalyzed primarily by
polycomb repressive complexes®. These results suggest that polycomb
repressive complexes facilitate the spreading of H3K27me3, increase
chromatin compaction and tether long-distance chromatin loops that
promote contact between distal enhancer in the large-sized genes’.
Takentogether, theincreasein enhancer numbersinlarge-sized genes,
coupled with genome size expansion, may ensure equalized gene
expression across genes of varying lengths in locusts.

Regulation of the intronic enhancer in behavioral plasticity

Because polyphenism is clearly modulated epigenetically’’, we tried
to use the behavioral changes of locusts as an example of epigenetic
regulation in large genomes. Principal component analysis revealed
the distinguishable spatial distribution of histone modifications linked
toregulatory, repressive and transcription marks between the two
locust phases (Fig. 3a). In the brain, we identified 1,069 genes that
were upregulated and 485 genes that were downregulated in gregari-
ous locusts. Gene ontology analysis suggests that the differentially
expressed genes are involved in regulatory mechanisms underpin-
ning behavioral regulation, signal transduction, synaptic plasticity
and immune modulation (Supplementary Fig. 18). The two most sig-
nificantly positively correlated histone modifications—H3K4me3 and
H3K27ac—atthe TSS regionemphasize their role in promoter regulation
(Fig.3b). Conversely, the two most significantly negatively correlated
histone modifications—H3K4meland H3K27me3—were situated 10 kb
upstream of the TSSregion, implying theirinvolvementin a distal regu-
lation as enhancers. Compared to the other three genomic categories,
including promoters, introns and intergenic regions, H3K4melin the
10 kb region upstream of TSS showed the least overlap with H3K27ac
(Supplementary Fig.19), indicating primed enhancers lacking tran-
scriptional enhancement". We identified the binding sites of tran-
scription regulators associated with differential H3K4me3/H3K27ac
at promoters and differential H3K4mel/H3K27me3 situated 10 kb
upstream of the TSS region (Fig. 3¢). We found higher frequencies of
five transcription regulators located in these two regions, including
cg (which establishes long-range chromatin contacts at promoters'),
Trl(atranscription activator associated with nucleosome remodeling
and long-distance enhancer-promoter communication®), {(3)neo38
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Fig.1| Chromosome-level assembly of the migratory locust. a, Summary

of sequencing datasets in this study. b, Heatmap showing frequency of Hi-C
contacts along the migratory locust genome assembly. ¢, Identification of the
X chromosome using the chromosome quotient method. The X chromosome
was identified by aligning the -30X DNA-seq data from both male and

female locusts to the genome assembly. To calculate the read coverage, the
chromosomes were splitinto 30-Mb bins. The bin numbers for chromosomes
1-11and X are 40, 33,27, 24,20, 18,16, 16, 5,4, 3 and 27, respectively. Boxplots
indicate the median (center line), the first and third quartiles (box limits) and
whiskers extending to 1.5 the interquartile range. d, Characterization of locust

20

chromosomes. Embryos of the migratory locust were subjected to chromosome
characterization using Hoechst 33342 nucleic acid stain; n =1independent
biological replicates for demonstration purpose. e, The percentage distribution
of satellite DNA sequences along locust chromosomes. Because centromeric
satellite DNAs show a typical size greater than100 bp, short tandem repeats with
monomer lengths <100 bp were excluded from this analysis. The chromosomes
were divided by partitioning into 1-Mb bins. f, FISH of the satellite DNA
LmCentrol88. The signal probe for LmCentro188 is conjugated with Alexa Fluor
488, and the chromosomes were labeled using Hoechst nucleic acid staining;
n=2independentbiological replicates.

(an essential regulator of nervous-system development'), Sp1
(which controls gene expression within dopaminergic neurons®)
and Clamp (a pioneer factor that increases chromatin accessibility at
promoters'®). Three of these five transcription regulators, including

Trl, Sp1 and Clamp were differentially expressed between the solitary
and gregarious locusts. Therefore, these three transcription regulators
were probably involved inregulating differentially histone modification
regions in brains of solitary and gregarious locusts.
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Because the enlargement of genome size resultsin the presence of
longintrons”, we sought to explore whether the intronic cis-regulatory
elements are involved in the regulation of behavioral plasticity of
locusts. We used the gene Henna as an example because we have shown
previously that it is the most critical gene in determining behavioral
plasticity in dopamine biosynthesis pathway®*. The dominant TSS of
Hennain brains, as identified by TSS-seq, was TSS1, whose chromatic
pattern was correlated with differential RNA-seq expression between
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solitary and gregarious locusts (Fig. 3d). In gregarious locusts, we
observed upregulated deposition of ATAC, H3K4me3 and H3K27acin
the TSS1region, as wellasH3K36mein the gene-body region. Notably,
we found an enhancer, EH1, which was decorated with high H3K4mel
and low H3K4me3 signals, in the 10.3-kb intronic region upstream of
the first Henna coding exon. The significantly higher interaction fre-
quency in quantitative chromosome conformation capture (3C) DNA
confirmed the close three-dimensional physical proximity between
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Fig. 2| Difference in enhancer number between large-sized and short-sized
genes. a, Pearson correlations among sequencing assays, tissues/organs and
biological replicates based on the normalized signals in 10-kb window bins.

b, Emission patterns of the 12 chromatin states. ¢, Enrichment profiles of
chromatin states overlapped with different TE superfamilies. The 16 most
abundant TE superfamilies were included in this analysis. d, Genomic region
occupancy of chromatin states in short and long introns. Short-size introns
correspond to the lower 25% of data, whereas large-size introns correspond to the
upper 75% of data. e, Correlation between intron length changes and changes in
enhancer number in the brains of the migratory locust (LM), the fruit fly (DM) and
the honey bee (AM). A peak was considered an active enhancer if the abundance
of both H3K4meland H3K27ac exceeded their first quartile (Q1). Error bands
represent the 95% confidence interval around the fitted smoothing curve.

f, Correlation between gene length changes and expression changes in somatic
and reproductive tissues. Transcripts per kilobase million (TPM) was used as the
unit for gene expression quantification. g, RNA expression of genes varies with
different sizes in the presence and absence of chromatin states ESand E7. Error
bars, s.d. Short-size genes correspond to the lower 25% of data, whereas large-
size genes correspond to the upper 75% of data; n = 4 independent biological
replicates. Data are shown as mean + s.e.m. P = 0.0125 for the E5 comparison and
P=0.0058 for the E7 comparison. *P < 0.05. h, Histone modification deposition
ongene-body regionsin short-size and large-size genes. Deposition abundance
was determined using TPM +1on alog, scale. *False discovery rate < 0.01.
Boxplots indicate the median (center line), the first and third quartiles

(box limits), and whiskers extending to 1.5x the interquartile range. PTM,
post-translational modification.

TSS1and EH1 (Fig. 3e). The EH1-knockout mutantsingregarious locusts
resulted in a significant reduction of Henna expression at mRNA and
proteinlevels (Figs. 3f,g,h). Consequently, the EH1-knockout mutants
of gregarious locusts showed a significant behavioral shift toward
solitary behavioral traits in behavioral arena assays (Fig. 3i). Indeed,
our previous studies have demonstrated that RNAi silencing of Henna
expression induces a behavioral change from solitary to gregarious
phases®. Therefore, the knockout of EH1in gregarious locusts resulted
in altered behavior—a phenotype copied by silencing Henna expres-
sion. Collectively, the enhancers located in long intron interact with
promoters to regulate behavioral plasticity of locusts.

Chromatin changes of X chromosome during meiotic silencing
Inthebrainand leg muscles, we found a strong positive diagonal corre-
lation between male and female gene expression on the X chromosome
and autosomes (Fig. 4a), indicating acomparable expression between
X chromosome and autosomes in the two sexes. Unlike autosomes, the
X chromosome exhibited higher gene expressionin ovaries compared
totestes. So, the gene expression between the sexesisre-equilibrated
insomabutnotingonads.

The X/A ratio in testes held near 0.5—a key indicator of meiotic
sex chromosome inactivation (Fig. 4b). The X chromosome showed
increased Hi-C signals/interaction frequencies, as evidenced by the
presence of parallel lines along the main diagonal in the interaction
map (Fig. 4c). The increased interaction frequencies are unique to
the X chromosome and not observed in the other autosomes (Supple-
mentary Fig. 20). The log-log plot of interaction frequencies against
distance showed that the X chromosome deviated gradually fromthe
autosomes as distance increased (Fig. 4d). Compared to autosomes,
the slowerinteraction frequency decay in the X chromosome indicates
therelatively higher interaction frequencies at long-range distances,
from 10 Mb to 60 Mb. Consequently, the inactivated X chromosome
is more compacted in higher-order chromatin structures, consistent
with the observation that active chromatin regions tend to interact’®.

We quantified the pairwise chromosomal interactions within (intra-
chromosomal cis contacts) and between (interchromosomal trans
contacts) chromosomes to measure spatial distance between the X
chromosome and autosomes. As expected, the intrachromosomal
cis contacts are more prevalent than the interchromosomal trans
contacts (Supplementary Fig. 21). Furthermore, the interchromosomal
trans contacts are less frequent, specifically on the X chromosome
(Fig. 4e), indicating a more distal spatial position of the X chromo-
some compared to autosomes within chromosomal territories. The
DNA FISH assay of a single-copy X-linked gene (Pex5) reveals that the
X chromosome shows greater condensation than autosomes (Fig. 4f).
These results suggests that the inactivated X chromosome is farther
fromthetranscription-associated hubs at nuclear speckles, which are
connected closely among activated autosomes”.

The global reduction of H4K16ac signals of X-linked genes in
testes is in accordance with the loss of expression balance between
male and female locusts, indicating chromatin suppression of gene
expression on the X chromosome in male locusts (Fig. 4g). The early
germ cells displayed an enrichment of H4K16ac (Fig. 4h), whereas the
spermatocytes, undergoing meiotic division, exhibited adepletion of
H4Kl6ac, corresponding to the global reduction of H4K16ac signals in
X-linked genesin the testes?. The binary classification of A (active tran-
scriptional state) and B (inactive transcriptional state) compartments
showed that different H4K16ac distribution was correlated strongly
with transcription activity (Fig. 4i and Supplementary Fig. 22). The
number of high expressed genes in compartment Ain the X chromo-
some (0.572 Mb™) waslower than thatin autosomes (0.915 Mb™). These
results show that the loss of expression balance of the X chromosome
intestes mightbe correlated with interchromosomal spatial distance,
compartment organization and H4K16ac depletion. Therefore, the
relatively remote spatial position of the gigantic X chromosome,
decorated with distinct chromatin structures, results in the forma-
tion of segregated chromosome territories compared to autosomes
during meiotic silencing.

Fig. 3| Chromatin differentiation of locust phase changes. a, Principal
component analysis of seven histone modifications. b, Pearson correlation
analysis between chromatin signals and the phase-related gene expression

of gregarious and solitary locusts. ¢, Association of transcription factors
(TFs) with differential histone modifications near promoters. Differentially
expressed (DE) genes, which were positively and negatively correlated with the
differential H3K4me3/H3K27ac at promoters and the differential H3K4mel/
H3K27me3 situated 10 kb upstream of the promoters, respectively, were
included in this analysis. TF weight is calculated based on the frequencies of
nonredundant TF binding sites. Positive and negative regulation refer to the
relationships between histone modification abundance and gene expression,
respectively. d, Combinatorial chromatin signals of Henna. They axis was
scaled separately for different sequencing methods. e, Quantitative 3C assays
to assess the spatial interaction between EH1and TSS1in gregarious locusts.
Control DNA represents the fragments amplified by two internal primers
between two enzyme sites. Digested DNA represents random ligated genomic

DNA. The ligation site represents the site where EH1is ligated to TSS1; n=3
independent biological replicates. Data are shown as mean +s.e.m. P=0.0131;
*P<0.05.f, Knockout EH1by the CRISPR-Cas9 system in gregarious locusts.
EH1""and EH17" indicate heterozygous and homozygous mutants, respectively;
n=1independent biological replicates for demonstration purpose. g, qPCR
quantification of Henna mRNA expression in wild type, heterozygous mutants
and homozygous mutants. At least n =3 independent biological replicates. Data
are shown as mean + s.e.m. P values for comparisons of wild type with EH1"~and
EH17are 0.0004 and 0.0000, respectively. *P < 0.05. h, Western blot of Henna
protein expression; n =3 independent biological replicates. Data are shown as
mean +s.e.m.; P=0.017,*P< 0.05. i, Arena behavioral assays for quantifying
phase-related behavior. Independent biological replicates; n =15 (EH17"),n=7
(EH1"") and n= 20 (wild type). A P, (probabilistic metric of gregariousness)
close to O indicates typical gregarious behavior; P=0.0014 for EH1”~ and
P=0.0414 for EH1"". UTR, untranslated region.
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Fig. 4| Globalinteraction and chromatin change of the X chromosome
during meioticsilencing. a, Correlation of gene expressioninbrains, leg
muscles and gonads. Error bands, 95% confidence interval of the linear model
fit. Pvalues < 2.2 x 107", Pearson correlation test. b, Expression ratios between
X-linked and autosomal genes in gonads under different minimum TPM cutoffs.
Error bands, 95% confidence interval around the fitted smoothing curve.

¢, Pearson correlations of Hi-C interaction frequency matrices of chr.1and chr.
X at 500-kb resolution. The intensity of each pixel represents the normalized
frequency of interaction between a pair of genomic loci. Arrowheads indicate
parallel lines along the main diagonal of the interaction map. d, Alog-log plot of
interaction frequency decay with distance in testes. We assumed independence
between the X chromosome and the autosomes. Normalized Hi-C data binned
at25-kb scale were converted to interaction frequencies. The x axis shows the
log,, genomic distance, and the y axis shows the median log,, Hi-C interaction
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frequency for any given genomic distance. e, Relative enrichments of trans
contacts by calculating the ratio of the number of trans- over cis-mapping

read pairs for each chromosome. f, Condensation of the X chromosomeina
meiotic cell of spermatocytesin testes. A series of 24 DNA probes (the single-
copy X-linked gene Pex5) was selected randomly. Nuclei were stained with
Hoechst 33342; n =2 independent biological replicates. The position of the X
chromosome is indicated by arrowheads. g, Read abundances of H4K16ac and
H4K20me3 are shown in1-Mb bin units. P=0.0000, *P < 0.05. h, The distribution
and abundance of H4K16ac in testicular follicles of adult locusts. Nuclei were
stained with Hoechst 33342 staining; n = 2independent biological replicates.

i, Association of Hi-C interaction frequency with gene expression and H4K16ac
signalsin chr.1and chr. X. The A and B compartments, determined by the first
principal component (PC1), reflected the transcription and H4K16ac state on a
linear genomicscale.

Dosage compensation of the X chromosome in soma

In brains and leg muscles, X-linked gene expression in female and
male locusts was equal to that of the autosomal genes, indicating
complete dosage compensation in male locusts (Fig. 5a). X chromo-
some expression in female locusts can be achieved through biallelic
expression of both alleles or by randominactivation of one allele with

hyperactivation of the other in animals?. The transcriptome analysis
of heterozygosity in afemale individual revealed biallelic expression
of X-linked genes in female locusts (Fig. 5b). To eliminate potential
influences from A-to-I RNA editing, the results, even after removing
adeninesites, robustly supported the biallelic expression of X-linked
genes in female soma.
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We then profiled the genomic distributions of H4K20mel,
H4Kl6ac, H3K27me3 and H3K9me3 to determine whether these
chromatin modifications are involved with dosage compensation in
locusts. H4K16ac was more prevalent in the genic region compared to
H4K20mel, H3K27me3 and H3K9me3 (Fig. 5¢). Inautosomes, the equal
genicand intergenic signals between female and male locusts for these
four chromatin marks corresponded to the balanced autosomal gene
expressionin brains (Fig. 5d). However, within the genic region of the
X chromosome, only the density of female/male enrichment ratios of
H4K16ac signals centered around 1, consistent withitsrole incomplete
dosage compensation. All four histone modifications showed similar
levels between autosomal and X-linked genes across genic regions in
females (Fig. 5e). To account for the difference in chromosome num-
bers between females and males, we estimated male data (the abun-
dance of histone modification in male brains) theoretically assuming
no dosage changes in females. As expected, the H4K16ac levels were
comparable between the autosomal and X-linked genesin males, align-
ing with the well-recognized role of H4K16ac in establishing dosage
compensation in heterogametic organisms®. In fact, the enrichment
levels of H4K16ac on X-linked genes in males were higher than those
theoretically estimated for male data. Different from the widespread
distribution of H4K16ac across the entire gene body, H4K20mellocal-
izedmainly tothe 5’ end of the gene body. However, the H4K20mel level
of X-linked genes in males was more depleted than that of the theo-
retically estimated male data. In fruit flies, the absence of Sex-lethal
(SXL) expression in males permits MSL complex assembly, leading to
H4Kl16acenrichment onthe X chromosome for dosage compensation®.
Despite the close association between H4K20mel and MSL complex,
we found no significant differences in RNA and protein expression
of SXL and MSL subunits between females and males, indicating an
SXL-independent initiation of dosage compensation in locusts (Sup-
plementary Figs. 23 and 24 and Supplementary Note 5). Overall, the
depletion of H4K20mel and the enrichment of H4K16ac suggest that
they are connected functionally with maintaining balanced expression
of the X chromosome in the somatic organs of male locusts.

Different from H4K20mel, H3K27me3 and H3K9me3, levels of
H4K16ac decreased with the increase of the distance to the nearest
gene in the intergenic region on the X chromosome (Fig. 5f), indi-
cating a distance-dependent dosage effect of H4K16ac and partial
dosage compensation. Different from the fruit fly**, we did not detect
a dominant immunofluorescence signal of H4K16ac across the
entire male X genome (Fig. 5g). To further confirm the uniqueness
of distance-dependent H4K16ac enrichment in the large genome of
locusts, we analyzed H4K16ac profiling data from the fruit fly*. In
contrast to the locust genome, we observed complete dosage com-
pensationinboth genicandintergenic regions of the compact genome
ofthe fruit fly (Fig. 5h). As expected, the distance-dependent H4K16ac
enrichment was not observed on the X chromosome of the fruit fly
(Fig. 5i). Therefore, the dosage effects of H4K16ac, initiated from genic
region, faded gradually during subsequent spreading into intergenic
regions, which constrain the spreading of dosage effectsin locusts.

Dosage compensation on translocated X-linked genes
By examining the conservation of X-linked genes across insects at order
level, we found that the gene configuration of the locust X chromo-
some is the result of extensive interchromosomal gene exchanges
through drastic genome rearrangement (Supplementary Note 6 and
Supplementary Figs. 25-27). To further investigate the formation of
X-linked genes of the migratorylocust within Orthoptera, we generated
achromosome-level genome of the desert locust (Schistocercagregaria
(SG), Caelifera, Acrididae). We determined the pairwise chromosome
associations of the two locusts, the pygmy grasshopper (Zhengitettix
transpicula (ZT), Caelifera, Tetrigidae) and the pygmy mole cricket
(Xya riparia (XR), Caelifera, Tridactyloidea), which belongs to a
basal taxon of Caelifera. The chromosomes of the migratory locust
are identical to those of the desert locust but exhibit one-to-several
or one-to-zero correspondence with those of the pygmy grasshop-
per and the pygmy mole cricket, demonstrating that genome size
expansion accompanies large-scale chromosome rearrangement
during the early diversification of Caelifera species (Fig. 6a and Sup-
plementary Figs. 28-30). The X-linked genes of the migratory locust
have largely persisted on the X chromosome since the emergence of
Caelifera (Fig. 6b), although it cannot be concluded whether the X
chromosome of the pygmy mole cricket represents the ancestral X
chromosome of Caelifera or has undergone a chromosome fusion
event between an autosome and a sex chromosome. To investigate
the chromosomal rearrangement of X-linked gene of the migratory
locust, the one-to-one orthologs among the four species were divided
into the five gene categories: ancient autosome (LMaSGaXRaZTa),
ancient X (LMxSGxXRxZTx), ancient AtoX (translocated from Auto-
somes to X chromosome before the divergence of two locust species,
LMxSGxXRaZTa), ancient XtoA (LMaSGaXRxZTx) and recent AtoX
(LMxSGaXRaZTa). Compared with the ancient AtoX and ancient X cat-
egories, the lower ratios of female/male in H4K20mel signals showed
insufficient depletion of H4K20melinthe recent AtoX category. Fur-
thermore, the recent AtoX category showed a higher ratio of female/
male in H4K16ac signals than the ancient AtoX and ancient X categories
(Fig. 6¢). This suggests anincomplete recovery of dosage compensa-
tion of recently translocated X-linked genes in the migratory locust.
Compared to the ancient X and the two autosomal categories,
the ancient AtoX category, but not the recent AtoX category, had
significantly higher dV/dS ratios (Fig. 6d), suggesting that adaptive
evolutionis more likely to have affected the ancient AtoX category.
Accordingly, the ancient AtoX category displayed a broader range
and higher levels of histone modification than the recent AtoX cat-
egory (Fig. 6e). This implies that X-linked translocations have the
potential to accumulate sequence divergence or to maintain muta-
tions that cannot be effectively eliminated by recombination, ulti-
mately contributing to gene function innovation over time. In the
recent AtoX category, several genes, including Oat and msps, were
reported previously to be associated with functions that harm males
or benefit females**. Therefore, sexually antagonistic selection
promotes the relocation of female-related genes from autosomes

Fig. 5| Balanced expression of the X chromosome in soma. a, Expression ratios
between X-linked and autosomal genes in brains and muscles under different
minimum TPM cutoffs for gene inclusion. Error bands, 95% confidence interval
around the fitted smoothing curve. b, Allelic X chromosome expressionin a
female. To ensure accurate identification of heterozygous alleles, the biallelic
heterozygosity sites were determined using DNA-seq for the same individual
locust that was subjected to RNA-seq. ¢, Genomic prevalence of the histone
modifications H4K20mel, H4K16ac, H3K27me3 and H3K9me3. The genomic
prevalence was determined by the average portion of the reads located in the
genic and intergenic regions. d, Density distribution of the ratios (female/male)
of histone modification abundancesin 200-kb bins between the two sexes in
brains. e, Enrichment profiles of histone modification of H4K20mel, H4K16ac,
H3K27me3 and H3K9me3 across genic region. The theoretical estimation

inmales was inferred assuming no dosage changes in females. f, Density
distribution of the ratios (female/male) of histone modification abundances
between the two sexes in different genomic regions in brains of the migratory
locust. The different genomic regions were classified based on the distance to the
nearest genes. g, Immunofluorescence staining of H4K16ac in brains. Nuclei were
stained with Hoechst 33342 staining; n = 2independent biological replicates.

h, Density distribution of the ratios (female/male) of histone modification
abundances between the two sexes in the fruit fly. The average chromatin
immunoprecipitation sequencing signals in 2-kb bins were compared between
female and male locusts. i, Density distribution of the ratios (female/male) of
histone modification abundances between the two sexes in different genomic
regionsin2-4 h embryos of the fruit fly. The different genomic regions were
classified based on the distance to the nearest genes.
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to X chromosomeinlocusts (Supplementary Note 7). Consequently,
these genes can be repressed by meiotic sex chromosome inactiva-
tion, facilitating to mitigate female antagonism and to increase
male fitness during spermatogenesis. Therefore, the translocated
X-linked genes in the migratory locust are likely to be convergently
recruited to the X chromosome and subject to relocation of dosage

compensation due to the need to suppress their functional roles
favoring females during spermatogenesis. Taken together, the recent
AtoX category showed distinct differences in histone modification,
suggesting a lag in the relocation of dosage compensation for the
X-linked genes that were recently translocated autosomes in the
migratory locust.
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Fig. 6 | Dosage compensation turnover on X-linked gene derived from
autosomes. a, Pairwise dotplots showing the significance of chromosome-
chromosome associations among the migratory locust, the desert locust,

the pygmy grasshopper and the pygmy mole cricket. b, One-to-one ortholog
linking among the chromosomes of four orthopteran species. Vertical

lines connect orthologs across the four species. Only connections between
chromosome pairs with significantly associations are shown. ¢, Ratios (female/
male) of genic H4K16ac and H4K20mel signals between the two sexes. Reads
per kilobase million values were used to determine the histone modification
signals. The one-to-one orthologs of the migratory locust were divided into the
six gene categories: ancient autosome (LMaSGaXRaZTa, n = 4,661), ancient X
(LMXSGxXRXZTx, n =314), ancient AtoX (LMxSGxXRaZTa, n = 27), ancient XtoA
(LMaSGaXRxZTx, n=22) and recent AtoX (LMxSGaXRaZTa, n = 6); n, number
of one-to-one orthologs. The recent XtoA category was not included due to the

absence of any ortholog. Boxplots indicate the median (center line), the first
and third quartiles (box limits), and whiskers extending to 1.5x the interquartile
range. The P values for comparisons of recent AtoX with ancient X, ancient
AtoX, ancient XtoA and ancient autosomes were (0.0151, 0.0011), (0.0403,
0.0017), (0.0023,0.0017) and (0.0017, 0.0011) for H4K16ac and H4K20mel,
respectively. *P < 0.05.d, dV/dS comparison in the five gene categories.

dN/dS, the ratio of nonsynonymous substitutions per nonsynonymous site
(dN) to synonymous substitutions per synonymous site (dS). Boxplots indicate
the median (center line), the first and third quartiles (box limits), and whiskers
extending to 1.5x the interquartile range. The P values for comparisons of
ancient AtoX with ancient X, recent AtoX, ancient XtoA and ancient autosomes
were 2 x107%,0.0359,0.0002 and 2 x 10°%, respectively; *P < 0.05. e, Heatmap
showing abundance of histone modification signals for the recent AtoX,
ancient XtoA and ancient AtoX categories.

Discussion

In this study, an epigenomic map, based on a high-quality genome,
allowed us to accurately identify chromatin modifications of spa-
cious noncoding regions of locusts in an unprecedented manner due
toimproved assembly completeness inintronic and intergenic regions.
Theincreased number of enhancersin expanded intronic regions and
the distance-dependent H4K16ac dosage compensation in expanded
intergenic regions reveal distinct epigenomic characteristics in the
dark matter of large-sized genomes.

We observed that the phase-related histone modification dif-
ferences decorating promoters and enhancers were correlated with
differential transcription between solitary and gregarious phases,
underscoring the significant influences of chromatin regulation on
determining alternative developmental programming in locusts>?,
Indeed, the involvement of H3K4me3 and H3K27ac on promoters
has also been confirmed previously in caste determination of honey
beesand carpenter ants, suggesting that these histone modifications
play a conserved role in the phenotypic plasticity of a wide range of
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insect species”*°. We found that the cis-regulatory element EH1 func-
tions specifically as an enhancer to regulate the behavioral plasticity
oflocusts. We also identified an EH1-like sequence in the homologous
intron of Henna in the desert locust (Supplementary Fig. 31), but not
in the two Caeliferan insects or in the three insects with small-sized
genomes. Since Hennahasbeenreported tobeinvolved in the regula-
tion of phenotypic plasticity in the honey bee*, we further checked its
epigenomic data but did not find a positionally homologous enhancer
of Henna**. These results indicate that EH1 may be present only inlocust
genomes and may contribute solely to the specialized regulatory func-
tion of behavioral plasticity inlocusts. Therefore, these findings reveal
that, accompanying genome size expansion, anincreasing number of
enhancers have beenrecruited inlarge-sized genes in locusts.
Different fromthe fruit fly, where the male X chromosome exhibits
predominantimmunostainingintensity of H4K16ac, we did not observe
this phenomenon in male locusts®. Despite H4K16ac not exhibiting
preferential enrichment on the male X chromosome in mosquitoes,
a common characteristic of dosage compensation mechanisms is
the elevated H4K16ac levels on dosage-compensated sex chromo-
somes®’. The intergenic regions occupy a broader area in the locust X
chromosome than in the fruit fly X chromosome. TEs, which make up
71.1% of the locust X chromosome, may play a role in assembling and
organizing constitutive heterochromatin in intergenic regions by
providing docking sites for protein complexes associated with repres-
sive histone modifications or through the presence of hotspots for TE
insertions®**, Therefore, we found amosaic pattern ofimmunostaining
intensity, similar to that on autosomes, rather than a prevailinginten-
sity along the X chromosome. These results are also supported by the
distance-based decoration of H4K16ac outside genic regions and the
lack of H4K16ac enrichment inintergenic regionsin locusts. Therefore,
the distance-dependent H4K16ac enrichments in intergenic regions
demonstrate peculiarly large genome effects on dosage compensation.
Ourresultsruled out the long-term conservation of X-linked genes
due to extensive interchromosomal gene exchanges through drastic
genome rearrangement (Supplementary Note 6 and Supplementary
Figs. 25-27). A recent study published another chromosome-level
genome assembly of the migratory locust®. However, this present
study presents different conclusions from the latter study regarding
the conservation of X-linked genes. The discrepancy is because of the
use of different criteria to define conservation levels. The numbers
of X-linked genes vary greatly between the migratory locust (1,985
and 12 pairs of chromosomes) and the fruit fly (80 and four pairs of
chromosomes). They identified only 35 X-linked homologs, which may
provide limited evidence for concluding that the X chromosome has
maintained long-term gene content conservation between these two
insectspecies. Indeed, our results show that only ten X-linked orthologs
arepresent on the sex chromosomes of all the four insect orders (Sup-
plementary Figs. 26 and 27). These findings suggest that, throughout
insect evolution, there has been little evidence of strong selective
pressure to preserve asubstantial proportion of X-linked genes onthe
X chromosome. The incomplete recovery of H4K16ac-mediated dos-
age compensation and insufficient depletion of H4K20mel, as well as
restricted histone modification decorationin the recent AtoX category
indicate a lagging relocation of dosage compensation on recently
translocated X-linked genes. This contrasts with the re-established
compensation and abundant histone decoration in the ancient AtoX
category, indicating that the dosage compensation effects of flanking
pre-existing X-linked genes cannot spread efficiently to the newly trans-
located X-linked genes. The spreading of H4K16ac, catalyzed by the MSL
complex, tothe flanking intergenic and genic regions lacking MSL com-
plex binding is important for dosage compensation?. Since the MSL
complex loads at chromatin entry sites, mainly in introns and nearby
3-kb genic regions’, the limited efficiency of H4K16ac spread may
require agreater number of chromatin entry sites in the locust genome
compared to smaller genomes. Consequently, the newly translocated

X-linked genes in the locust genome may not be able to quickly establish
recognition by the MSL complex. Therefore, distance-dependent dos-
age compensationinintergenic region results in alagging relocation
of dosage compensation to X-linked genes recently translocated from
autosomes in large genomes.
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Methods
Ethics declarations
No ethical approval was required for the use of locusts in this study.

Insects

The locust colonies were reared under a 14 h/10 h light/dark photo
regimen at 30 °C and were fed fresh wheat seedlings and wheat bran.
An adult female individual was dissected to remove intestinal tracts,
which were frozenimmediately in liquid nitrogen and stored at —80 °C
until DNA extraction.

Chromosome staining and estimation of chromosome size

To obtain embryos for chromosome staining analysis, locust eggs
were dissected from egg pods to isolate embryos. The embryos were
immersed in 0.04% colchicine for 90 min followed immediately by
hypotonic treatment for 30 min, and were then immersed in 3:1 etha-
nol-aceticacid for 90 min. Afterward, the embryos wereimmersedin
80%acetic acid for 2 minand dispersed and suspended gently for 3 min.
The cell suspension was aspirated into a micropipette and dropped
onto a clean slide at 60 °C to dry the solution. The slide was stained
withHoechst 33342 (Thermo Fisher Scientific) for S min and visualized
using a confocal microscopy system (Zeiss LSM 710). We measured the
chromosome bivalents from one female embryonic cell at metaphase
of mitosis. All the bivalents were well separated. The pixels of each
chromosome were measured by the Image ] software and arranged in
order of decreasing value.

Genomic library construction and DNA sequencing

The DNA samples used for genomic sequencing were obtained using a
sodium dodecyl sulfate method. Initially, the tissues were ground care-
fully with liquid nitrogen, and the cell nucleus was cleaned subsequently
usingamodified homogenization buffer. Following this step, the residual
material was washed with 1x PBS buffer (Invitrogen) and the cell nucleus
was lysed using a total lysis buffer. Subsequently, RNA and protein were
eliminated using RNase A (Qiagen) and protease K (Qiagen), respec-
tively. Finally, the DNA was eluted using an elution buffer (Qiagen) after
phenol/chloroform extraction. For the migratory locust, two libraries
with insert sizes of 20 kb and 40 kb were constructed separately using
SMRTbell Template Preparation 1.0 using BluePippin size-selection
(Sage Science), and were subsequently sequenced using on a PacBio
Sequel instrument with the Sequel Sequencing Kit v.2.1. To obtain the
opticalmappingdata, genomic DNA was labeled using the Bionano Prep
DNA LabelingKit-DLS, and loaded into ananochannel array onaSaphyr
instrument (Bionano Genomics). For the desertlocust, DNA extraction
was constructed for Nanopore libraries and then sequenced using a
PromethION platform. The sequencing libraries were constructed using
the ligation sequencing kit (SQK-LSK109) and loaded onto FLO-PRO002
flow cells. The genomic DNA was also used to construct a paired-end
library using Nextera XT DNA Library Prep Kit (Illumina). This short-
read library was sequenced on an lllumina HiSeq X Ten platform.

DNA labeling for optical mapping

Directlabeling was performed using the Direct Labeling and Staining
Kit (Bionano Genomics, catalogue number 80005) according to the
manufacturer’s manual. Inbrief, high-molecular-weight DNA was incu-
bated at 37 °C with DLE labeling mix. Following proteinase K digestion
and cleanup of the unincorporated DL-Green label, the labeled DNA was
prestained, homogenized and quantified using onaQubit Fluorometer
(Thermo Fisher). The labeled sample was loaded into a nanochannel
array of flow cells, imaged and digitized in a Saphyr instrument (Bio-
nano Genomics) according to the manufacturer’s instructions.

Genome assembly
GenomeScope v.1.0.0 was used to conduct a K-mer frequency survey
of genome composition based on 21-mer frequency distribution to

estimate genome size and heterozygosity. For the migratory locust,
The raw PacBio reads were corrected and trimmed using Canu v.1.77,
and the contig-level assembly were performed using FALCON v.2.0.4
followed by the FALCON-Unzip v.0.4.0 module®®. The remaining alter-
native haplotypes fromtheinitial primary contigs were removed using
Purge Haplotigs v.1.0.0, and haplotype switch errors were eliminated
using the FALCON-Phase v.0.1.0*°. All PacBio reads were aligned to
the resulting assemblies using BLASR v.5.3.3 and then the consensus
sequences were called using the Arrow programin SMRT link v.7.0. The
PacBio-corrected assemblies were further improved by two rounds
of polishing with Pilon v.1.23 using paired-end Illumina data*’. Data
visualization, de novo assembly and hybrid scaffolding of the optical
map data with a minimum size of 150 kb were performed using the
Bionano Access v.1.2.1and Bionano Solve v.3.2.1 software. Gaps in the
hybrid-scaffolded assembly were closed using PBJelly from PBSuite
v.15.8.24 using PacBio and Nanopore read datasets*. We subsequently
reperformed error correction procedures to polish the sequences in
the gap regions. For the desert locust, de novo genome assemblies
were generated by NextDenovo v.2.4.0 and NextPolish v.1.3.1 using
long-read Nanopore sequencing.

Scaffolding of achromosome-level genome assembly

For Hi-C experiments, tissues were cross-linked with 1% fresh formal-
dehyde and then quenched with 0.2 M glycine for 5 min. Theresulting
cellswereincubated with 0.1% SDS then 1% Triton X-100. Genomic DNA
was digested with the Dpnllrestrictionenzyme (NEB) and incubated at
37 °C overnight. The cohesive ends were filled in with biotin-14-dATP
and 5 U pl' Klenow fragment of DNA polymerase I (NEB), followed by
a 90 min incubation at 37 °C with gentle rotation. The resulting DNA
fragments were thenligated by adding amix of T4 DNA ligase (Thermo
Fisher Scientific), 10% Triton X-100 and bovine serum albumin (NEB).
The cross-linking was reversed with proteinase K and the biotinylated
fragments were pulled down using Dynabeads MyOne Streptavidin C1
beads (Thermo Fisher Scientific). The Hi-Clibrary for [llumina sequenc-
ing was prepared using the NEBNext Ultrall DNA library Prep Kit for Illu-
mina (NEB). Trimmed Hi-C reads were aligned to the polished genome
assembly using bwa v.0.7.17 and filtered for Hi-C-specific artifacts
using the HiC-Pro v.2.11.1 pipeline****. The Juicer v.1.5.6 and 3D-DNA
v.180922 pipelines were used to group, order and orientate scaffolds
andto generate achromosome-level genome assembly. The potential
misjoins, translocations and inversions within the boundaries of each
chromosome were corrected by manually introducing breakpoints at
the mis-assembly sites based on visualization with Juicebox v.1.5.3*,

Sex chromosome identification

Because both male and female locusts have the same complement of
autosomes, theread coverage of autosomesis expected to be roughly
equal in the male and female data in XO/XX sex determination. The
sex chromosome was identified by using a chromosome quotient
method that relies on the simple assumption that female locusts have
atwofold increase of read coverage compared to male locusts*. The
DNA-seqreadsfromanindividual of both amale and female locust were
aligned separately to the genome assembly using the Bowtie2 v.2.4.1
program*®, The resulting bam files were filtered to remove low-quality
alignments using the SAMtools v.1.9 program®. Contigs derived from
the X chromosome were also identified in the contig-level assembly to
verify the mis-scaffolding links in Hi-C scaffolding.

Analysis of transposable elements

Transposable elements and simple repeats were predicted de novo
and classified using the RepeatModeler v.2.01 package with RMBlast
v.2.9.0-p2 engine*s. Other prerequisite modules including RECON
v.1.08,RepeatScout v.1.0.6, TRF v.4.0.9, Dfamv.2.0 and Repbase-derived
libraries were installed with RepeatModeler v.2.01. A combination of
the consensus sequences of RepeatModeler output and the locust
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transposable elements deposited in Repbase were used as input for
RepeatMasker v.4.11 to determine the genomic coordinates of anno-
tated transposable elements and generate a masked version of the
locust genome assembly. SINE retrotransposons were classified into
non-LTR retrotransposons based on the classification system of Rep-
base. The Kimuradistances between genome copies and TE consensus
from the RepeatModeler library were determined using RepeatLand-
scape after genome masking with RepeatMasker. Tandem repeats were
identified using Tandem Repeats Finder v.4.09 and were processed by
pyTanFinder (https://github.com/Kirovez/pyTanFinder).

Cleavage under targets and tagmentation

The selection of histone modifications is introduced in Supplemen-
tary Note 8. The commercial antibodies include H3K9ac (Abcam,
catalogue number ab32129), H3K14ac (Abcam, catalogue number
ab52946), H3K18ac (Abcam, catalogue number ab177870), H3K27ac
(Abcam, catalogue number ab4729), H3K27mel (Active Motif, cata-
logue number 61015), H3K27me2 (Abcam, catalogue number ab24684),
H3K27me3 (Cell Signaling Technology, catalogue number 9733S),
H3K36me3 (Active Motif, catalogue number 61022), H3K4mel (Abcam,
catalogue number ab8895), H3K4me2 (Abcam, catalogue number
ab32356), H3K4me3 (Abcam, catalogue number ab8580), H3K9me3
(Abcam, catalogue number ab8898), H4K20me3 (Abcam, catalogue
number ab9053), H4K16ac (Abcam, catalogue number ab109463) and
H4K20mel (Abcam, catalogue number ab9051). The locust tissues were
isolated and immobilized to concanavalin A-coated beads (Novopro-
tein). Thebeads-bound cells were incubated with primary antibodies by
rotating overnight. The resulting cells were incubated with secondary
antibodies at room temperature for 1 h and were then washed three
times with DIG-wash buffer to remove unbound antibodies. Cells were
resuspended in DIG-300 buffer (300 mM NaCl) with pA/G-Tn5adapter
complex for1hatroomtemperature by rotating, followed by tagmen-
tation at 37 °Cfor1h. Subsequent washes were also performed under
stringent salt conditions (300 mM NaCl) to suppress the affinity of Tn5
for open chromatin®. Barcoded I5 and 17 primers were used for PCR
amplification to generate the sequencing libraries. The final sequenc-
ing libraries were sequenced on an Illumina NovaSeq 6000 system.
Paired-end reads were aligned to LMv.3.1 using Bowtie2 v.2.4.1. The
multiBigwigSummary and plotCorrelation functions from deepTools
v.2.27.1were used to assess replicate reproducibility. The computeMa-
trix and plotHeatmap functions from deepTools v.2.27.1 were used
to generate the heatmap. The CUT&Tag peaks were called by MACS2
v.2.2.7.1and SEACRv.1.3 for narrow and broad peaks, respectively*>*".
Thefragmentsize plots of the CUT&Tag experiments showed periodical
peaks corresponding to the mononucleosomes, dinucleosomes and
trinucleosomes (Supplementary Fig. 32). The signal intensities of
stranded RNA-seq correlated positively with H3K36me3 (Fig. 2a), which
is consistent with their demarcation role in gene-body deposition.
The negative correlation of the repressed histone modification marks
(H3K27me3, H3K27me2 and H4K20me3) with gene-body transcription
suggests these repressed histone modification marks are more likely
tosilence expressionin the nongenic region. The pairwise-correlated
permissive histone modification marks (H3K18ac, H3K14ac, H3K27ac
and H3K9ac) exhibited a positive correlation with promoter-associated
transcription (H3K4me3, H3K4me2 and TSS-seq). For the histone
modification datasets, we obtained a total of 683,539 peaks with an
average number of 52,579 (ranging from 13,555 for H3K4me2to 99,091
for H3K27me2; Supplementary Fig. 33).

Transcription start sites

Total RNAs were isolated using TRIzol reagent (Invitrogen). Genomic
DNA was removed using TURBO DNase (Invitrogen) and poly-A RNA
was enriched twice using a Dynabeads Oligo (dT) 25 kit (Thermo
Fisher Scientific). Poly-A RNA was treated with calf intestinal alka-
line phosphatase at 37 °C for 1 h and then treated with tobacco acid

pyrophosphatase at 37 °C for 1 h. The sequencing libraries were con-
structed using the NEBNext Ultra Il DNA Library Prep Kit for lllumina
(NEB) following the manufacturer’sinstructions and sequenced onan
Illumina NovaSeq 6000 system. The trimmed reads were aligned to
LMv.3.1using HISAT2v.2.2.1without allowing soft clipping alignments.
Theresulting BAM files were used in the identification of oligo-capping
transcription startsites using the CAGEr v.1.24.0 package inR v.3.5.1%%,

ATAC sequencing

Locust tissues were digested using trypsin/EDTA and resuspended
in lysis buffer to permeabilize membranes. The nuclear pellets were
resuspended in the tagmentation mix (Vazyme) and incubated at 37 °C
for30 min. DNA Clean Beads (Vazyme) was then added to terminate the
tagmentation reaction and to purify DNA fragments. BarcodedI5and 17
primers were used for PCR amplification to generate sequencing librar-
ies. The resulting sequencing libraries were purified with DNA Clean
Beads (Vazyme) and subjected to sequencing on an llluminaNovaSeq
6000 system. ATAC-seq data analyses were based on the ENCODE
pipeline. Trimmed reads were aligned to LMv.3.1using Bowtie2v.2.4.1.
Thealigned reads +4 base pairs (bp) for positive strands and -5 bp for
negative strands were shifted to adjust the 9-bp duplication created by
TnStransposase. The ATAC-seq peaks were called on nucleosome-free
reads by MACS2 v.2.2.7.1 using the narrow parameter™. The consen-
sus peaks were retained for further analyses. ATAC-seq experiments
generated an enrichment of fragment size around 100 and 200 bp,
indicating nucleosome-free and mononucleosome-bound fragments
(Supplementary Fig. 34). ATAC-seq signals were enriched at TSSs that
were captured by Oligo-capping sequencing.

Annotation of chromatin states

We used ChromHMM v.1.23 to analyze the combinatorial patterns of
13 histone modifications™. The chromatin state annotation definitions
are adopted from those used for the human genome®. Briefly, the
promoter state is associated primarily with H3K4me3 and H3K27ac.
The flanking promoter state shows high levels of H3K4me3 but lacks
H3K27ac, reflecting the broader distribution of H3K4me3 compared
to H3K27ac. The transcribed at gene 5’ end state is associated with
H3K4me3 and H3K36me3. The two transcription states are associ-
ated specifically with H3K36me3 and H3K27mel, respectively. The
enhancer state is linked with H3K27ac and H3K4mel, and the bivalent
enhancer state is characterized by the presence of enhancer-associated
marks (H3K18ac, H3K4ac and H3K27ac) together with repressive marks
H3K27me3. The repressed polycomb state is defined by its exclusive
association with H3K27me3, since H3K27me3 is catalyzed primar-
ily by polycomb repressive complexes. The difference between the
two H3K9me3-associated heterochromatin states is the presence
of H4K20me3.

Fluorescent in situ hybridization

FISH was carried out using the FISH Kit (BersinBio) with small modi-
fications. Chromosome preparation was incubated in the digestive
working solution. After three washes in distilled water, the slides were
dehydratedinanethanol series then air-dried. DNA probes and slides
were denatured and hybridized overnight. After hybridization, slides
were washed under low stringency conditions (2x SSC, 0.1% NP-40/
2xSSCand 2x SSC).

Immunofluorescence

Testes were fixed in 4% paraformaldehyde (PFA) at 4 °C overnight, and
seminiferous tubules were thenisolated. Brains were collected in PBS
and then digested in collagenase/dispase solution (2 mg ml™, Roche)
for 10-15 min at 28 °C. Incubation with primary antibodies against
H4K16ac (Abcam, catalogue number ab109463) was performed at 4 °C
inamoist chamber overnight. The secondary antibody, Alexa Fluor 546
goat anti-rabbit IgG (Thermo Fisher, catalogue number A-11035), was
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diluted inimmunofluorescence staining secondary antibody dilution
buffer. Hoechst was used as nuclear marker.

Genomic fragment knockout using the CRISPR-Cas9 system
We masked the repetitive region to remove segments with the poten-
tial to generate off-target (guide RNAs (gRNAs). Subsequently, we
designed gRNAs based on nonrepetitive regions flanking EH1.The cut-
ting efficiency of the gRNAs was determined using Illumina amplicon
sequencing. gRNAswere transcribed using atemplate assembled with
the GeneArt Precision gRNA Synthesis Kit (Thermo Fisher). Homology
donors were produced by incorporating two homology arms located
inthe flanking region of EH1. The mixture of gRNAs, homology donors
and TrueCut Cas9 Protein v.2 (Thermo Fisher) was microinjected into
theeggslaid within 2 h. Microinjected eggs were placed in disposable
sterile Petri dishes. Knockout of the 379-bp genomic fragment encom-
passing EH1was verified by Sanger sequencing.

Behavioral assays

Gregarious locusts wererearedinlarge cages (40 cm x 40 cm x 40 cm)
at a density of approximately 600 locusts per cage. Solitary locusts
were cultured individually in white metal boxes (10 cm x 10 cm x 25 cm)
supplied with charcoal-filtered compressed air. Development into
the solitary or gregarious phase depends on rearing conditions. The
behavioral assay for the third day of fourth-instar locust nymphs was
conducted in a rectangular Perspex arena with opaque walls and a
cleartop. Alocust wasreleased into the arena and monitored for 5 min.
Individual behavioral datawere recorded automatically and analyzed
using the EthoVision video tracking system. The three behavioral vari-
ableswere as follows: total distance moved (TDM) and total duration of
movement (TDMV), representing motor activity levels, and attraction
index (Al), defined as the total durationin the stimulus area minus the
total durationin the opposite area, representing attraction or repulsion
to the stimulus group. The behavioral phase status of each locust was
assessed by applying a single probabilistic metric of gregariousness,
Pyreg: Poreg = €17/(1+ €n7), where n=-2.11+0.005 x Al + 0.012 x TDM +
0.015 x TDMV. e represents Euler’s number, approximately 2.718.
AP, value of lindicates fully gregarious behavior, whereas a value of
Oindicates fully solitary behavior.

Quantitative chromosome conformation capture assays

Cells from locust brains were collected to prepare single-cell suspen-
sionsin1 mlPBS. Theresulting cells were incubated with 2% formalde-
hyde for cross-linking and were quenched with a final concentration
of 0.125 mM glycine. The cells were not treated with cross-linking as a
digested DNA control. Cells were lysed with 500 pl 1x cold lysis buffer
(10 mM Tris-HCI pH 8.0, 10 mM NacCl, 0.2% NP-40). Each sample was
digested overnight with Dpnll enzyme. Ligation reaction was per-
formedat16 °Cfor~22 hin1.5-mltubes containing 10x T4 ligase buffer,
125 plwater, 4 pl 40 U per microliter of LT4 ligase. The crosslinks were
reversed with Proteinase K (Invitrogen) at 65 °C overnight. DNA were
then purified using phenol-chloroform extraction and quantified by
Qubit dsDNA HS Assay (Invitrogen). The primer sequences are provided
inSupplementary Table 2.

Quantitative reverse transcription PCR

Total RNA was extracted using TRIzol reagent (Invitrogen). Quantitative
reverse transcription PCR was performed using FastStart DNA Master
SYBR Green I (Roche) with a LightCycler 480 instrument (Roche).
Relative expression levels were calculated using the 2722 method.

Statistics

For statistical analysis, a two-sided Student’s ¢-test was used to evalu-
atedifferencesin (1) mRNA and protein expression of Henna, (2) spa-
tial interaction between EH1 and TSS1 and (3) read abundances of
H4Kl6ac between autosomes and the X chromosome. A two-sided

Wilcoxon rank-sum exact test was used to evaluate differences in (1)
histone modification deposition on gene-body regions in short-size
and large-size genes, (2) female-to-male ratios of genic H4K16ac and
H4K20melsignals (with Benjamini-Hochbergadjusted P values) and
(3) arena behavioral assays. A two-sided Pearson’s product-moment
correlation test was used to assess the statistical significance of corre-
lationsin (1) intron length ratios between the locust and the two other
insects, (2) RNA expression ratios between the locust and the fruit
fly and (3) gene expression between females and males. A one-sided
Student’s ¢-test was used to evaluate differences in dNV/dS values for
translocated genes, with Benjamini—-Hochberg adjusted P values.
The significance between chromosome-chromosome associations
in Caeliferan species was assessed with the two-sided Fisher’s exact
test against a null model of random ortholog permutation with a
Bonferroni correction.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The sequencing data and genome assemblies have been deposited in
the Genome Sequence Archive at the National Genomics Data Center
of'the China National Center for Bioinformation under the BioProject
accession number PRJCA043246. The genome annotations are avail-
ableviafigshareat https://doi.org/10.6084/m9.figshare.27889818 (ref.
55). The transcriptome data of the brain, testis and fat body of the fruit
fly were retrieved from the NCBI database under accession number
PRJNA75285. The H3K27ac and H3K4mel profiling data from fruit fly
and honey bee brains were retrieved from the NCBI GEO database under
accession numbers GSE210427 and GSE206992, respectively. The
H4K16ac profiling data from female and male fruit flies were retrieved
from the NCBI database under GEO accession number GSE133637.
Source data are provided with this paper.

Code availability

The processing commands for sequencing data analysis and Figs. 1-6
are available via figshare at https://doi.org/10.6084/m9.figshare.
27889818 (ref. 55).
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Data collection  Chromosome staining was visualized using on a Zeiss LSM 710 confocal microscopy. The genome sequencing was conducted on a PacBio
Sequel instrument and a Nanopore PromethlON platform and an Illumina HiSeq X Ten System. DNA labeling for optical mapping was imaged
and digitized in a Saphyr instrument (Bionano Genomics). All the libraries of CUT&Tag, ATAC-seq and oligo-capping experiments were
sequenced on an lllumina NovaSeq 6000 System. Quantitative reverse transcription (qRT-PCR) was performed with a LightCycler 480
instrument (Roche). DNA FISH images were obtained using a Zeiss LSM 710 confocal microscope. Immunofluorescence images were obtained
using an Olympus IXplore SpinSR microscope or a Nikon N-SIM S super resolution microscope.

Data analysis GenomeScope v1.0.0 was used to conduct a K-mer frequency survey of genome composition based on 21-mer frequency distribution to
estimate genome size and heterozygosity. For the migratory locust, The raw PacBio reads were corrected and trimmed using Canu v1.7, and
the contig-level assembly were performed using FALCON v2.0.4 followed by the FALCON-Unzip v0.4.0 module. The remaining alternative
haplotypes from the initial primary contigs were removed using Purge Haplotigs v1.0.0, and the haplotypes switch errors were eliminated
using the FALCON-Phase v0.1.0. All PacBio reads were aligned to the resulting assemblies using BLASR v5.3.3 and then the consensus
sequences were called using the Arrow program in SMRT link v7.0. The PacBio-corrected assemblies were further improved by two rounds of
polishing with Pilon v1.23 using paired-end lllumina data. Data visualization, De novo assembly, and hybrid scaffolding of the optical map data
with a minimum size of 150 Kb were performed using the Bionano Access v1.2.1 and Bionano Solve v3.2.1 software. Gaps in the hybrid-
scaffolded assembly were closed using PBJelly from PBSuite v15.8.24 using PacBio and Nanopore read datasets. For the desert locust, the de
novo genome assemblies were generated by NextDenovo v2.4.0 and NextPolish v1.3.1 using long-read Nanopore sequencing. Trimmed Hi-C
reads were aligned to the polished genome assembly using bwa v0.7.17 and filtered for Hi-C-specific artifacts using the HiC-Pro v2.11.1
pipeline. The Juicer v1.5.6 and 3D-DNA v180922 pipelines were used to grouping, ordering and orientation of scaffolds and to generate a
chromosome-level genome assembly. The potential misjoins, translocations, and inversions within the boundaries of each chromosome were
corrected by manually introducing breakpoints at the mis-assembly sites based on visualization with Juicebox v1.5.3. The sex chromosome
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was identified by using a chromosome quotient method which relies on the simple assumption that female locusts have a two-fold increase of
read coverage compared to male locusts. The DNA-seq reads from an individual of both the male and female locusts were aligned separately
to the genome assembly using the Bowtie2 v2.4.1 program. The resulting bam files were filtered to remove low-quality alignments using the
SAMtools v1.9 program. Transposable elements and simple repeats were predicted de novo and classified using the RepeatModeler v2.01
package with RMBlast v2.9.0-p2 engine 49. Other prerequisite modules including RECON v1.08, RepeatScout v1.0.6, TRF v4.0.9, Dfam v2.0 and
Repbase-derived libraries were installed with the RepeatModeler v2.01 package. A combination of the consensus sequences of
RepeatModeler output and the locust transposable elements deposited in Repbase were used as input for RepeatMasker v4.11 to determine
the genomic coordinates of annotated transposable elements and generate a masked version of the locust genome assembly. Paired-end
reads were aligned to LMv3.1 using Bowtie2 v2.4.1. The multiBigwigSummary and plotCorrelation functions from deepTools v2.27.1 were
used to assess replicate reproducibility. The computeMatrix and plotHeatmap functions from deepTools v2.27.1 were used to generate the
heatmap. The CUT&Tag peaks were called by MACS2 v2.2.7.1 and SEACR v1.3 for narrow and broad peaks, respectively. The trimmed
transcriptomic reads were aligned to LMv3.1 using HISAT2 v2.2.1 without allowing soft clipping alignments. The resulting BAM files were used
in the identification of oligo-capping transcription start sites using the CAGEr version 1.24.0 package in R v3.5.1. The ATAC-seq data analyses
were performed based on the ENCODE pipeline. The trimmed reads were aligned to LMv3.1 using Bowtie2 v2.4.1. The ATAC-seq peaks were
called on nucleosome-free reads by MACS2 v2.2.7.1 using the narrow peak mode. ChromHMM v1.23 was used to analyze the combinatorial
patterns of 13 histone modifications The ortholog pairs between the migratory locust and the fruit fly were determined using OrthoFinder
v2.5.5 inference. The read abundances plot and the letter value plots were generated using the karyoploteR v1.22.0 and Ivplot v0.2.1
packages, respectively.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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The sequencing data and genome assemblies were deposited in the Genome Sequence Archive (GSA) at the National Genomics Data Center of the China National
Center for Bioinformation, under accession number PRICA043246. The genome annotations were deposited in Figshare under the DOI accession link: https://
dx.doi.org/10.6084/m9.figshare.27889818. The transcriptome data of the brain, testis, and fat body of the fruit fly were retrieved from the NCBI database under
accession number PRINA75285. The H3K27ac and H3K4me1l profiling data from fruit fly and honey bee brains were retrieved from the NCBI GEO database under
accession numbers GSE210427 and GSE206992, respectively. The H4K16ac profiling data from female and male fruit flies were retrieved from the NCBI database
under GEO accession number GSE133637. Source data are provided with this paper.
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Sample size filed. The sample size, which followed previously published literature on locust experiments (e.g., Guo, Nature, 2020), was chosen empirically
to ensure sufficient statistical power.

Data exclusions  No data was excluded

Replication The CUT&Tag and ATAC experiments were performed with two independent biological replicates, in line with accepted practices in the
epigenomics field. The RNA-seq, 3C, mRNA gPCR, and Western blot experiments were performed with at least three independent biological
replicates. The behavioral assays were performed with at least seven independent biological replicates. The FISH and immunofluorescence

experiments were performed with two independent biological replicates. All attempts to repeat the experiments were successful.

Randomization  The samples were allocated randomly into experimental groups.

Blinding The investigators were blinded to group allocation during data collection and data analysis.

Reporting for specific materials, systems and methods
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Antibodies

Antibodies used H3K9ac, Abcam, ab32129, 1:100
H3K14ac, Abcam, ab52946, 1:100
H3K18ac, Abcam, ab177870, 1:100
H3K27ac, Abcam, ab4729, 1:100
H3K27me1, Active Motif, 61015, 1:100
H3K27me2, Abcam, ab24684, 1:100
H3K27me3, Cell Signaling Technology, 97335, 1:100
H3K36me3, Active Motif, 61022, 1:100
H3K4mel, Abcam, ab8895, 1:100
H3K4me2, Abcam, ab32356, 1:100
H3K4me3, Abcam, ab8580, 1:100
H3K9me3, Abcam, ab8898, 1:100
H4K20me3, Abcam, ab9053, 1:100
H4K16ac, Abcam, ab109463, 1:100
H4K20me1l, Abcam, ab9051, 1:100
Alexa Fluor 546 goat anti-rabbit IgG, Thermo Fisher, A-11035, 1:1000
Henna, 1:3000, The henna antibody is retrieved from the previous study (PMID: 24586212).

Validation Histone modification is highly conserved in animals. The validation information for the histone modification antibodies is provided on
the website of manufacturers. The henna antibody was validated in the previous study (PMID: 24586212).
H3K9ac, https://www.abcam.com/en-us/products/primary-antibodies/histone-h3-acetyl-k9-antibody-y28-chip-grade-ab32129
H3K14ac, https://www.abcam.com/en-us/products/primary-antibodies/histone-h3-acetyl-k14-antibody-ep964y-chip-grade-ab52946
H3K18ac, https://www.abcam.com/en-us/products/primary-antibodies/histone-h3-acetyl-k18-antibody-epr16595-chip-grade-
ab177870
H3K27ac, https://www.abcam.com/en-us/products/primary-antibodies/histone-h3-acetyl-k27-antibody-chip-grade-ab4729
H3K27me1l, https://www.activemotif.com/catalog/details/61015
H3K27me2, https://www.abcam.com/en-us/products/primary-antibodies/histone-h3-di-methyl-k27-antibody-chip-grade-ab24684,
H3K27me3, https://www.cellsignal.com/products/primary-antibodies/tri-methyl-histone-h3-lys27-c36b11-rabbit-mab/9733
H3K36me3, https://www.activemotif.com/catalog/details/61021/histone-h3-trimethyl-lys36-antibody-clone-mab-clone-mabi-0333
H3K4mel, https://www.abcam.com/en-us/products/primary-antibodies/histone-h3-mono-methyl-k4-antibody-chip-grade-ab8895
H3K4me2, https://www.abcam.com/en-us/products/primary-antibodies/histone-h3-di-methyl-k4-antibody-y47-chip-grade-ab32356
H3K4me3, https://www.abcam.com/en-us/products/primary-antibodies/histone-h3-tri-methyl-k4-antibody-chip-grade-ab8580
H3K9me3, https://www.abcam.com/en-us/products/primary-antibodies/histone-h3-tri-methyl-k9-antibody-chip-grade-ab8898
H4K20me3, https://www.abcam.com/en-us/products/primary-antibodies/histone-h4-tri-methyl-k20-antibody-chip-grade-ab9053
H4K16ac, https://www.abcam.com/en-us/products/primary-antibodies/histone-h4-acetyl-k16-antibody-epr1004-ab109463
H4K20me1l, https://www.abcam.com/en-us/products/primary-antibodies/histone-h4-mono-methyl-k20-antibody-chip-grade-ab9051
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Alexa Fluor 546 goat anti-rabbit 1gG, https://www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Rabbit-1gG-H-L-Highly-Cross-
Adsorbed-Secondary-Antibody-Polyclonal/A-11035

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals The locust colonies, maintained at the Institute of Zoology, Chinese Academy of Sciences, were reared under a 14:10 light/dark
photoperiod at 30°C and fed fresh wheat seedlings and wheat bran. Fourth-instar nymphs with a 1:1 sex ratio were used for
behavioral plasticity experiments. Genome sequencing was conducted on an adult female migratory locust and an adult male desert
locust. For dosage compensation experiments, both adult female and male locusts were used.

Wild animals No wild animals were used in the study.

Reporting on sex N/A

Field-collected samples  No field collected samples were used in the study.

Ethics oversight This study does not require ethical approval.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks N/A

Novel plant genotypes ~ N/A

Authentication N/A
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