
Article https://doi.org/10.1038/s41467-025-67031-w

Near complete assembly of Drosophila
melanogaster Canton S strain genome

Yan-Nan Liu1,2,3,10, Jian-Jun Gao1,2,3,10, Xiao-Lin Zhuang 4,
Dong-Dong Wu 4,5,6,7,8,9 & Yan-Bo Sun 1,2,3,5

The fruit fly Drosophila melanogaster is a pivotal model organism, yet its
reference genome (ISO-1 strain) retains unresolved gaps in complex regions.
Here, we present a near-complete telomere-to-telomere genome assembly
(Dm.nT2T) of the Canton S strain (male), generated using an integrative
approach combining PacBio HiFi, Oxford Nanopore ultra-long reads, and Hi-C
data. This assembly spans 161.63Mb, closes 93.28% of gaps in the current
reference genome, and improves contiguity (contig N50 of 21.93Mb). We
identify centromeric and telomeric regions, yielding amore complete genome
map. Comparative analysis with the ISO-1 reference identifies 7989 structural
variants, including large insertions/deletions enriched in telomeric and cen-
tromeric regions. Notably, we detect SINE transposable elements, and identify
92 genes via multi-strategy annotation. Functional validation of two genes
shows that Chr3L.2449, expressed in olfactory tissues, is critical for olfactory
sensitivity. Dm.nT2T provides a high-quality resource for exploring genomic
complexity, strain diversity, and gene function in Drosophila.

Drosophila melanogaster (fruit fly) is a small insect found worldwide,
exhibiting significant genetic diversity across numerous strains1. As a
cornerstonemodel organism in biological research, it iswidely utilized
across genetics, neuroscience, species evolution, and developmental
biology due to its short life cycle, ease of cultivation, and straightfor-
ward genetic manipulation2,3. Its compact genome and the availability
of advanced genetic tools have yielded crucial insights into gene
function and regulation, and mechanisms of complex traits and
diseases4,5. Moreover, owing to its genetic similarities to humans, it
serves as an invaluable tool for understanding human disease
mechanisms6,7. However, despite ongoing studies seeking to improve
genome completeness of this classic model organism8,9, its genome

still contains the structurally complex regions10,11, constraining our
capacity to fully decipher the genome’s functional landscape.

The evolution of D. melanogaster genome assemblies mirrors
advancements in sequencing technologies. Early efforts relied on
Sanger sequencing and clone-based mapping, culminating in the
shotgun assembly (Release 1, ~120Mb)12. This release contained gaps
and misassemblies but provided the first comprehensive eukaryotic
genome reference beyond yeast. Substantial refinements (Release
2–6) improved gap closure and extended coverage into hetero-
chromatin, but technical limitations, particularly with short-read
sequencing, left ~250 unresolved gaps in the current reference gen-
omeRelease 6 (R6), predominantly in structurally complex regions13–15.
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These regions predominantly localize within highly repetitive
sequences and centromeric/telomeric areas15, which are essential for
genome stability, exemplified by centromeres that ensure accurate
chromosome segregation and telomeres that protect chromosomal
ends16,17. It has been established that telomeres in D. melanogaster are
maintained not by telomerase, but through the targeted transposition
of specialized retrotransposons, primarily HeT-A, TART, and TAHRE
(collectively termed HTT elements)18,19, yet the telomere length
dynamics remain incompletely understood. Similarly, centromeres in
D. melanogaster, composed of tandem satellite repeats20, have eluded
base-pair resolution mapping, limiting insights into their epigenetic
regulation and role in genome stability.

Recent breakthroughs in long-read sequencing platforms (PacBio
HiFi, Oxford Nanopore) and sophisticated assembly algorithms now
enable the construction of telomere-to-telomere (T2T) assemblies for
complex genomes21. These technologies bypass the limitations of
short reads by spanning repetitive regions and scaffolding contigs into
chromosomes. Landmark achievements include the T2T assembly of
the human genome (CHM13), resolving inaccessible regions such as
centromeres, telomeres, and segmental duplications, revealing
unprecedented insights into genome structure, variation, and
function22. This T2T paradigm has rapidly expanded to other key
model organisms, demonstrating its transformative potential for
comprehensive genomic analysis23,24. Here, we present a near-

complete genome assembly (Dm.nT2T) of the Canton S strain (a clas-
sical wild-type line) using an integrative approach combining PacBio
HiFi, ONT ultra-long reads, Illumina short reads, and Hi-C data. This
assembly resolves critical gaps in the current reference, identifies the
centromeric and telomeric regions, and uncovers additional genomic
elements. By comparing the Dm.nT2T with the ISO-1 reference strain,
we further highlight intraspecific genomic variation, providing a
resource to enhance understanding of D. melanogaster biology, evo-
lution, and complex trait genetics.

Results
A near-complete genome assembly of D. melanogaster
To construct a higher-quality genome assembly ofD.melanogaster, we
utilized an integrative approach that combined deeply sequenced data
from multiple sequencing platforms. These included 17.36Gb
(~107.39×) of PacBio HiFi Circular Consensus Sequencing (CCS) reads,
156.25Gb (~966.74×) of Oxford Nanopore Technology (ONT) ultra-
long (UL) reads, 30.84Gb (~149.37×) of short paired-end reads, and
24.14 Gb (~190.8×) of High-throughput Chromatin conformation cap-
ture (Hi-C) sequencing reads (Fig. 1a and Supplementary Table 1). The
quality and length distribution of the raw long-read sequencing data
confirmed the overall reliability of the input reads, with HiFimean read
length was 7141.6 bp and ONT ultra-long mean read length was
26,487.9 bp (Supplementary Fig. 1). For HiFi reads, the mean Phred

Fig. 1 | Overview of the Dm.nT2T genome assembly and annotation. a Circos
plot depicting genome features at 50-kb resolution across the seven assembled
chromosomes. From outer to inner ring: (I) PacBio HiFi read depths, (II) ONT UL
read depths, (III) GC content, (IV) gene density, and (V) repeat density. b Hi-C
chromatin interaction map of the Dm.nT2T genome assembly. Point colors

represent the logarithmic value of interaction strength between corresponding
genomicbin pairs, with intensity increasing fromyellow to black. cDistribution and
relative abundance of repetitive sequence types within the assembly. d Historical
release timeline and corresponding genome sizes for D. melanogaster reference
genome versions. Source data are provided as a Source Data file.
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quality scorewasQ28.9 (equivalent to a base error rate of 0.13%),while
the median quality score reached Q37.1 (0.02% error rate), demon-
strating high accuracy for the majority of sequencing reads. The ONT
reads displayed an N50 value of 48,181 bp, indicating a significant
fraction of ultra-long reads. The average read quality score was Q14.4
(corresponding to an estimated error rate of approximately 3.6%), and
the median quality score was Q15.1 (error rate of approximately 3.1%),
consistent with the typical performance range of current ONT
technology.

Assembly with NextDenovo25, followed by polishing with
minimap226 and Nextpolish27, yielded 30 contigs without any manual
filtering. Hi-C scaffolding further clustered 25 contigs into seven
chromosomes (Chr2L, Chr2R, Chr3L, Chr3R, Chr4, ChrX, and ChrY)
with LACHESIS28, supported by distinct diagonal interactions in Hi-C
heatmaps (Fig. 1b). Following gap fillingwith Nextagap25, the final near-
complete assembly of D. melanogaster (termed Dm.nT2T) spans
161.63Mb, with a contig N50 of 21.93Mb (Table 1). Quality evaluation
showed a k-mer completeness of 98.0% and a QV of 40.24 for the
assembly using Merqury29 (Supplementary Fig. 2). BUSCO30 analysis
further demonstrated a high level of completeness of genome
assembly, achieving 98.8% completeness (Supplementary Table 2),
showing a slight enhancement over the current reference genome
(Release 6 plus ISO1 MT, R6). Additionally, we performed GC-depth
analysis, which demonstrated a GC content distribution ranging from
30% to 60% with the sequencing depth concentrated around 1000×.
This profile exhibited a unimodal distribution without anomalous
deviations (Supplementary Fig. 3). These results indicate the absence
of sequence contamination and confirm the high completeness and
accuracy of the Dm.nT2T genome assembly. A comparison with pre-
viousD.melanogaster assemblies using long-read technologies further
illustrates the progressive improvements over the R6 reference and
additional advances achieved by the Dm.nT2T assembly (Supplemen-
tary Table 3).

To further evaluate assembly quality, we analyzed ribosomal DNA
(rDNA) arrays and histone gene clusters, which represent known pro-
blematic regions on the X and Y chromosomes (ChrX and ChrY).
Canonical rDNA sequences (18S, 5.8S, 2S, and 28S) from the R6 refer-
ence were employed as queries for BLASTn31 searches against the
Dm.nT2T assembly (E-value ≤ 1e-20). This analysis showed that within
Dm.nT2T, the 18S, 5.8S, and 28S rDNA sequences can be precisely
localized to ChrX (Supplementary Data 1). Notably, we also detected
high-confidence matches for these rDNA units on ChrY, where the
presence of an rDNA cluster has long been recognized32–34, but was not
annotated in the R6 genome assembly, indicating a significant
enhancement in rDNA resolution. Furthermore, the 18S and 28S rDNA
sequences, which are restricted to unplaced contigs in the R6 genome,
were successfully anchored to both ChrX and ChrY in the Dm.nT2T
assembly (Supplementary Data 1), further demonstrating an
improvement in rDNA array assembly, particularly concerning the sex
chromosomes. Similarly, to evaluate the resolutionof the histone gene
clusters, 111 canonical histone gene sequences were retrieved fromR6,
encompassing all five major histone families (H1, H2A, H2B, H3, and
H4). A stringent BLASTn search (identity ≥95%, E-value ≤ 1e-20) was
performed against theDm.nT2T assembly. Our analysis showed that all

histone genes exhibited >95% sequence identity and mapped con-
tiguously to an extended tandem repeat region onChr2L (coordinates:
21.4Mbto 22.1Mb; SupplementaryData 2). In contrast to the restricted
interval of 21.4–21.5Mb in the R6 assembly, this 0.7Mb expansion
demonstrates successful resolution of the repetitive region in the
Dm.nT2T assembly. Furthermore, several histone H2B sequences ori-
ginally annotated on Chr2L in R6 were found to align to a region on
Chr2R (3.087–3.088Mb) in our assembly, providing additional evi-
dence that unassembled histone sequences have been accurately
resolved in Dm.nT2T.

The repetitive sequence content in the Dm.nT2T genome
assembly was estimated as 30.57%, with transposable elements (TEs)
accounting for 22.79% (Supplementary Table 4). This percentage is
slightly higher than that observed in the R6 genome, which has 21.7%
TEs. The predominant TEs classes identified comprise DNA transpo-
sons (accounting for 3.98%), Long Terminal Repeats (LTRs; 11.91%),
Long Interspersed Nuclear Elements (LINEs; 6.87%), and Short Inter-
spersed Nuclear Elements (SINEs; 0.02%) (Fig. 1c). Notably, the pre-
sence of SINE elements in our assembly is intriguing since prior
research and literature do not report their existence in D.
melanogaster35.

Structural comparisons with the current reference genome
The reference genome of D. melanogaster has undergone continuous
refinement over the past several decades, with the assembled genome
size gradually increasing alongside advances in sequencing technolo-
gies. In comparison, Dm.nT2T is 17.93Mb larger than the R6 genome
(Fig. 1d and Supplementary Table 5) and closed 93.28% of R6 gaps
(Table 1), representing the largest chromosomal-level genome pub-
lished to date for D. melanogaster. Syntenic alignment revealed con-
served collinearity between the Dm.nT2T and R6 genome assemblies
(Fig. 2a and Supplementary Fig. 4).

Within the alignment results of the two assemblies, we observed
numerous small structural variations (SVs). To more precisely detect
them, we mapped HiFi reads to the R6 genome and utilized four dif-
ferent tools to identify SVs, including Sniffles236, SVIM37, PBSV, and
CuteSV38. After initial results filtered, a total of 7989 SVs were finally
identified, including 2862 insertions (INSs), 3208 deletions (DELs), 242
duplications (DUPs), 203 inversions (INVs), and 1474 translocations
(TRAs). The distribution of SVs exhibited enrichment at the telomeric
regions of all autosomes, one terminus of the X chromosome (ChrX),
andubiquitously throughout the Y chromosome (ChrY). These regions
were predominantly comprised of insertions and deletions (INDELs)
and TRAs, with pronounced enrichment observed at the termini of
Chr2R, Chr3R, and ChrX (Fig. 2b). INDELs accounted for the vast
majority of these variants, with sizes ranging from 51bp to 92,641 bp,
and 79.57% of them exceed 100 bp in length (Fig. 2c). Interestingly,
these SVs are most enriched in the putative centromeric regions.
RepeatMasker (http://repeatmasker.org) analysis showed only 1% of
SVs overlapped repetitive sequences, suggesting the vast majority of
variations are not attributable to repetitive sequences. We also inves-
tigated their spatial relationship to assembly gaps in Dm.nT2T to
assess whether these variants are indicative of potential scaffolding
errors. We conducted a comparative structural variant analysis
between Dm.nT2T and the R6 using SyRI39. Our analysis revealed that
none of the identified INVs or TRAs overlapped or even located within
10 kb of any gap region, providing robust support for the structural
integrity of our scaffolding and the validity of the detected SVs.

Notably, our analysis revealed an interesting observation: the
assembled Y chromosome exhibits extensive structural variations
compared to the reference genome R6, with a length extension to
6.27Mb. Furthermore, considering thatChanget al. reported a 14.6Mb
Y chromosome assembly40, this discrepancy raises critical questions
regarding the accuracy of our Y chromosome assembly. To address
this issue, we further compared our ChrY (Y_Dm.nT2T) with the Chang

Table 1 | Statistical comparison between the R6 and Dm.nT2T
genome assembly

Release 6 plus ISO1 MT Dm.nT2T

Size (Mb) 143.7 161.63

Num. chromosomes 7 7

Contig N50 (Mb) 21.5 21.93

Gap number 268 18

Num. genes 17,894 17,898
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assembly (Y_Chang). Results showed that the Y_Dm.nT2T exhibits
superior contiguity: Y_Dm.nT2T is a single, fully contiguous contig,
with N50/N90/L50 values equal to its full length (~6.27Mb) (Supple-
mentary Table 6). In contrast, the fragmentation of the Y_Chang
assembly (55 contigs) and its elevated ambiguity rate (N-base fre-
quency per 100 kbp: 171.19 compared with 6.38) reflect the inherent
trade-off associated with prioritizing repetitive sequence recovery at
the expense of structural coherence.

We further used ANNOVAR41 to annotate and evaluate the
potential functional impacts of these SVs. The results indicated that
most SVs occur in intergenic and intronic regions, accounting for
46.7% and 38.2%, respectively (Table 2). Only 4.2% of SVs are located in

the exonic region, 3.2% in the untranslated regions (UTRs), 3.9%
upstream, and 3.8% downstream (within 1 kb of a gene). Given that the
intronic and intergenic regions frequently harbor functionally impor-
tant regulatory elements42, the presence of SVs in these areas might
have significant implications for gene expression regulation43. Gene
Ontology (GO) enrichment analysis showed that genes (n = 4587)
within 5 kb of the SVs were significantly enriched in processes related
to response to hormone, mRNA metabolic process, tube morpho-
genesis, and protein maturation (Supplementary Fig. 5).

To investigate whether the Dm.nT2T assembly permits identifi-
cation of additional genetic features that are present in the Drosophila
genome but not represented in the reference, we performed further
analysis of ATAC-seq data derived from 12 distinct D. melanogaster
tissues, downloaded from the ENA database (Supplementary Data 3).
These data were aligned to both the R6 genome and the Dm.nT2T
genome assembly. Following peak calling, open chromatin regions
were identified based on consensus peaks across biological replicates,
yielding a total of 212,111 peaks across all 12 tissues. After filtering out
peaks overlapping with those identified in the R6 assembly, we iden-
tified 9447 peaks unique to the Dm.nT2T assembly. Annotation of
these open chromatin regions demonstrated that distal intergenic
regions and intergenic regions constitute the primary sites of peak
enrichment (Fig. 2d). Specifically, peaks within distal intergenic
regions accounted for 26.95% of the total, followed by promoter
regions at 21.41% (Fig. 2e).

Fig. 2 | Genomic comparison and structural variants between the R6 and the
Dm.nT2Tgenomeassemblies. a Syntenic alignment between theR6andDm.nT2T
genome assemblies. Gray regions denote syntenic blocks, while yellow segments
indicate assembly gaps on divergent chromosomes. b Ideogram of density dis-
tribution of different types of SVs on chromosomes of the Dm.nT2T genome
assembly (DEL Deletion, DUP Duplication, INS Insertion, INV Inversion, TRA

Translocation). c The logarithmic scale size of different types of SVs (DEL, n = 3209;
DUP, n = 242; INS, n = 2862; INV, n = 203; TRA, n = 1473). d The Upset plot deli-
neating the annotation of genomic features. e The Pie chart represents the func-
tional annotation percentage of genomic features. Source data are provided as a
Source Data file.

Table 2 | Statistical annotation of structural variants identified
by ANNOVAR

Type Number Ratio (%)

Intronic 2838 38.20678514

Intergenic 3472 46.74205708

Exonic 310 4.173397954

UTR 239 3.217555197

Upstream 287 3.863758751

Downstream 282 3.79644588
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Characterization of segmental duplications and population
analysis
Segmental duplications (SDs), defined as genomic regions longer than
1 kb with sequence identity exceeding 90%44, were systematically
analyzed in the Dm.nT2T genome assembly. Our analysis revealed a
total SD content of 15.7Mb (~9.8% of the genome) with distinct dis-
tributionpatterns: intra-chromosomal SDs dominated (14.3Mb, 91.1%),
followed by inter-chromosomal duplications (3.5Mb, 22.3%), and
complex overlapping events spanning both categories (2Mb, 12.7%).
Spatial analysis demonstrated striking centromeric enrichment of SDs
(Supplementary Fig. 6), mirroring evolutionary conservation patterns
observed across multiple T2T-sequenced species45,46.

To elucidate the evolutionary dynamics of SDs across natural
populations, we analyzed genome-wide variation patterns using
resequencing data from six globally distributed D. melanogaster
populations (including Asia, Europe & Northern Africa, Oceania &
North America, Ethiopia, Western & Eastern Africa, and Southern
Africa; Supplementary Data 4)1. After rigorous quality control, 1.84
million high-confidence biallelic SNPs were retained, with 17,568
SNPs (15.79Mb) localized to SD regions and 1.83 million SNPs
(140.07Mb) in non-SD regions. SD regions exhibited a 12-fold
reduction in SNP density (1.11 SNPs/kb vs. 13.03 SNPs/kb in non-SD
regions), supporting constrained mutagenesis or enhanced repair
fidelity in duplicated loci. Allele frequency spectra further revealed
population-specific signatures: Ethiopian and sub-Saharan African
populations (excluding North Africa) showed higher SD-region allele
frequencies compared to derived populations (Supplementary
Fig. 7), reflecting either higher ancestral diversity retention due to
larger effective population sizes or stronger purifying selection on
African-lineage SDs to potentially maintain centromere-proximal
repeat integrity.

Identification of telomeric and centromeric complex regions
Since telomeres function to maintain chromosomal stability and pre-
vent DNA damage in eukaryotes47, comprehensive mapping of telo-
meric regions therefore holds implications extending beyond
enhancing genome completeness, facilitating a deeper understanding
of telomere function. Studies have demonstrated that the telomeric
regions of D. melanogaster are composed of three families of retro-
transposons: HeT-A, TART, and TAHRE48,49. This organization contrasts
with the tandem repeats of TG-richmicrosatellite sequences observed
in most other species50,51. Furthermore, it exhibits unique features
distinguishing it even from other species within the genus52. To iden-
tify telomeric regions, we employed lastz (https://github.com/lastz/
lastz) to align the transposons HETA (6081 bp), TART-A (15576 bp),
TART_B1 (10654 bp), and TAHRE (10463 bp) to the Dm.nT2T genome
assembly. Analysis using the Integrative Genomics Viewer (IGV)53

identified six telomeric regions. No telomeric regions were detected
on Chr3L and Chr4. Among the identified telomeric regions, the
longest is the ChrX left-arm telomere (76.24 kb), while the shortest is
the ChrY right-arm telomere (14.17 kb; Table 3). We further system-
atically compared the average length, TE composition, and genomic

location of telomeric regions in Dm.nT2T with those in the R6 refer-
ence, using the same method for telomeric region identification as
applied in Dm.nT2T. This analysis highlights substantial differences in
telomere representation between the two assemblies. The total telo-
meric length in Dm.nT2T reaches 297 kb, markedly exceeding the
74.3 kb observed in R6, whose sequences remain unplaced contigs. On
average, telomeric regions in Dm.nT2T span 49.7 kb, whereas those in
R6 measure only 1.6 kb. These differences primarily reflect the more
complete and accurate reconstruction of telomeric regions in the
Dm.nT2T genome assembly. However, we cannot fully exclude the
possibility that some variation arises from genuine strain-specific
polymorphisms, which will require further comparative analyses
across multiple D. melanogaster strains. Moreover, TE composition
analysis reveals that Dm.nT2T telomeres comprise multiple TE famil-
ies, including HET-A, TART, TAHRE, and HETA_DSi. In contrast, R6 tel-
omeres contain only HET-A elements.

To detect centromeric regions ofD.melanogaster, we employed a
two-step method. Firstly, due to the high content of simple repeats in
centromeric regions, we used Tandem Repeat Finder (TRF)54 to iden-
tify genome regions rich in repeat sequences. Regions exhibiting a
relatively condensed and tightly packed array of repeat units were
deemed potential centromeric candidates, with the constituent repeat
units designated as centromeric motifs. Based on reported lengths of
Drosophila centromeric motifs55, we selected a range of 5–500 bp to
scan for tandem repeat sequences across the genome, following the
pipeline described in the grape T2T genome56. Our assembly revealed
that 5-bp repeats are themost abundantmonomeric unit, with 290,576
copies constituting approximately 0.9% of the total genome (Supple-
mentary Table 7). These repeats were distributed across almost all
chromosomes. Additional prevalent repeat lengths encompassed
10 bp (corresponding to the Drosophila Prod satellite), 11 bp, 8 bp,
12 bp (corresponding to theDodeca satellite), 7, 6, and 359bp (Fig. 3a).
Consequently, regions enriched with these TRF-identified repeat
motifsweredesignated as candidate centromeric regions, with 5–12 bp
simple repeat sequences constituting the primary constituents of D.
melanogaster’s candidate centromeres, wherein 5-bp units exhibit an
overwhelming dominance (Fig. 3b). Next, we performed a self-
alignment of the Dm.nT2T genome assembly using StainedGlass57 to
display sequence repetitiveness and alignment patterns, thereby pin-
pointing highly repetitive centromeric regions. This analysis allowed
us to visualize candidate centromeric regions on each chromosome
(Supplementary Fig. 8). By integrating the two results, we conclusively
defined the centromeric regions of the Dm.nT2T genome assembly,
ranging from 35.3 kb on Chr4 to 2.6Mb on ChrX, with an average
length of 920 kb (Table 4).

To further validate the accuracy of the candidate centromeric
regions, we reanalyzed publicly available ChIP data for CENP-A (Sup-
plementary Data 3), a histone variant that serves as an epigenetic
marker for centromeres16. CENP-A binding regions represent the defi-
nitive benchmark for centromere identification. ChIP-seq analysis con-
firmed the accuracy of our candidate centromere regions. Specifically,
CENP-A exhibited significant peak enrichment predominantly within

Table 3 | The location of the telomeric region in the Dm.nT2T genome assembly

Chromosome Left start End Length (bp) Right start End Length (bp)

Chr2L 1 40,088 40,087 – – –

Chr2R – – – 25,182,000 25,256,150 74,150

Chr3L – – – – – –

Chr3R – – – 34,458,346 34,507,726 49,380

Chr4 – – – – – –

ChrX 12 76,250 76,238 – – –

ChrY 2,715,543 2,759,968 44,425 5,769,889 5,784,058 14,169
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the mid-regions of autosomes, the distal right arm of ChrX, and the
proximal left arm of ChrY relative to input controls (Supplementary
Fig. 9). Notably, the centromeric region of ChrX primarily consists of a
359bp repeat motif (average 12,340 copies, constituting 2.74% of the
genome; Fig. 3c), consistent with previous reports58.

We also analyzed the transposon distribution pattern across the
genome to further verify the precise localization and composition of
the centromeric region. Manual curation was performed on non-LTR
and LTR transposons derived from the TE annotation data. We found
that the D. melanogaster centromeric region mainly consists of seven
types of transposons: Jockey, CR1, R1, Copia, Gypsy, Pao, and Helitron,
mainly belonging to the LINE, LTR, and RC (Rolling-Circle) families.
Notably, the centromeric regions of most chromosomes were enri-
ched with the Jockey family, which is consistent with earlier
reports20 (Fig. 3d).

Refinement of gene annotation and gene discovery
To refine the gene annotations, we employed two complementary
approaches. Initially, we utilizedmulti-evidence approaches, including
homologous sequences, transcriptome sequences, and de novo pre-
dictions, which were submitted to EvidenceModeler (EVM)59 to anno-
tate the assembly. Then, all genes were lifted over from the current
reference genome of D. melanogaster (r6.54) using Liftoff 60. By filter-
ing overlapping genes between these two parts, we obtained the pri-
mary annotation set comprising 17,898 genes, among which there
were 213 potential genes.

To investigate the 213 candidate genes, we conducted reciprocal
best-hit (RBH) BLASTP31 alignments between their protein sequences
derived from the Dm.nT2T and R6 genome assemblies. This analysis
identified 80 homologous genes. The remaining 133 genes were sub-
jected to cross-validation against transcript assemblies from multiple
tissues to confirm transcriptional activity. This validation finally yiel-
ded 92 genes (Supplementary Data 5), among which, 90 genes reside
in unannotated genomic intervals, while 2 were reconstructed from
unassembled regions via TBLASTN31 interrogation. Coding potential
assessment using CPC261 predicted 74 genes as protein-coding. Inter-
estingly, these genes exhibit non-random chromosomal distribution:
Chr3R harbors ~63% of loci, contrasting with minimal representation
on sex chromosomes.

To enhance the precision of gene annotation in the Dm.nT2T
genome, we implemented a hybrid curation pipeline integrating
computational predictions with manual verification62. Using the spe-
cialized genome browser IGV-GSAman (https://gitee.com/CJchen/IGV-
sRNA), a tool optimized for resolving complex gene architectures

Table 4 | The location of the centromeric region in the
Dm.nT2T genome assembly

Chromosome Centromere Start End Length (bp)

Chr2L CEN1 23,947,953 24,206,470 258,517

Chr2R CEN2 859,024 929,547 70,523

Chr3L CEN3 28,146,212 28,652,792 506,580

Chr3R CEN4 404,492 1,805,165 1,400,673

Chr4 CEN5 824,137 859,453 35,316

ChrX CEN6 32,308,449 34,952,072 2,643,623

ChrY CEN7 1,314,078 2,838,305 1,524,227

Fig. 3 | Identification and visualization of centromeric repeat motifs of the
Dm.nT2T genome assembly. a Distribution of the top 7 repeat motifs across
chromosomes.bDistribution of high-copy-number simple repeatmotifs within the

genome. c Heatmap of sequence similarity in the centromeric regions of the X
chromosome, with colors representing identity. dDistribution of different types of
transposons across chromosomes. Source data are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-025-67031-w

Nature Communications |          (2026) 17:329 6

https://gitee.com/CJchen/IGV-sRNA
https://gitee.com/CJchen/IGV-sRNA
www.nature.com/naturecommunications


through integrative visualization of multi-omics evidence, we system-
atically rectified annotation errors based on cross-tissue tran-
scriptomic alignments. This manual curation targeted three prevalent
misannotation types endemic to automated annotation systems: (ⅰ)
fragmented genemodels, (ⅱ) gene fission artifacts, and (ⅲ) gene fusion
errors. Through iterative refinement of exon boundaries and splicing
isoforms (exemplified in Fig. 4a for type Ⅰ), we corrected structural

defects in 35/92 (38%) genes, with fragmented gene models con-
stituting the dominant error class (32/35 cases, 94.3%; Supplemen-
tary Data 6).

Functional validation of genes
To validate the biological functions of these genes, we retrieved 48
publicly accessible RNA-seq datasets encompassing 16 distinct tissues
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from the ENA database, with three biological replicates per tissue
(Supplementary Data 7), enabling the derivation of their expression
profiles. Analysis revealed that a distinct subset of these genes dis-
played statistically significant tissue-specific expression patterns
(Fig. 4b). Among them, we selected two representative genes,
Chr2R.722 and Chr3L.2449, for functional validation via multiple
experimental approaches. Notably, Chr2R.722 exhibited predominant
expression during larval stages, whereas Chr3L.2449 showed marked
enrichment in legs, labellum, and antenna.

Using CRISPR/Cas9 technology, a frameshift mutation was intro-
duced within the open reading frame (ORF) of Chr2R.722, anticipated
to disrupt its functional integrity. To validate the mutation, tran-
scriptome sequencing was conducted on homozygous mutant flies
and wild-type controls using larval samples. Principal component
analysis (PCA) of the transcriptome data revealed clear segregation
between mutant and control groups (Fig. 4c). Differential expression
analysis confirmed significant downregulation of Chr2R.722 expres-
sion in mutant flies compared to controls, verifying the efficacy of the
genetic manipulation and establishing the mutation (Fig. 4d and Sup-
plementary Data 8). Nevertheless, homozygous mutant flies exhibited
no observable phenotypic abnormalities, including feeding, locomo-
tion, or reproductive behaviors. Gene Ontology (GO) functional
enrichment analysis of differentially expressed genes following
Chr2R.722 mutation suggested its potential implication in biological
processes, including chitin-based cuticle sclerotization, response to
monoamine, and Toll and Imd signaling pathways (Supplementary
Fig. 10). These processes are related to the development of the exos-
keleton, neural transmission, and immune responses in fruit fly larvae.
Given that the larval stage is crucial for the growth anddevelopment of
fruit flies, and larvae are particularly susceptible to pathogen
invasion63, the participation of Chr2R.722 in Toll and Imd signaling
pathways—key immune response mechanisms in fruit flies—implies a
potential role in bolstering the larvae’s resistance to pathogens.

Similarly, for Chr3L.2449, a frameshift mutation was introduced
into itsORF. PCA analysis revealeddistinct separation between groups,
and differential expression analysis demonstrated significant down-
regulation of Chr3L.2449 in mutant flies relative to controls, thereby
supporting the validity of the experimental findings and confirming
the mutation (Fig. 4e, f and Supplementary Data 9). Since Chr3L.2449
is highly expressed in tissues harboring nearly all olfactory receptors
and specific taste receptors in D. melanogaster, this observation sug-
gests its potential impact on olfactory function. To investigate this, we
conducted olfactory choice behavioral assays comparing mutant flies
deficient in this gene with wild-type control flies (Fig. 4g). In each trial,
100 mutant flies (5 days old adult) and 100 control flies (5 days old
adult)were introduced into a Y-tube,with one channel infusedwith the
aversive odorant 3-Octanol (OCT), which is commonly used in odor
experiments due to its repellent effect on fruit flies64, while the other
channel received fresh air. Through six sets of repeated experiments
(three for mutants and three for controls), we assessed the olfactory
sensitivity of both mutant and control flies. Our results revealed that
the olfactory ability of the mutant flies showed a significant degrada-
tion compared to the control flies (Fig. 4h). Evenwhen the odors in the
two channels were switched, the difference in olfactory sensitivity still
existed, although it was not statistically significant (Supplementary

Fig. 11). This suggests that themutationofChr3L.2449 caused ageneral
impairment in the mutant flies’ olfactory system, leading to their
diminished sense of smell.

Discussion
The present study reports a near-complete T2T genome assembly of
Drosophila melanogaster (Dm.nT2T), representing a significant
advancement in resolving the genomic complexity of this classic
model organism. By integrating state-of-the-art sequencing technolo-
gies and computational approaches, we addressed the majority of
longstanding gaps in the reference genome, uncovered additional
genomic elements, and provided functional insights into
unannotated genes.

Multi-technology integration resolves complexgenomic regions
The generation of Dm.nT2T represents a methodological break-
through enabled by the strategic combination of PacBio HiFi, ONT UL
reads, and Hi-C data. This integrative approach overcame technical
limitations in resolving repetitive and structurally complex regions.
PacBio HiFi reads (17.36Gb, ~107.4×) provided high base accuracy
(>99.9%), critical for validating small-scale variations and repetitive
element boundaries, while ONT UL reads (156.25 Gb, ~966.7×) with
mean lengths of 26.49 kb spanned large repetitive arrays (e.g., cen-
tromeric satellites and telomeric retrotransposons) that confounded
shorter reads. Hi-C data further facilitated chromosome-scale scaf-
folding, anchoring 25 contigs into seven major chromosomes with
robust diagonal interactions in chromatin contact maps (Fig. 1b),
confirming assembly accuracy. This pipeline achieved a contig N50 of
21.93Mb and closed 93.28% of gaps in the R6 genome. Using quality
assessment metrics (QV: 40.24; BUSCO: 98.8%), we demonstrated that
multi-technology integration not only improved genome complete-
ness but also enhanced accuracy. TheDm.nT2T assembly identified six
telomeric regions (e.g., ChrX left-arm telomere, 76.25 kb) and defined
centromeric regions enriched in 5–12 bp satellite repeats (Fig. 3a–c).
These advancements highlight the utility of multi-technology inte-
gration for resolving complex eukaryotic genomes, serving as amodel
for future T2T efforts in non-model organisms.

SINE transposons and strain-specific structural variation
SINE (0.02%of the genome)weredetected in theDm.nT2Tassemblyof
D. melanogaster, which were not identified in the R6 reference gen-
ome. SINEs, which rely on other retrotransposons for mobility, are
known to influence genome structure and function in mammals (e.g.,
human Alu elements)65,66. To evaluate whether these elements corre-
spond topreviouslydescribedSINE-like families,wecomparedour two
SINE consensus sequences (Supplementary Table 8) with DINE-167 and
the suffix element (https://www.ncbi.nlm.nih.gov/nuccore/AF363625.
1/). The two consensus sequences showed high similarity to each other
(~76%) but very low similarity to DINE-1 (~ 16–20%) and suffix
(~25–30%), indicating that they are evolutionarily distinct. These find-
ings suggest that the SINE elements identified here represent an
independent lineage in D. melanogaster. Their presence in Dm.nT2T
suggests unrecognized roles in Drosophila genome evolution, poten-
tially driving adaptive changes through insertional mutagenesis or
regulatory rewiring. Future studies should investigate their origin (e.g.,

Fig. 4 | Comprehensive analysis of gene identification and functional valida-
tion. aAnexample of type Ⅰ error (fragmented genemodels) corrected in structural
refinement of misannotated genes. b Expression heatmap of genes in 16 tissues,
with red representing the two genes selected for functional validation (Only genes
with TPM> 5 are shown). c Transcriptomic consequences of Chr2R.722 knockout
with PCA analysis results of transcriptomic data (mutant versus control)
(Chr2R.722: Chr2R.722 knockout). d Volcano plot of significantly upregulated
genes in the Chr2R.722 mutant strain flies (p-adj = 0.0022). e Transcriptomic con-
sequences of Chr3L.2449knockoutwith PCA analysis results of transcriptomic data

(mutant versus control) (Chr3L.2449: Chr3L.2449 knockout). f Volcano plot of
significantly upregulated genes in the Chr3L.2449 mutant strain flies (p-adj =
0.0227). g Diagram of the odor preference experimental setup. h Comparison of
olfactory sensitivity indices between Chr3L.2449 mutant strain flies and non-
mutant flies (CK Control group, Chr3L.2449 Chr3L.2449 mutant). Each group
consisted of three biological replicates, with 100 five-day-old flies per replicate
(n = 3 for each group). A two-tailed independent samples t-test was used, with
p <0.001 indicated as ***, p <0.01 as **, and p <0.05 as *. Source data are provided
as a Source Data file.
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horizontal transfer or ancestral retention) and functional impact via
comparative genomics with other Drosophila species.

Systematic comparison of the Dm.nT2T assembly with the R6
genome enabled comprehensive identification of numerous SVs,
encompassing INDELs, inversions, and translocations. INDELswere the
predominant type, with over 79% of them exceeding 100bp. The
majority of such large SVs exceed the detection capacity of short-read
sequencing technologies, again underscoring the critical importance
of high-quality reference genomes for resolving structural variation.

As a major component of genomic variation, the SVs’ functional
impact frequently exceeds that of single-nucleotide polymorphisms
(SNPs), positioning them as significant drivers of phenotypic
diversity68. However, it should be emphasized that these SVs likely
represent substantial genetic divergence between their respective
strains (Canton S versus ISO-1) rather than assembly artifacts in the
current reference genome. This interpretation is supported by existing
literature demonstrating that inter-strain genetic variations can indeed
reach such magnitudes of divergence. For instance, Chakraborty et al.
detected 1890 INDELs >100 bp between the A4 and ISO-1 strains,
impacting over 7Mb of genomic sequence and exhibiting strong
associations with complex traits69. Notably, structural variation also
manifests within individual strains. Courret and Larracuente, employ-
ing cytogenetic approaches, documented extensive structural rear-
rangements proximal to the X centromere inD. simulans70. This region
displayed polymorphisms not only between strains but also among
single-isolate subcultures derived from different laboratories, and
even within individual isolates. Collectively, the observed inter- and
intra-strain SV heterogeneity necessitates future investigations inte-
grating long-read sequencing across multiple individuals and strains,
coupledwith transcriptomic and phenotypic analyses, to elucidate the
functional and evolutionary significance of these SVs.

Functional validation of genes: insights into olfactory biology
Leveraging the improved assembly, this study identified 92 genes, the
majority of which had been overlooked in previous genome annota-
tions. In this study, we validated two genes (Chr2R.722 and
Chr3L.2449) using targeted gene knockout methodologies. Although
both genes showed no significant morphological changes in homo-
zygous mutants, a detailed functional assessment revealed that the
knockout of Chr3L.2449 results in a substantial impairment in olfac-
tory capability (Fig. 4h and Supplementary Fig. 11), implicating this
gene in olfactory signaling. In the R6 version, this gene (Chr3L.2449) is
located in an unassembled gap and is highly expressed in olfactory
tissues, showing significant coding potential. These findings thus
highlight the critical role of complete, gap-free genome assemblies in
uncovering functionally relevant genomic elements previously
obscured by assembly limitations.

Previous research has extensively documented that olfactory
functions in Drosophila are predominantly governed by specialized
olfactory receptor neurons (ORNs) within the antennal lobe regions of
the brain, where nearly each ORN forms a precise synaptic connection
with a corresponding projection neuron (PN) to facilitate odor dis-
crimination and signal transmission71,72. Based on these established
neural pathways, we postulate that the Chr3L.2449 gene may function
analogously, potentially acting as a key component in a similar
receptor-to-neuron mapping system. Further functional validation,
such as electrophysiological recordings or neuron-specific expression
assays, will be essential to clarify its exact interactions and integration
within the brain’s olfactory circuitry.

Evolutionary and comparative genomic implications
Dm.nT2T also provides the insights intoDrosophila genome evolution.
In most eukaryotic organisms, including plants and animals, cen-
tromeres are characterized by extensive arrays of simple tandem
repeats spanning megabases, typically comprising ~150 bp repeat

units, satellite DNA sequences, and transposable elements73,74. Primate
centromeres further exhibit higher-order repeats (HORs), formed by
the specific organization of distinct repeat monomers into larger
repeat units following a specific pattern75. In contrast, the centromeres
ofD.melanogaster lackHORs and insteadharbor various combinations
of repetitive satellite sequences ranging from 5 to 12 bp in length76.
This study further quantified the copy numbers of individual satellite
repeats (e.g., 5 bp repeat occurs 290,576 copies). The short cen-
tromeric satellite sequences are also present in other Drosophila spe-
cies, albeit with species-specificmotifs. This sequencebrevity suggests
rapid diversification of centromeric motifs within the Drosophila
genus, whichwarrants comparative analyses across additional species.

Regarding the telomeric structures of D. melanogaster, they
exhibit distinct characteristics compared to those of other eukaryotic
organisms. In most animals, telomeres are maintained by the con-
served telomeric repeat motif TTAGG, whereas the consensus
sequence in plants is TTTAGGG. In contrast, the telomeres of D. mel-
anogaster are elongated primarily through the targeted transposition
of three specialized retrotransposons: HeT-A, TART, and TAHRE49. The
distinctive telomere structure maintained by retrotransposons
appears to be largely absent in the vast majority of other Drosophila
species, except in D. virilis and D. yakuba77,78. Prior research into the
dynamics of insect transposons provides relevant context; it demon-
strated the remarkably rapid invasion and spread of P elements into
natural populations of Japanese D. simulans through horizontal
transfer79. This phenomenon, while rare across the genus, suggests the
possibility of independent evolutionary events or shared ancestral
mechanisms in these lineages. This finding highlights the potential for
mobile genetic elements to dramatically alter genome architecture
quickly. Consequently, we hypothesize that the unique,
retrotransposon-dependent telomere pattern of D. melanogaster may
itself originate from similar parasitic or invasion events involving the
capture and domestication of TE sequences during its evolutionary
history. However, given that the genus Drosophila encompasses over
1600 extant species80, with the majority remaining uncharacterized in
terms of telomere architecture, the evolutionary diversity of telomere
structures within this genus represents a critical area for future
investigation.

We additionally identified length variations in the telomeric
regions compared to the R6 genome, likely reflecting natural variation
in telomere organization among different Drosophila strains. It should
be noted that our study employed the Canton S strain, which holds a
long history of utilization in genetic research81,82, whereas the estab-
lished reference genome is based on the ISO-1 strain. Previous studies
have demonstrated genomic variation among D. melanogaster strains.
For example, Canton S and Oregon R strains exhibit ~1% sequence
divergence in the bithorax region83. It has also been demonstrated that
different D. melanogaster strain possesses distinct telomeric struc-
tures, which are frequently correlated with variations in the copy
number, arrangement, and insertion sites of telomere-associated ret-
rotransposons, highlighting the highly dynamic and plastic nature of
telomeric regions48. Therefore, we propose that the observed struc-
tural discrepancies are more likely to reflect genuine polymorphisms
between strains rather than technical artifacts of genome assembly.
This underscores the critical importance of accounting for strain
background in telomere studies. Therefore, the Dm.nT2T genome
serves as a valuable complement to the reference genome, providing a
broader view of intraspecific genomic variation and facilitating the
discovery of structural variants potentially missed by a single
reference.

Limitations and future directions
However, it is noteworthy that despite the ultra-high-coverage
(~1000×) achieved in the Dm.nT2T assembly and incremental
improvements in reconstructing complex regions, persistent gaps
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remain, reflecting persistent technical challenges in resolving ultra-
long tandem repeats. Regarding genome assembly size, although our
assembly achieves a 17.93Mb increase (161 versus 143Mb) in size
compared to the current reference genome (R6), the total assembly
length still falls short of previously estimated C-values for D. melano-
gaster, which range between 117Mb and 205Mb (http://genomesize.
com/results.php?page=1). The remaining discrepancy of approxi-
mately 54Mb (relative to the 215Mb estimate) likely comprises: (1)
Heterochromatic regions (pericentromeric and Y chromosome satel-
lite DNA); and/or (2) Strain-specific structural variation: the Canton S
strain may harbor deletions or rearrangements relative to the strains
used inC-valuemeasurements, contributing to size differences. Future
efforts could employ ultra-long Strand-seq or targeted CRISPR-based
scaffolding to achieve a complete characterization of chromosome
mechanics by closing these residual gaps.

Additionally, functional validation of genes in this study is also
preliminary. Expanded phenotyping analyses (e.g., stress resistance,
lifespan assays) and molecular investigations (e.g., ChIP-seq for reg-
ulatory element mapping) are warranted to elucidate their biological
roles. Further, the long-term integrationof theDm.nT2T assemblywith
multi-omics datasets (e.g., single-cell RNA-seq, epigenomic profiles)
will facilitate systems-level analyses of gene regulatory networks.
Comparative genomics across Drosophila strains and species could
further reveal the evolutionary dynamics of SINEs, centromeres, and
telomeres, enhancing our understanding of genome plasticity.

Methods
Ethics
Experiments in this study used Drosophila melanogaster (fruit fly)
samples. According to widely accepted guidelines, research involving
fruit flies does not require formal ethical approval.

Fly sampling
Adult males of D. melanogaster (Canton S strain, stock number 64349,
the Bloomington Stock Center) were used for genome sequencing
obtained in 2018. For this, adult males were sampled from each of ten
temporary lines (each established with a pair of virginmale and female
maintained with cornmeal medium under ∼20 °C, 60% RH, and con-
tinuous illumination). For each of these lines, newly emerged F1 males
were collected daily and preserved at −80 °C. The line yielding the
maximal total number of F1maleswas subjected toDNAextraction and
genome sequencing.

DNA extraction
DNA samplewas extracted for line#14 (forwhich a total of 236 F1males
were sampled) by the SDS method and purified with QIAGEN® Geno-
mic kit (Cat#13343, QIAGEN) according to the standard operating
procedure provided by the manufacturer. DNA degradation and con-
tamination of the extracted DNA were monitored on 1% agarose gels.
DNA purity was then detected using a NanoDrop™ One UV–Vis spec-
trophotometer (Thermo Fisher Scientific, USA), with OD260/280 ran-
ging from 1.8 to 2.0 and OD 260/230 ranging from 2.0 to 2.2. At last,
DNA concentration was further measured by Qubit® 3.0 Fluorometer
(Invitrogen, USA).

ONT library preparation
A total amount of 2 µg DNA per sample was used as inputmaterial for
the ONT library preparations. After the sample was quantified, size
selection of long DNA fragments was performed using the Blue-
Pippin system (Sage Science, USA). Next, the ends of DNA fragments
were repaired, and ligation reactions were conducted with NEBNext
Ultra II End Repair/dA-tailing Kit (Cat# E7546). The adapter in the
LSK109 kit was used for further ligation reaction, and Qubit® 3.0
Fluorometer (Invitrogen, USA) was used to quantify the size of
Library fragments.

PacBio library preparation
SMRTbell target size libraries were constructed for sequencing
according to PacBio’s standard protocol (Pacific Biosciences, CA, USA)
using 15 kb preparation solutions. The main steps for library prepara-
tion are: (1) gDNA shearing, (2) DNA damage repair, (3) blunt-end
ligation with hairpin adapters from the SMRTbell Express Template
Prep Kit 2.0 (Pacific Biosciences), (4) size selection, and (5) binding to
polymerase. Briefly, a total amount of 2 µg DNA per sample was used
for the DNA library preparations. The genomic DNA sample was
sheared by g-TUBEs (Covaris, USA) according to the expected size of
the fragments for the library. Single-strand overhangs were then
removed, and DNA fragments were damaged, repaired, and polished,
and ligated with the stem-loop adaptor for PacBio sequencing. Link-
failed fragments were further removed by exonuclease, and target
fragments were screened using the BluePippin (Sage Science, USA)
system. The SMRTbell library was then purified using AMPure PB, and
an Agilent 2100 Bioanalyzer (Agilent Technologies, USA) was used to
detect the size of Library fragments. All sequencing was performed on
a PromethION sequencer (Oxford Nanopore Technologies, UK)
instrument and the PacBio Sequel Ⅱ instrument with Sequel II
Sequencing Kit 2.0 for ONT and PacBio on Nextomics, respectively.

Data quality control
Nanopore sequencers output FAST5 files containing signal data. Base
calling was first performed to convert the FAST5 files to FASTQ format
using Guppy (v3.2.2) (https://nanoporetech.com/zh/software/other/
guppy) with the configuration file dna_r9.4.1_450bps_fast.cfg and built-
in adapter trimming parameter (–trim_adapters yes). The raw reads of
fastq format with mean_qscore_template <7 were then filtered,
resulting in pass reads, and were directly used for subsequent genome
assembly. Besides, the PacBio raw subreads were converted into cir-
cular consensus sequence (CCS) reads using the official CCS tool
provided by PacBio.

Genome de novo assembly
Weusedmulti-step strategies for genomeassemblyprimarily based on
ONT ultra-long reads. First, raw ONT UL reads were self-corrected
using the NextCorrect module of NextDenovo25 (v2.3.1) with para-
meters: reads_cutoff:1k, seed_cutoff:143k, generating 5.9Gb of con-
sistent sequences (CNS reads). These CNS reads were assembled using
the NextGraph module based on sequence correlation, producing a
preliminary genome assembly with a total size of 161.61Mb and a
contig N50 of 21.92Mb. To improve the accuracy of the assembly, we
performed multiple rounds of polishing. First, ONT long reads were
used for three rounds of polishing with Nextpolish27 (v1.3.0) using
default parameters. Then, PacBio HiFi reads were applied for another
three rounds of polishing, followed by four rounds of polishing using
BGI short reads. After these steps, the final polished genome assembly
was obtained.

We employed Hi-C data to facilitate genome assembly. A total of
161,299,842 paired-end raw reads were generated from the libraries.
Subsequently, quality control of Hi-C raw data was conducted using
fastp84 (v0.12.6) with default parameters, consistent with established
methodologies85. Firstly, low-quality sequences (quality scores < 20),
adaptor sequences, and sequences shorter than 30bp were filtered
out. Then, the clean paired-end reads were mapped to the draft
assembled sequence using Bowtie286 (v2.3.2; with parameters: -end-to-
end –very-sensitive -L 30 –score-min L, −0.6, −0.2). These parameters
were selected to enhance mapping specificity and reduce multi-map-
ping, as adopted in previous telomere-to-telomere genome assembly
study87. Unmapped reads were examined to identify potential junction
sites (resulting from ligation at restriction sites). These reads were
subsequently trimmed and realigned using Bowtie2. The results from
the two rounds of alignment were combined, yielding a total of
53,198,850 high-confidence mapped paired-end reads. Only valid
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interaction pairs were retained from the mapped paired-end reads for
further analysis. The scaffolds were further clustered, ordered, and
oriented onto chromosomes using LACHESIS28 (https://github.com/
shendurelab/LACHESIS) with the following parameters: CLUS-
TER_MIN_RE_SITES = 100, CLUSTER_MAX_LINK_DENSITY= 2.5, CLUS-
TER NONINFORMATIVE RATIO= 1.4, ORDER MIN N RES IN
TRUNK= 60, ORDER MIN N RES IN SHREDS = 60. Finally, placement
and orientation errors exhibiting obvious discrete chromatin interac-
tion patterns were manually adjusted.

To evaluate the completeness of the final genome assembly,
multiple methods were used to assess the quality of the genome
assembly. BUSCO30 (v4.0.5) was used for the assessment with default
parameters. To evaluate the accuracy of the assembly, all the short
paired-end reads weremapped to the assembled genome using BWA88

(v0.7.12) with default parameters. The coverage of expressed genes of
the assembly was examined by aligning all the RNA-seq reads against
the assembly using HISAT289 (v2.1.0) with default parameters.
Minimap226 (v2.24) software with parameters “-a -x map-ont -t 30”was
used to map the long reads. We used the read re-mapping ratio and
genome coverage of sequencing reads as indicators by using
samtools90 (v1.4). Besides, to assess sequence consistency, the base-
level accuracy of the assemblywas estimatedby aligning short reads to
the assembly using BWA88 (mem mode with default parameters), fol-
lowed by variant calling using samtools and bcftools (v1.8.0)90, both
with default parameters. The homozygous single-nucleotide variant
(SNV) rate was calculated from the resulting VCF file and used as the
estimated error rate of the assembly. Toavoid includingmitochondrial
sequences in the assembly, the draft genome assembly was submitted
to the NT library, and aligned sequences were eliminated.

Repeat sequence annotation
First, we identified the simple repeat sequences (SSRs) by using soft-
ware GMATA91 (v2.2), and TRF54 (v4.07b) was used to identify all tan-
dem repeat elements in the Dm.nT2Tgenome assembly. And then, TEs
were identified using a combination of ab initio and homology-based
methods. Briefly, a repeat library for the Dm.nT2T was predicted using
MITE-hunter92 and RepeatModeler93 (open-1.0.11) with default para-
meters to identify and cluster repetitive elements. Results from
LTR_FINDER94 (v1.07) and LTRharvest95 (v1.6.2) were integrated, and
false positives were removed using the LTR_retriever96 (v2.9.0) pipe-
line. The obtained library was then aligned to TEclass Repbase to
classify the type of each repeat family. Finally, we used RepeatMasker
to search for TEs by mapping sequences against the de novo repeat
library and Repbase TE library. All overlapping TEs belonging to the
same repeat class were collated and combined. We classified these
LTRs as either intact or non-intact LTRs.

Gene annotation
Before gene prediction, the assembled genome was hard and soft-
masked using RepeatMasker. We used three independent strategies,
including de novo prediction, homology-based search, and reference-
guided transcriptome assembly for gene prediction in a repeat-
masked genome. Specifically, genome assemblies and annotation files
from closely related species (D. yakuba, D. simulans, D. sechellia, D.
erecta, and D. ananassae) were downloaded from the NCBI Assembly
database to performhomology-based gene prediction with GeMoMa97

(v1.6.1). The corresponding assembly accession numbers and down-
load links are provided in Supplementary Table 9. Then we used the
software Liftoff 60 (v1.6.3, parameters: -chroms chrom.txt -polish
-copies) to annotate protein-coding genes of the Dm.nT2T genome
assembly based on the R6 genome. For transcriptome prediction, we
used the pipeline to align filtered RNA-seq data to the Dm.nT2T gen-
ome assembly using STAR98 (v2.7.3a) with default parameters. The
transcripts were then assembled using StringTie99 (v1.3.4 d), and ORFs
were predicted using PASA59 (v2.5.2). For the de novo prediction, RNA-

seq reads were de novo assembled using StringTie and analyzed with
PASA to produce a training set. Then we used AUGUSTUS100 (v3.3.1)
with default parameters for gene prediction. Finally, genemodels from
these threemethods were integrated into a non-redundant set of high-
confidence gene models. EVM59 (v1.1.1) was used to produce an inte-
grated gene set from which genes with TE were removed using the
TransposonPSI (https://transposonpsi.sourceforge.net), and the mis-
coded genes were further filtered. Untranslated regions (UTRs) and
alternative splicing regions were determined using PASA based on
RNA-seq assemblies. We retained the longest transcripts for each
locus, and regions outside of the ORFs were designated UTRs.

Two methods were used to predict the functions of protein-
coding genes. First, Blastp31 (v2.7.1) was used to search against protein
sequences at the NCBI nonredundant protein database (NR), KEGG,
KOG, and the Swiss-Prot database with an E-value cutoff of 1e × 05.
Second, protein domain and gene ontology term annotations were
performed using InterProScan101 (5.33–72.0) with default parameters.
Results from the five database searches were concatenated. To obtain
the ncRNA (non-coding RNA), two strategies were used: searching
against the database and prediction with the model. Transfer RNAs
(tRNAs) were predicted using tRNAscan-SE102 (v2.0) with eukaryote
parameters. MicroRNA, rRNA, small nuclear RNA, and small nucleolar
RNA were detected using Infernal cmscan to search the Rfam103 (14.0)
database. The rRNAs and their subunits were predicted using
RNAmmer104 (v1.2).

Identification of telomeric and centromeric regions
For telomeres, we used RepeatMasker to annotate the repetitive
sequences in the Dm.nT2T genome assembly. Based on the literature,
we retrieved four types of Drosophila telomere-specific transposons
from theRMRBMeta.embldatabase.Weperformeda lastz searchusing
these four transposons and utilized a custom script to calculate the
total alignment length of the telomeric sequences for each chromo-
some. For the centromeric region, we first conducted tandem repeat
annotation of the entire genome using TRF54 (v4.07b) (parameters: 2 7
7 80 10 50 500 -f -d -m). We then merged all annotation results using
TRF2GFF (v0.0.4, https://github.com/Adamtaranto/TRF2GFF). Fol-
lowing the filtering methods from the grape genome pipeline, we
identified several candidate centromeric repeat motifs. We also
retrieved previously published characteristic transposons in cen-
tromeric regions. By visualizing the distribution of these repeat motifs
and transposons in IGV, we initially delineated the centromeric
regions. To more accurately validate the regions we identified, we
reanalyzed published CENP-A ChIP data. The ChIP-seq paired-end
reads of CENP-A were downloaded from the ENA database and map-
ped to the Dm.nT2T genome assembly using BWA87 (v0.7.12). We then
usedMACS2105 (v2.2.9.1) for peak calling (parameters: -t replicate. bam
-c control. bam -f BAMPE –broad -B -g dm –outdir macs2_result -n
CENPA_rep1 2 >CENPA_rep1.macs2.log &). The peak calling results
from the three replicates were merged. Finally, we utilized a custom R
script to visualize the distribution of peaks across the genome.

Structural variation and synteny analysis
We performed pairwise genome alignments between the Dm.nT2T
genome assembly and the R6 genome by using the MUMmer4106

(v.4.0.0) with parameters: –maxmatch -c 250 -l 50 -g 100. Only one-to-
one alignment was kept in subsequent analysis. Then we visualize the
results with RectChr (v.1.36, https://github.com/hewm2008/RectChr).
We mapped PaBio HiFi reads (sequence depth: 107×) to the R6 by
pbmm2 (v1.13.1, https://github.com/PacificBiosciences/pbmm2) with
default parameters. Then, four different structural variation detection
software, including Sniffles236 (v.2.2), SVIM37 (v.2.0.0), PBSV (v.2.9.0),
and CuteSV38 (v.2.1.0), were used to detect SVs. For each software
result, we filtered and retained the variants with the “PASS” tag. And
then SURVIVOR107 (v.1.0.7) was performed to merge all filtered SVs
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from these methods with parameters (1000 2 1 1 0 50). The final SV
results retained greater than 50bp and were supported by at least two
SV detection software. The SVs annotation was performed by
ANNOVAR41 with the default parameters. The repeat sequence anno-
tation of Indels was used with RepeatMasker with parameters: -nolow
-no_is -norna -species “drosophila melanogaster”. We performed GO
functional enrichment analysis using Metascape108 (v3.5.20240901),
selecting only the significantly enriched GO terms.

ATAC-seq mapping and peak calling
Twelve ATAC-seq datasets were downloaded from the ENA database.
The ATAC-seq reads for each tissue were mapped to both the refer-
ence genome and the Dm.nT2T genome assembly using Bowtie286

(v2.5.4). Peak calling was performed for each tissue using Genrich
(v0.6.1, available at https://github.com/jsh58/Genrich) with para-
meters -j, -r, and -p 0.01. The peak calling results from all tissues were
then merged. Using the reference genome coordinates as a standard,
we converted the Dm.nT2T coordinates and filtered out peaks that
overlapped with the reference genome by more than 1 bp.
ChIPseeker109 (v1.30.3) was utilized to annotate the peaks obtained
after filtering and define the TSS region as ±1 kb for peak profile
visualization. Finally, functional annotation of peaks was performed
using ChIPseeker’s built-in functions.

Analysis of SDs in the genome and population
To investigate the distribution and variation of SDs in the Dm.nT2T
genome assembly and across different populations, we conducted
both genome-level and population-level SD identification analysis. We
calculated the sequence length (>1 kb) and alignment identity (>90%
identity) to identify the SDs of Dm.nT2T. We first identified SDs using
Biser110 (v1.4). Obtained SDs were further classified into intra-chro-
mosomal, inter-chromosomal, and overlapping categories. The geno-
mic distribution of SDs was visualized using Circos111 (0.69–9).

For population-level analysis, we downloaded resequencing data
from sixDrosophila melanogaster population groups fromNCBI under
accession number PRJNA924845. Raw reads were subjected to quality
control using FastQC (v0.12.1, https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/) and fastp84 (v0.23.2), followed by alignment to
the Dm.nT2T using BWA83 (v0.7.19). The alignment files were pro-
cessed with samtools89 (v1.17) to convert SAM to BAM format and sort
the data. SNP calling was performed using GATK112 (v4.6.2), and raw
SNPs were filtered using GATK’s VariantFiltration module with the
following parameters: QD< 2.0||QUAL < 30.0||SOR > 3.0||FS > 60.0||
MQ<40.0||MQRankSum< −12.5||ReadPosRankSum< −8.0. We used
VCFtools113 (v0.1.17) to retain high-quality biallelic SNPs, filtering out
sites with more than 10% missing genotypes and minor allele fre-
quency (MAF) below 0.05. The filtered SNPs were intersected with SD
and non-SD regions using bedtools114 (v2.31.1), and the total lengths of
SD and non-SD regions were calculated from BED coordinates. SNPs
within SD regions were extracted into separate VCF files. Population-
specific SNP subsets within SDs were generated based on population
metadata using bcftools89 (v1.21). We annotated allele frequencies (AF)
using the bcftools +fill-tags plugin and labeled each SNP dataset with
the corresponding population group identifiers. All labeled datasets
were then merged into a comprehensive file for downstream analysis
of allele frequency distributions across populations.

Gene identification and function validation
Transcriptomic data from sixteen tissues (three biological replicates
per tissue/stage) were downloaded from the ENA database for gene
expression analysis. These selected reads underwent quality control
and were then removed of adapters and filtered for low-quality bases
using fastp84 (v0.23.2). Only high-quality reads were retained for sub-
sequent analysis. The cleaned reads were mapped to the Dm.nT2T
genome assembly using HISAT288 (v2.1.0), and the gene expression

profile was created using the StringTie98 (v1.3.4d) pipeline. The TPM
(Transcripts Per Million) value was used to plot a heatmap using an R
script. Differential expression analysis was performed using DESeq2115

(v1.34.0), with differentially expressed genes selected based on
p <0.05 and log2|FC| > 1.

We defined genes not annotated in the R6 genome as those that
are: (a) absent in R6, (b) lacking significant BLASTP hits to R6 proteins,
and (c) supported by transcriptional evidence. First, we used the lift-
over method to identify 213 potential genes whose coordinates do not
overlap with the R6 genome. Then, we conducted an RBH analysis
using BLASTP31 (v2.14.1) with an E-value threshold of 1e-5, comparing
the protein sequences of the 213 genes from the Dm.nT2T genome
assembly to the annotated protein set of the R6 genome. This allowed
us to differentiate putative orthologs from paralogs. Genes that lacked
significant hits in the R6 protein databasewere designated as candidate
genes. Finally, to validate their transcriptional activity, we cross-
referenced the corresponding GFF annotations with transcriptome
assemblies derived from multiple tissues. Protein sequences of candi-
date genes with evidence of transcription were subsequently aligned to
the R6 genome assembly using TBLASTN31 (v2.14.1) with the same E-
value threshold (1e-5) to evaluate whether these sequences map to
unannotated genomic regions or potentially reflect loci absent from
the reference assembly. Finally, we assessed the protein-coding
potential of the confirmed candidates using CPC262 (standalone-1.0.1),
thereby refining our identification of bona fide protein-coding genes.

We focused on two tissue-specific genes: Chr2R.722 and
Chr3L.2449 to validate their biological functions. We used CRISPR/
Cas9 to perform a frame shift mutation on Chr2R.722 and a knockout
onChr3L.2449.Weused theCRISPR-NHEJ technique,which introduces
small insertions or deletions, leading to frameshift mutations in the
coding region of the gene. Based on the DNA sequence of Chr2R.722,
wedesigned PCRprimers containing the frameshiftmutation site (CTA
TCCACGAAATCACTGACC and GTAGTTGCCATGTCCGTAGTTGCC)
and gRNA. After amplification, we purified the mutated fragment and
cloned it into a Cas9-DNA plasmid. We selected the w1118 strain of D.
melanogaster for microinjection. Subsequently, we constructed a
stable homozygous line for the gene, and aftermultiple generations of
screening, we finally obtained a stable homozygous line of the gene.
For Chr3L.2449, weusedCRISPR technology to induce a double-strand
break at a specific location in the genome, and by utilizing the NHEJ
repair mechanism, we deleted a specific sequence to achieve gene
knockout. Based on the DNA sequence of Chr3L.2449, we designed
PCR primers (TGTAAATACAGACATTCTTCTATAC and ATGTATTAAC-
TACTTTGCCATTTA) and gRNA. Similarly, we constructed the vector
using a Cas9-DNA plasmid and selected the w1118 strain of D. mela-
nogaster for microinjection. After cross-identification and construct-
ing a stable line. The homozygousmutant linewas established through
three generations of genetic crosses with balancer strains, followed by
PCR and Sanger sequencing to confirm homozygosity at the target
locus based on chromatogram analysis to obtain a stable homozygous
line for this gene. To further investigate the transcriptional effects of
these mutations, RNA-seq was performed on both mutant and non-
mutant flies. For Chr2R.722, third-instar larvae were collected, with
three biological replicates for both mutant and non-mutant groups,
each replicate consisting of 30 larvae. For Chr3L.2449, leg tissues from
5-day-old adult flieswere used, with three biological replicates for each
group, each replicate containing 60 legs. RNA sequencing was per-
formed on the Illumina NovaSeq 6000 platform using the
PE150 sequencing strategy.

Olfactory choice experiment
The experiment was conducted in a quiet room at a temperature of
(25 ± 1) °C, with uniform lighting and no odors present in the room.We
selected adults that were 5-day-old post-eclosion for both the
Chr3L.2449 mutant (experimental group) and non-knockout flies

Article https://doi.org/10.1038/s41467-025-67031-w

Nature Communications |          (2026) 17:329 12

https://github.com/jsh58/Genrich
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
www.nature.com/naturecommunications


(control group), without sexing. The choice of 5-day-old adult flies was
based on previous studies116,117, which utilized flies within comparable
age ranges. This age group was chosen because these individuals
exhibit optimal robustness and sensitivity for our experimental para-
digm. OCT (3-octanol) is generally regarded as a neutral to mildly
aversive odor for Drosophila, and it has been commonly used in
olfactory-related behavioral assays118,119. Therefore, 40mL of OCT
solution was prepared by mixing 60μL of OCT with 39.94mL of
mineral oil, resulting in a 1.5 × 10⁻³ (unitless) concentration. This
solution was then connected to the experimental apparatus. A tube of
experimental group flies (~100) was anesthetized by placing it in a
freezer at −15 °C for 15 s.

The anesthetized flies were then placed at the entrance of the
straight armof the Y-tube (starting point), and the entrancewas sealed
with gauze. Once the flies woke up, the air pump was activated, and
OCT was introduced into one arm of the Y-tube, while fresh air was
introduced into the other arm. After a 5-min exposure, timing began,
and the flies were allowed 5min to choose. Oncemost flies hadmade a
stable choice, the airflow was stopped, and the number of flies
remaining in each of the two arms was counted. This process was
repeated for three trials. After completing the experiment with the
experimental group, the Y-tube was cleaned with ethanol and dried.
The airflow to the two arms was swapped, and the process was repe-
ated three more times. The control group of flies underwent the same
procedure. By counting the number of flies entering each of the two
arms across three replicates, the average numberwas used to calculate
the flies’ olfactory perception score (Score). The Score = (number of
flies entering the aversive odor arm)/(total number of flies). A higher
score indicates poorer olfactory perception ability. To compare the
differences in the Index values between the Chr3L.2449 group (adults
carrying the Chr3L.2449mutation) and the CK group (wild-type adults
without the mutation), we performed an independent samples t-test
using the t-test() function from the rstatix package. Based on the p-
values, p <0.001 was marked as ***, p <0.01 as **, p <0.05 as *, and
other cases were labeled as “ns” (not significant). All statistical analyses
were performed using R (v4.1.0).

Data availability
The genome assembly and the raw sequencing data generated in this
study, including ONT ultra-long reads, PacBio HiFi reads, Hi-C reads,
RNA-seq reads, and full-length transcriptome reads, have been
deposited in the NCBI Sequence Read Archive (SRA) under BioProject
accession number PRJNA1237537. The gene and transposable element
annotation are available via figshare [https://doi.org/10.6084/m9.
figshare.28642964.v3]. Source data are provided with this paper.
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