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15 Abstract

16 T2T genome is a telomere-to-telomere high-quality genome with exceptional 

17 accuracy, continuity and integrity. It significantly filled some gaps of chromosome. 

18 However, the genomic features unique to the filled regions assembled in the T2T 

19 genome across species remain unclear. Here, we collected and compared T2T 

20 genomes with their older version from human (Homo sapiens), animal (Mus 

21 musculus), and plants (Arabidopsis thaliana, Musa acuminata, and Fragaria vesca). 

22 We explored the newly filled regions generated by the T2T genome in comparison to 

23 the old one, and focused on: (1) the comparison of their locations, (2) the distribution 

24 of genomic features, and (3) gene annotation and gene function for filled regions. 

25 Research indicated that the filled regions of the T2T genome ordinarily appear in the 

26 centromere and telomere regions, contain a great number of repetitive sequences. The 

27 T2T genome revealed the identification of a certain number of newly annotated genes, 

28 alongside significant variations in common annotated genes. Interestingly, the 

29 genomic features of filled regions exhibit distinct patterns between plants and 

30 human/animal. T2T genomes feature analysis serves as a crucial resource for 

31 studying pattern characteristics across diverse species and advancing the in-depth 

32 development of genomics.

33 Keywords: Telomere to Telomere; filled regions; genomic feature; model species  
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35 1. Introduction

36    The genome encapsulates fundamental genetic information within an organism, 

37 including protein coding genes, non-coding gene, regulatory elements, and repetitive 

38 sequences within the DNA molecules and so on [1]. Genome assembly and annotation 

39 play crucial roles in exploring genome and transcriptome comparisons [2], gene 

40 expression [3, 4] and species evolution [5]. Reference genome assembly from sequence 

41 data facilitates the identification of different expression patterns from annotated genes, 

42 as opposed to de novo assembly for transcripts [2]. In evolution research, genomic 

43 analysis aids in determining genetic relatedness and identifying genomic features 

44 conducive to computational design of artificial overlapping genes [6, 7]. The assembled 

45 genome sequence plays important roles in understanding biological function, disease 

46 pathogenesis and agricultural improvement.

47 The advent of high-throughput sequencing technologies has significantly advanced 

48 whole genome sequencing and complete genome assembly [8]. Currently, short-and 

49 long-read sequencing data from high-throughput sequencing platforms are extensively 

50 employed to study genome structure, function, evolution, gene mapping, and genetic 

51 polymorphisms [9]. Notably, complete genome assembly involves assembling 

52 fragments contigs from raw whole-genome sequencing data into a coherent complete 

53 genomic sequence [10-12]. The complete genome assembly offers multiple advantages, 

54 including obtaining contiguous and complete genome sequences, discovering new 

55 genes and functions, elucidating genome structural variations and evolutionary history, 

56 and facilitating genome annotation [13, 14].

57  Previous studies have extensively explored features of genomic sequences, such as 

58 GC content [15], encoded protein sequence [16], scaffold N50 length [17] and 

59 identification of repeats [18, 19]. Regions with high GC content in gene tend to exhibit 

60 higher gene densities and longer open reading frames (ORFs) [20]. Mutations and 

61 polymorphisms in coding protein sequences are often associated with diseases, such as 

62 cancer and genetic disorders [16], impacting protein structure, function, and 

63 interactions [21]. Scaffold N50 is a crucial metric for assessing the quality of genome 
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64 assembly, with higher values indicating improved continuity and completeness of the 

65 assembled genome [17]. Additionally, repetitive sequences in the genome play 

66 significant roles in species evolution, leading to highly conserved or rapidly evolving 

67 regions [18, 19]. In depth analysis of sequence features is closely linked to gene 

68 function, with biological function annotation involving the identification of regulatory 

69 elements, including promoter and enhancer regions [22, 23], and non-coding genes 

70 within the genome sequence [24]. The relationship between germline genes and human 

71 cancer is intricately connect to gene family expansion and evolutionary process [25]. 

72 Analyzing and summarizing of sequence features provided insights into genome 

73 characteristics and functions, aids in locating and annotating of unknown genes, and 

74 enhances the understanding of biology and molecular evolution.

75 To date, several telomere to telomere (T2T) complete genomes have been assembled 

76 and are available in public databases, including Homo sapiens [26, 27], Mus musculus 

77 [28, 29], Musa acuminata [30, 31],  Arabidopsis thaliana [32, 33] and Fragaria vesca 

78 [34, 35] . T2T genomes have significantly improved the DNA sequence integrity and 

79 exhibit higher functional diversity compared to previous genome versions with gaps. 

80 For instance, the release of the human T2T-CHM13 [26] genome has spurred a series 

81 of comparative studies between T2T and earlier genome assemblies. In comparison to 

82 GRCh38 [27], T2T-CHM13 has identified over 1 million whole-genome variants [36]. 

83 This discovery holds significant implications for the comprehensive detection of 

84 fragment repeats, intricate compound repeat structures, comprehensive gene 

85 identification, and the elucidation of genetic variation patterns [37-39]. Moreover, T2T-

86 CHM13 includes a complete paracentric centromere DNA sequence, facilitating 

87 detailed computational and analytical studies of human centromere organization and 

88 genetic information [40].

89 However, the similarities and differences of genomic features in the filled regions 

90 (FR) that unique assembled in T2T genome across different species remain unclear. 

91 This study comprehensively investigates the specific properties of T2T genome across 

92 different species, analyzing and comparing human, animal and plant T2T genomes in 

93 four aspects: basic sequence information, distribution of FR, characteristic analysis and 
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94 gene function. This research holds profound significance for advancing genomic 

95 studies and exploring evolutionary patterns. 

96

97 2. Materials and methods

98 2.1 Data collection

99 The latest complete T2T genomes from human, animal and plant species were 

100 obtained from various sources: NCBI (H. sapiens), GENCODE (M. musculus), GitHub 

101 (A. thaliana) and respective genome websites (M. acuminata and F. vesca) (Table 1). 

102 The previous version of these five genomes, which included gaps, were acquired from 

103 NCBI (H. sapiens, A. thaliana, M. acuminata), GENCODE (M. musculus) and genome 

104 websites (F. vesca) and are referred to as ‘old’ genomes. The human T2T genome 

105 CHM13v2.0, consisting of 22 autosomes, X and Y chromosome assembled by human 

106 T2T Consortium [26], was analyzed and compared with previous old genome 

107 GRCh38.p14 [27]. The gapless version of mouse genome (GRCm39) [41] was 

108 compared with the previous iteration (GRCm38.p6). In the case of plants, the A. 

109 thaliana genomes TAIR10.1 [32] and Col-CEN_v1.2 [33], M. acuminata genomes 

110 ASM31385v2 [30] and Musa_pahang_v4 [31] and F. vesca genomes F._vesca_v4 [34] 

111 and F._vesca_v6 [35] were collected and subjected to comparative analysis (Table 1). 

112 In addition, we compared the basic statistical metrics, including genome size, GC 

113 content and scafford N50 between all T2T genomes and old genomes.

114

115

116

117

118

119

120

121

122
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123 Table 1. T2T and old genomes of five species

Species Version Genome Data source

old GRCh38.p14 https://www.ncbi.nlm.nih.gov/assembly/
GCF_000001405.40H. sapiens

T2T CHM13v2.0 https://www.ncbi.nlm.nih.gov/assembly/
GCF_009914755.1

old GRCm38.p6 https://www.gencodegenes.org/mouseM. musculus
T2T GRCm39 https://www.gencodegenes.org/mouse

old TAIR10.1 https://www.ncbi.nlm.nih.gov/assembly/
GCF_000001735.4A. thaliana

T2T Col-CEN_v1.2 https://github.com/schatzlab/Col-CEN

old ASM31385v2 https://www.ncbi.nlm.nih.gov/assembly/
GCF_000313855.2M. acuminata

T2T M_pahang_v4 https://banana-genome-
hub.southgreen.fr/bio_data/1

old F._vesca_v4 http://eplantftp.njau.edu.cn/Fragaria/F._ve
scaF. vesca

T2T F._vesca_v6 http://eplantftp.njau.edu.cn/Fragaria/F._ve
sca

124

125 2.2 Identification of FR in five T2T genomes

126 The FR refers to the uniquely assembled sequences in T2T genome compared to the 

127 old genome in five species. Regions where the old genome aligns to the T2T genome 

128 are considered shared regions, while the remaining regions in the T2T genome, relative 

129 to the old genome as FR. Sequence comparison between T2T and old genomes was 

130 performed using the ‘nucmer’ of MUMmer (http://mummer.sourceforge.net) [42]. The 

131 T2T genome serve as the reference genome, and the old genome was as the query 

132 sequence aligned against the reference genome. Low-quality alignment results were 

133 filtered with ‘-l’ parameters. FR in 23 chromosomes (22 autosomes and X) of H. 

134 sapiens, 21 chromosomes (19 autosomes, X and Y) of M. musculus, 5 chromosomes of 

135 A. thaliana, 12 chromosomes (11 chromosomes and mitochondria) of M. acuminata 

136 and 7 chromosomes of F. vesca were identified and compared, respectively. Genomic 

137 features within FR were analyzed and compared between T2T and old genomes, 

138 encompassing location, sequences features and annotation genes within the FR. The 

139 results of the global collinearity analysis for five species were visualized through 

140 mummerplot completion.

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

The copyright holder for this preprintthis version posted January 1, 2025. ; https://doi.org/10.1101/2024.12.31.630859doi: bioRxiv preprint 

https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.40
https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.40
https://www.ncbi.nlm.nih.gov/assembly/GCF_009914755.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_009914755.1
https://www.gencodegenes.org/mouse
https://www.gencodegenes.org/mouse
https://www.ncbi.nlm.nih.gov/assembly/GCF_000001735.4
https://www.ncbi.nlm.nih.gov/assembly/GCF_000001735.4
https://github.com/schatzlab/Col-CEN
https://www.ncbi.nlm.nih.gov/assembly/GCF_000313855.2
https://www.ncbi.nlm.nih.gov/assembly/GCF_000313855.2
https://banana-genome-hub.southgreen.fr/bio_data/1
https://banana-genome-hub.southgreen.fr/bio_data/1
http://eplantftp.njau.edu.cn/Fragaria/F._vesca
http://eplantftp.njau.edu.cn/Fragaria/F._vesca
http://eplantftp.njau.edu.cn/Fragaria/F._vesca
http://eplantftp.njau.edu.cn/Fragaria/F._vesca
http://mummer.sourceforge.net/
https://doi.org/10.1101/2024.12.31.630859
http://creativecommons.org/licenses/by/4.0/


141 2.3 Comparison of FR location

142 The distribution patterns of FR resulting from the alignment of T2T and old genomes 

143 was performed and compared in five species. The proportional representation of FR in 

144 each genome was calculated by finding the complement region of  the  aligned regions 

145 on the chromosomes using BEDtools (https://bedtools.readthedocs.io) [43]. Utilizing 

146 the positional information of FR and aligned regions, we acquired global locus 

147 information for each chromosome in each T2T genome by merging these two regions. 

148 The plots illustrating the distribution of FR in each genome were generated using 

149 ggplot2 package [44] of R language v.4.3.1 [45].

150 For H. sapiens, A. thaliana and F. vesca genomes, the start and stop sites of 

151 centromeres were determined from their T2T genomes’ annotation files. Additionally, 

152 we identified the start and stop sites of telomeres for each chromosome in F. vesca 

153 using its T2T genomic information. Combining this information with the location of 

154 FR to calculate the proportion of FR within all known centromere and telomere regions. 

155 Based on the genome annotation files of the T2T genomes [26, 31, 33, 35, 41], we 

156 analyzed the number and proportion of gene regions and intergenic regions in the FR, 

157 respectively. For gene regions, the location information of CDS, exon and intron was 

158 obtained after analysis using GenomicFeatures package [46] in R language [45]. 

159 Regarding intergenic regions, all location information of ‘gene’annotation type was 

160 extracted from genome annotation files, and the complementary regions were then 

161 acquired as the location information of ‘intergenic’ regions. Finally, the number and 

162 proportion of each type in the FR were calculated using BEDtools [43].

163 2.4 Comparison of filled sequences features

164 To delve deeper into the characteristics of FR sequences, we annotated DNA 

165 repetitive sequences from T2T genomes using RepeatMasker 

166 (https://www.repeatmasker.org) [47]. For H. sapiens, M. musculus, and A. thaliana, we 

167 utilized a combination of the RepBase (v.20181026) [48] and Dfam (v.20170127) [49] 

168 repeat databases for dentifying and annotating repeat sequences. Due to the absence of 

169 candidate repeat databases for M. acuminata and F. vesca, RepeatModeler (v.2.0.1) [50] 

170 was utilized to identify and model repetitive elements or sequences in their genomes. 
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171 Subsequently, RepeatMasker was performed with the Dfam (v.20230110) database 

172 configured to identify and annotate repeat sequences. The proportion of repeat 

173 sequences within the FR on each chromosome was calculated using BEDTools [43]. 

174 Furthermore, we analyzed the types of repeat sequences in the T2T genomes and their 

175 positional distribution throughout the entire genome, and compared them with the 

176 distribution of the FR. The proportion and position distribution of different types of 

177 repeat types within  the FR of each chromosome were visualized using ggplot2 [44] in 

178 the R language.

179

180 2.5 Gene annotation of filled sequences

181 Functional analysis of FR from T2T genomes is crucial for understanding assembly 

182 improvement and biological research. Genes are the most direct and important entities 

183 for functional analysis of FR. Information on identified genes, CDS and other 

184 annotations within the FR was obtained through the annotation files of T2T genomes 

185 [26, 31, 33, 35, 41] using BEDTools [43]. To calculate and analyze newly annotated 

186 genes in T2T genomes, we compared gene annotations from the annotation files of the 

187 T2T genomes [26, 31, 33, 35, 41] with those of old genomes in H. sapiens, M. musculus 

188 and A. thaliana. We obtained common annotated genes and newly annotated genes in 

189 the T2T genomes. We analyzed the number of extended genes and shortened genes, 

190 maximum extension and shortening length, and other information in the T2T genome. 

191 For the newly annotated genes, we calculated the number and proportion of repeated 

192 sequences to analyze the sequence characteristics of the newly annotated gene regions 

193 using BEDTools [43]. KEGG enrichment analysis was performed on the newly 

194 annotated genes of M. musculus using cluster Profiler [51] package in the R language 

195 to identify specific function in these newly annotated genes.

196      To further validate gene function and explore additional characteristics within the 

197 FR, we collected RNA-seq datasets corresponding to the five species and align them to 

198 T2T genomes using bwa v.0.7.17 [52] (Table S1). The mapping ratio (MP) of RNA-

199 seq datasets on the T2T genome were calculated across five species. Additionally, we 

200 conducted a thorough analysis of the number of aligned reads from RNA-seq data 
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201 within these FR. The alignments of RNA-seq datasets enhance the discovery potential 

202 of new transcripts and regulatory elements that may exist within the FR.

203

204 2.6 Gene function prediction and reliable FR extraction for H. sapiens

205 For H. sapiens, in addition to comparing the T2T and old genome versions using 

206 MUMmer [42], we also performed a comparison with minimap2 [53]. The new regions 

207 identified by each alignment were labeled as FR_1 and FR_2, respectively, and the 

208 overlapping regions between these were extracted as the final result FR. We utilized 

209 the resulting FR for motif analysis using Homer (http://homer.ucsd.edu) with the 

210 ‘findMotifsGenome.pl’ command. This command identifies and analyzes transcription 

211 factor binding sites and other functional elements across the entire genome. 

212 Subsequently, we confirmed potential gene functions within FR. In the 

213 ‘knownResults.txt’ file, we quantified the number of motifs with significant p-values 

214 and conducted KEGG enrichment pathway analysis on the genes associated with these 

215 significant motifs by clusterProfiler [51] package in the R language. This analysis 

216 provided a clearer understanding of how these genes are involved in specific biological 

217 pathways. Additionally, we extracted key pathways from the enrichment analysis 

218 results to elucidate the roles of these genes in cellular functions and disease mechanisms.

219     Furthermore, we extracted sequences aligned to FR from all RNA-seq samples in 2.5 

220 for the purpose of obtaining reliable FR sequences. We then aligned these sequences to 

221 the Nucleotide Collection (NT) database [54] using ‘blastn’ in BLAST v2.11.0 

222 (https://blast.ncbi.nlm.nih.gov/Blast.cgi). This allowed us to identify homologous 

223 sequences of FR in other genomes and species. We extracted sequences aligned to non-

224 H. sapiens species, realigned these sequences to the prior GRCh38 version, and selected 

225 unaligned sequences for use as reliable FR sequences. These sequences underwent 

226 Sanger sequencing [55] to verify their authenticity and accuracy.

227

228

229

230

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

The copyright holder for this preprintthis version posted January 1, 2025. ; https://doi.org/10.1101/2024.12.31.630859doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.31.630859
http://creativecommons.org/licenses/by/4.0/


231 2.7 Sequencing validation of reliable FR sequences of the T2T genome for H. 

232 sapiens

233 Through the reliable extraction of FR sequences in step 2.6, three sequences were 

234 ultimately selected for Sanger sequencing. To enhance the accuracy and coverage of 

235 sequencing, while avoiding sequence loss due to read length limitations or edge effects, 

236 and to provide more comprehensive upstream and downstream sequence information, 

237 approximately 300 bp were extended at both the 5' and 3' ends of each sequence. 

238 Subsequently, forward and reverse primers were designed for each sequence, and HeLa 

239 and HEK293T cell lines of H. sapiens were selected as experimental models for PCR 

240 (Polymerase Chain Reaction) [56] amplification, product detection, and purification. 

241 Primers were designed by the software Primer Premier Version 5.0 (Premier Biosoft 

242 International, Palo Alto, CA, USA), and the primers were synthesized by Sangon 

243 (https://www.sangon.com). The Primer sequences are shown in Table S2. PCR were 

244 performed in total volumes of 15 μl, including 3 pmol of each primer, 120 μM of each 

245 dNTP, 80ng of template DNA or cDNA, 0.75U of La-Taq, and 7.5 μ l of 2×  buffer 

246 [TaKaRa Biotechnology (Dalian) Co. Ltd].  PCRs were performed as follows: 95 °C 

247 for 4 min;  followed by 30–35 cycles of 95 °C for 30 s, annealing (55–62 °C) for 30 s, 

248 and extension at 72 °C (30 s to 3min), and 72 °C for 30 s, with a final extension of 72 °

249 C for 10min.  The annealing temperatures and extension times depended on the primer 

250 sets and lengths of expected PCR products. 

251 Finally, the PCR products were sent to Sangon Biotech Co., Ltd. (Shanghai) for 

252 Sanger bidirectional sequencing using the 3730XL sequencer. The sequencing process 

253 generated peak chromatograms in ‘.ab1’ format and sequence files in ‘.seq’ format. We 

254 conducted a thorough analysis of the electrophoretic bands produced during sequencing, 

255 as well as the final chromatograms, and validated the sequencing results to ensure 

256 accuracy and reliability.

257
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258 3. Results

259 3.1 Overview of T2T genomes in five species

260 The new genomes of human, animal and plants species have seen increases compared 

261 to the old genomes. The genome size of M. musculus, F. vesca, H. sapiens, A. thaliana, 

262 M. acuminata in the T2T genomes exhibits increases of 0.09%, 0.14%, 0.72%, 10.92%, 

263 and 44.42%, respectively, when compared to the old genomes. Notably, M. acuminata 

264 demonstrates the largest increase in genome size. For GC content, there is a slight 

265 increase in M. musculus, A. thaliana and F. vesca. Regarding the assembly N50, the 

266 T2T genomes of all species exhibit improvements compared to the old genomes, which 

267 is closely related to the promotion of contig number in T2T genomes. The enhancement 

268 is particularly prominent in M. acuminata, which shows 24.6 times increase compared 

269 to the old genome (Table 2).

270 For each species analyzed, T2T genomes typically exhibit higher 'C' values, 

271 particularly noticeable in M. acuminata, and F. vesca. Moreover, T2T genomes tend to 

272 demonstrate lower 'F' and 'M' values in most instances, as observed in M. musculus, M. 

273 acuminata, and F. vesca. For both H. sapiens and A. thaliana, the BUSCO scores for 

274 the T2T and old genome versions were essentially identical. These findings suggest that 

275 T2T genomes generally possess superior genomic integrity. This enhancement in 

276 quality highlights the potential benefits of T2T methodologies in improving the 

277 continuity of genome assemblies (Table 3).

278 Comparing the T2T genomes to the old genomes, there is a general trend of larger 

279 genome sizes and higher assembly N50 values (Table 2). Additionally, the degree of 

280 differences between the T2T and old genomes varies among the five species, with 

281 distinct attributes showing improvement in the T2T genomes for each species. The 

282 differences between the T2T and old genomes in M. musculus are comparatively 

283 smaller than in other species, while in M. acuminata, they are more substantial. The 

284 assembly N50 of the H. sapiens has a significant increase, whereas the increase in A. 

285 thaliana is not as pronounced. 

286
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287 Table 2. Comparison of old and T2T genomes in five species

Species Genome Size (Mb) GC (%) Contig # Assembly
N50 (Mb)

Chr.
#

Ratio of 
FR (%)

Old_homo 3,095.0 41.49 985 67.8 24H. sapiens T2T_homo 3,117.3 40.74 24 150.6 24 6.45

Old_mus 2,647.5 41.50 139 54.5 21M. musculus T2T_mus 2,649.9 42.00 61 106.1 21 4.35

Old_ arab 119.1 36.05 7 23.5 5A. thaliana T2T_arab 132.1 36.24 7 25.7 5 10.10

Old_musa 331.8 40.73 7,512 1.3 11M. acuminata
T2T_musa 479.2 39.08 124 33.6 11

26.38

Old_frag 220.5 38.35 61 7.9 7F. vesca T2T_frag 220.8 38.50 7 34.34 7 1.43

288

289 Table3. Comparison of BUSCO scores between old and T2T genomes 
Species Genome C D F M n

Old_homo 99.2% 0.7% 0.2% 0.7% 13,780H. sapiens

T2T_homo 99.2% 0.7% 0.2% 0.7% 13,780

Old_mus 99.1% 11.9% 0.4% 0.5% 954M. musculus

T2T_mus 99.1% 11.5% 0.4% 0.5% 954

Old_ arab 100% 16.5% 0.0% 0.0% 255A. thaliana

T2T_arab 100% 16.5% 0.0% 0.0% 255

Old_musa 98.4% 23.1% 1.2% 0.4% 255M. acuminata

T2T_musa 98.8% 24.7% 0.8% 0.4% 255

Old_frag 98.7% 1.9% 0.5% 0.8% 1,614F. vesca

T2T_frag 98.8% 3.6% 0.5% 0.7% 1,614

290 (C: complete; D: complete and duplicate; F: fragment; M: missing; n: total groups)

291

292 3.2 The distribution of FR

293 The proportion and the number of FR vary among the five T2T genomes. T2T_musa 

294 exhibits the highest proportion of FR, accounting for 26.38%, while T2T_frag has the 

295 lowest, representing only 1.43% (Table 2). Among the five T2T genomes, T2T_musa 

296 has the greatest number of FR on each chromosome (13,234), while T2T_homo has a 

297 comparatively small number (7,343). The T2T_mus, T2T_arab, and T2T_frag have 
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298 even fewer, 443, 122, and 270, respectively (Table S3). These results indicate varying 

299 degrees of newly discovered sequences in the T2T genomes of different species.

300 The distribution pattern of FR is observed consistently in each T2T genome, 

301 showcasing similarities across different species (Figure 1 and Figure S1). In the case of 

302 the T2T_homo genome, extensive FR are detected in the centromere and telomere 

303 regions of the two chromosomes. Previous studies have indicated that in the T2T_homo 

304 genome, the centromere region in chr. 1 is located at 47% - 59% of its total chromosome 

305 length, while the acrocentric region of chr. 15 is situated within the range of 0 - 23% of 

306 its chromosome position [26]. Remarkably, 64.6% and 69.2% of the centromere regions 

307 in chr. 1 and chr. 15, respectively, were identified as FR. Chr. 15, being one of the five 

308 acrocentric chromosomes in the human genome, was not sequenced before the release 

309 of the T2T genome. The FR are predominantly located in the acrocentric of 

310 chromosomes, accounting for 64.7% of the centromeres on average (Table S4 and 

311 Figure 1). For T2T_arab genome of A. thaliana, the FR are also extensively present at 

312 the centromeres and telomeres of the chromosomes (Table S5 and Figure S2B). The 

313 centromeres are located at approximately 45.6% to 53.0% of chr. 1 and 40.0% to 49.4% 

314 of chr. 5 [33]. Chr. 1 and chr. 5 of T2T_arab exhibit approximately 92.6% (chr.1) and 

315 86.5% (chr.5) FR in the centromere regions, respectively. 

316 On the other hand, the FR identified on chr. 4 of the T2T_mus genome are mainly 

317 distributed around the telomeres, with a higher concentration and density of FR loci 

318 near the telomere of the chromosome's left end. The positions of FR loci on other 

319 chromosomes of T2T_mus suggest that the T2T genome primarily corrects and 

320 improves the FR mainly located around the telomeres of each chromosome, 

321 significantly enhancing the integrity and continuity of the M. musculus genome (Figure 

322 S2A). For chr. 3 of the T2T_musa genome of M. acuminata, a significant portion of FR 

323 is concentrated in the central region of the chromosome, coinciding with the site of 

324 centromere attachment. Additionally, there are numerous FR loci extending from the 

325 centromere towards both ends of the chromosome. Overall, the distribution of the FR 

326 on the chromosome gradually transitions from dense to sparse from the center to the 

327 sides. Furthermore, FR also appear at the telomeres of the chromosome. Compared to 
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328 T2T_homo and T2T_arab, T2T_musa also has FR around the centromeres, which is 

329 attributed to the substantial improvement in the continuity of its genomic components 

330 achieved by Musa_pahang_v4 (T2T_musa) on the foundation of the ASM31385v2 

331 (Old_musa) genome [31] (Figure S2C). The filling of numerous gaps in the assembly 

332 of the old genome is evident, as confirmed by the increase in N50 from 1.3Mb to 

333 33.6Mb (Table 2). The continuity and integrity of the T2T_musa genome were 

334 significantly improved compared to the old genome. 

335 The length of chr. 4 of F._vesca_v6 (T2T_frag) genome is 34,388,015 bp, and the 

336 left and right telomeres of chr. 4 are located at 1-1,078 bp and 34,387,198 - 34,388,015 

337 bp, respectively [35]. And 19.0% and 6.9% of FR were identified in these two regions, 

338 respectively. The centromere sites were in 44.0% to 44.2% of the chromosome, and 

339 95.5% of the centromere regions were newly filled. Meanwhile, partially FR are 

340 distributed in the remaining sites at the centromere and telomere. Observing at the 

341 distribution sites of the covered regions on the other chromosomes of the T2T_frag 

342 genome, the FR appeared in the centromere or telomere regions of each chromosome. 

343 Specifically, the telomere regions of chr. 1, 2, 5, and 7 were all identified as FR. (Table 

344 S6 and Figure S2D). Overall, the comprehensive analysis of FR suggests that the 

345 distribution of FR in different species may be associated with chromosome structure 

346 and function. A high occurrence of FR at the loci of centromeres and telomeres were 

347 consistently observed in human, animal and plant species.

348

349  

350

351

352

353

354

355

356

357 Figure 1. Distribution of FR in T2T genome of H. sapiens
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358 To further unravel the genomic feature of FR, these regions were categorized into 

359 gene regions and intergenic regions for analysis. The proportion of intergenic regions 

360 was significantly higher than that of gene regions (exon and intron). In H. sapiens, the 

361 intergenic region accounts for 86.34%, while exon, CDS and intron account for only 

362 0.23%, 1.99% and 13.26%, respectively. This trend is consistent across the remaining 

363 four species. For H. sapiens, M. musculus, M. acuminata and F. vesca, the proportion 

364 of intron in the FR is higher than that of CDS and exons (Table S7). In terms of specific 

365 types, the largest number of FR were identified as intron in H. sapiens, exon in M. 

366 musculus and A. thaliana, and intergenic in M. acuminata. Overall, the difference about 

367 the number of the four types in the FR of the three plants (A. thaliana, M. acuminata 

368 and F. vesca) was relatively small. However, there was a notable difference in the 

369 number between H. sapiens and M. musculus (Figure 2 and Table S7).

370
371 Figure 2. FR in genomics features (exon, intron, and intergenic). (A: H. sapiens; B: 

372 M. musculus; C: A. thaliana; D: M. acuminata; E: F. vesca)

373

374 3.3 Analysis of the features of filled sequences

375 We annotated five T2T genomes for repeat sequence and conducted a detailed 

376 analysis of the features of repeat sequence within the FR. Repeat sequence includes 

377 DNA transposons, LTRs, LINEs, SINEs, and four other repetitive types. The 

378 proportions of repetitive sequences in the T2T genomes vary among different species. 

379 Results indicate that T2T_homo (H. sapiens), T2T_musa (M. acuminata) and T2T_mus 
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380 (M. musculus) have relatively high proportions of repeat sequences, accounting for 

381 54.60%, 52.37%, and 43.05%, respectively. While T2T_frag (F. vesca) and T2T_arab 

382 (A. thaliana) have a lower proportion of repetitive sequences, accounting for 35.56% 

383 and 24.00%. Additionally, there are differences in the proportions of different types of 

384 repetitive sequences within each T2T genome. In the T2T_homo genome, LINEs and 

385 SINEs are the predominant repetitive types. In the T2T_mus genome, LINEs and LTRs 

386 are the major repetitive types, with a significant proportion of SINEs as well. T2T_arab 

387 is mainly characterized by Satellite repetitive sequences. For both T2T_musa and 

388 T2T_frag, LTRs are the most frequent repeat type, accounting for 33.2% and 9.12%, 

389 respectively, while the proportions of the other types are relatively low. There were 

390 14.85% and 18.98% of the repetitive types in T2T_musa and T2T_frag genomes, 

391 respectively, were unclassified. (Table 4 and Figure S3). 

392

393 Table 4. DNA repeat sequences of T2T genomes in five species
Genome proportion (%)

 Types
T2T_homo T2T_mus T2T_arab T2T_musa T2T_frag

DNA transposons 3.54 1.05 4.00 0.60 3.32

LTR 8.64 11.64 6.35 33.20 9.12

LINEs 20.15 19.56 0.90 1.43 1.60

SINEs 12.60 7.26 0.06 0.56 0.50

Simple_repeat 3.14 2.61 1.09 1.32 1.12

Satellite 5.21 0.16 9.41 0.03 0.05

Small RNA 0.94 0.06 0.18 0.23 0.65

Low_complexity 0.20 0.37 0.33 0.15 0.22

Unclassified 0.18 0.34 1.68 14.85 18.98

All 54.60 43.05 24.00 52.37 35.56
394   
395 Meanwhile, we observed correlation and differences in repetitive sequence 

396 distribution between the five species, indicating that DNA transposons have a higher 

397 proportion in T2T_homo, T2T_arab and T2T_frag LTRs are significantly more 

398 abundant in T2T_musa compared to other genomes. LINEs, SINEs and Simple repeats 

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

The copyright holder for this preprintthis version posted January 1, 2025. ; https://doi.org/10.1101/2024.12.31.630859doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.31.630859
http://creativecommons.org/licenses/by/4.0/


399 are highly expressed in T2T_homo and T2T_mus, while their proportions are lower in 

400 the remaining two plant species. Satellite has the highest proportion in T2T_arab, 

401 followed by T2T_homo. Small RNA has a higher proportion in T2T_homo and 

402 T2T_frag compared to the other four genomes. Low complexity has a higher proportion 

403 in T2T_mus and T2T_arab compared to other genomes. Overall, the proportions of 

404 different repetitive sequence types are relatively similar in T2T_homo and T2T_mus 

405 genome, while T2T_arab, T2T_musa and T2T_frag show similar patterns in terms of 

406 repetitive sequence composition (Figure 3A).

407 Based on the identification of FR and the annotation of repetitive sequences, we 

408 extracted the repetitive sequence that appeared in all FR. The FR of T2T genomes 

409 contained a substantial number of repetitive sequences. In T2T_homo, the FR of chr. 1 

410 and chr. 5 contains 93.14% and 86.96% of repetitive sequences, respectively. Similarly, 

411 in FR of chromosomes represented by T2T_arab and T2T_musa, the proportion of 

412 repeat sequences exceeded 90%. In contrast, the proportion of repetitive sequences in 

413 FR of T2T_frag and T2T_mus is relatively low, accounting for 71.43% and 46.31%, 

414 respectively (Table S8). In the FR of chr. 1 and chr. 15 in T2T_homo genome, they are 

415 primarily covered by Satellite and Simple repeat, constituting 82.8% and 6.26% in chr.1 

416 and 45.23% and 31.49% in chr. 15, respectively. There are also a few LINEs and SINEs 

417 elements covering their FR. For chr. 4 in T2T_mus genome, we observed that the upper 

418 part of its FR contains a higher density of repetitive sequences, mainly composed of 

419 LINEs (15.7%) and LTR (10.71%). In chr. 1 and chr. 5 of T2T_arab genome, a large 

420 number of Satellite sequences cover the majority of their FR, accounting for 92.14% 

421 and 83.05%. Examining chr.3 in T2T_musa and chr. 4 in T2T_frag, we found that LTRs, 

422 account for the majority of their FR loci (55.64% for T2T_musa and 36.57% for 

423 T2T_frag), with relatively many SINEs in the FR of these two chromosomes (9.02% 

424 for T2T_musa and 1.45% for T2T_frag) (Table S9, Figure 3B and Figure S3). 

425
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426

427 Figure 3. Repetitive Sequences in five T2T genomes. (A: Clustering of repeat types 

428 in T2T Genomes; B: Distribution of repeat types within FR of H. sapiens)

429

430 3.4 Gene annotation of FR

431 The gene information of the five T2T genomes, both on the entire genome and within 

432 the FR, was identified to analyze their gene function. The results indicated significant 

433 differences in the number of genes present in the entire genome and FR among five 

434 T2T genomes. T2T_homo and T2T_mus have a considerably higher number of 

435 identified genes in the entire genome compared to the other three genomes, while the 

436 number of genes identified in T2T_arab is lower than the other genomes. Regarding the 

437 number of genes in FR of the genomes of five species, T2T_homo and T2T_musa have 

438 a higher number of genes than the other 43genomes, with 5,930 and 5,157 in their FR, 

439 respectively. On the other hand, T2T_arab has a considerably lower number, with only 
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440 251 genes. The proportion of genes in the FR relative to the entire genome varies among 

441 five T2T genomes. T2T_homo and T2T_musa genome have a relatively high number 

442 of genes in the FR compared to the entire genome, accounting for 14.3% and 14% of 

443 the entire genome, respectively. T2T_mus, T2T_frag and T2T_arab have relatively 

444 fewer genes in their FR, accounting for only 2.3%, 1.34% and 0.75% of the entire 

445 genome, respectively (Table S10).

446 Among the annotated genes in T2T genome, different numbers of unique annotated 

447 genes were found in H. sapiens, M. musculus and A. thaliana, with 5,827 unique 

448 annotated genes in mouse and only 33 newly annotated genes in A. thaliana. 75.82% 

449 of the unique annotated gene regions in H. sapiens were identified as repeats, while 

450 only 36.63% in M. musculus and 2.01% in A. thaliana were repeats (Table 5 and Table 

451 S11). The different metabolic pathways for the newly annotated genes were analyzed 

452 in M. musculus. The results of KEGG enrichment analysis showed that some genes 

453 were found in the pathways of histamine metabolism, sulfur metabolism, RNA 

454 polymerase, tryptophan metabolism, Systemic lupus erythematosus (SLE), arginine 

455 and proline metabolism, circadian rhythm, etc. Among them, the number of genes 

456 enriched in SLE was the highest (Figure S4).

457

458 Table 5. Statistics of gene annotation in T2T genome
Annotated gene # T2T_homo T2T_mus T2T_arab

Total 2,848 5,827 33Uniquely 
annotated 

genes in T2T Avg. gene length (bp) 14,434 6,293 476

Total # 38,068 51,302 33,093

Extended genes # 26,417 1,391 767

Avg. extension length (bp) 782 5,431 15

Shorten genes # 10,277 520 442

Shared 
annotated 

genes in both 
T2T and old

Avg. shorten length (bp) 1,491 13,690 32

459

460 For the common annotated genes of the T2T genome and the old genome, the length 

461 of each pair of identical genes is not fixed. There are 26,417, 139 and 767 common 
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462 annotated genes have been extended in the T2T_homo, T2T_mus and T2T_arab, 

463 respectively, while others have been shortened or remained unchanged. In H. sapiens, 

464 M. musculus and A. thaliana, the number of extended genes was greater than that of 

465 shortened genes, and the number of extended genes was 2.6, 2.7 and 1.7 times that of 

466 shortened genes, respectively. The average number of extended gene bases is smaller 

467 than the shortened gene bases. The average length of shortened bases in H. sapiens, M. 

468 musculus and A. thaliana is 1.9, 2.5 and 2.1 times that of extended bases, respectively. 

469 The GPAT2 gene exhibits the most significant extension in the T2T genome of H. 

470 sapiens, stretching by 608,848 bp compared to the old genome. It is located on chr. 2 

471 from 95,919,724 bp to 96,542,891 bp. The GPAT2 gene encodes glycerol-3-phosphate 

472 acyltransferase 2, a crucial enzyme involved in the triglyceride synthesis pathway 

473 during fat metabolism. GPAT2 is a mitochondrial isoform that is mainly expressed in 

474 the testis under physiological conditions. It is aberrantly expressed in multiple myeloma 

475 and is identified as a novel cancer testicular gene [57]. The TMEM267 gene, located in 

476 chr. 13 of T2T_mus genome from 119,624,575 bp to 120,072,595 bp, has experienced 

477 the longest extension, with an increase of 325,000 bp compared to the old genome. This 

478 gene encodes a transmembrane protein (TMEM267) predicted to be a component of cell 

479 membrane. It  shares  homology with  the human TMEM267 and is generally expressed 

480 in adult testis, the central nervous system and other tissues [58]. In the T2T genome of 

481 A. thaliana, the AT2G43150 protein coding gene located between 20,458,156 bp and 

482 20,462,774 bp on chr. 2 has the longest extension compared to the old genome. The 

483 gene ID 818917, Proline-rich extension-like family protein, acts in cell wall and 

484 participates in plant cell wall organization [59, 60] .

485 For the RNA-seq data alignment results on the T2T genome, the average alignment 

486 ratio for each species exceeded 80%. As for the FR, H. sapiens and F. vesca exhibited 

487 the highest alignment number (4,407,560 and 8,738,360) and ratio (14.1% and 13.2%), 

488 respectively. A. thaliana demonstrated a relatively lower alignment number and ratio 

489 of 226,987 (1.9%) compared to its counterparts (Table 6).

490

491
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492 Table 6. Statistics of mapping results between RNA-seq data and T2T genome
T2T_homo T2T_mus T2T_arab T2T_musa T2T_frag

SRA accession DRP011239 SRP492204 SRP470572 SRP102870 SRP115444

Total reads # 277,824,945 90,365,441 130,090,066 74,536,889 292,401,740

Avg. MP 80.5% 99.6% 98.7% 99.0% 99.5%

Avg. MN of FR  4,407,560 1,703,233 226,987 2,165,737 8,738,360

Avg. MP of FR  14.1% 9.0% 1.9% 10.4% 13.2%

493 (Avg. MP: Average mapping ratio; Avg. MN of FR: Average mapping numbers of filled regions; 

494 Avg. MP of FR: Average mapping ratio of filled regions)

495

496 3.5 Gene function and reliable FR of H. sapiens

497 Building on the validation of the authenticity of FR identification and its potential 

498 transcriptional activity, we conducted a comprehensive functional prediction analysis 

499 of the FR sequences. This analysis identified 1,007 enriched motif signature sequences, 

500 among which 172 were particularly significant. Of these, 151 motifs exhibited p-values 

501 and q-values approaching 0, indicating strong statistical significance. Notably, the 

502 sequence "AAATATCT" was associated with multiple motif signatures, including 

503 "EPR1 (MYB-related)/colamp-EPR1-DAP-Seq," "LHY1 (MYB-related)/col-LHY1-

504 DAP-Seq," "AT3G10113-DAP-Seq," and "At4g01280 (MYB-related)/colamp-

505 At4g01280-DAP-Seq". In addition, the sequences "KTGTTTGC" and "AAGATTCT" 

506 were found to be highly enriched, comprising 67.87% and 50.46% of the target 

507 sequences, respectively, compared to 48.76% and 32.91% in the background sequences. 

508 Existing research suggests that these motif signature sequences may play critical roles 

509 in regulating gene expression or participating in specific regulatory pathways. They are 

510 also associated with species-specific functional pathways and identification, further 

511 highlighting the importance of FR sequence identification (Table S12).

512 To explore the functional relevance of the 172 significant motif sequences, we 

513 performed KEGG pathway enrichment analysis, which revealed 45 enriched pathways. 

514 Among these, eight pathways, including the "Hippo Signaling Pathway - Multiple 

515 Species," "Cellular Senescence," and "Inflammatory Bowel Disease", demonstrated 

516 significant enrichment (Figure 4).
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517 The Hippo signaling pathway primarily regulates cell proliferation, apoptosis, and 

518 tissue growth by modulating the activity of the transcription factors YAP and TAZ [61]. 

519 Disruption of this pathway is linked to the development of various cancers and plays a 

520 critical role in tissue development and repair. Inflammatory bowel disease (IBD), 

521 encompassing Crohn's disease and ulcerative colitis, is a chronic inflammatory 

522 condition resulting from aberrant immune responses to intestinal microbiota or dietary 

523 antigens. The differentiation and balance of Th1 and Th2 cells are essential for optimal 

524 immune system function [62]. Th1 cells primarily combat intracellular pathogens, such 

525 as viruses and certain bacteria, through the production of interferon-gamma (IFN-γ) 

526 and other cytokines. In contrast, Th2 cells target extracellular pathogens and regulate 

527 allergic responses by secreting cytokines such as IL-4, IL-5, and IL-13.

528    The KEGG enrichment pathway analysis indicates that the genes associated with 

529 these motifs are implicated in processes related to cell proliferation, aging, immune 

530 response, and inflammation. These findings provide valuable insights for further 

531 research into the mechanisms underlying these biological processes and their associated 

532 diseases.
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562 Figure 4. KEGG enriched pathway statistics for significant motif genes for H. sapiens

563 By comparing the RNA seq data successfully aligned to FR (denoted as 

564 FR_FILTER_RNA) with the NT database, we observed that the FR sequences mapped 

565 not only to the H. sapiens database but also to databases of Canis lupus familiaris, 

566 Leporidae, and Sus scrofa. Notably, there were significantly more sequences aligned to 

567 Leporidae and S. scrofa than to C. lupus familiaris, with 2,206 and 1,339 sequences, 

568 respectively (Table S13). This indicates that FR sequences exhibit homology and 

569 similarity across these species. We designated these sequences as 

570 FR_FILTER_RNA_OTHER-SPECIES and subsequently aligned them to the GRCh38 

571 genome. During this alignment, seven sequences remained unaligned, which were 

572 deemed as the most reliable sequences (Table S14). 

573 Among the seven candidate sequences, we ultimately selected sequences 4, 5, and 7 

574 for bidirectional PCR amplification and Sanger sequencing. Sequences 3 to 7 are 

575 located in the centromeric regions of chromosomes 21 and 22, with sequences 4 and 5 
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576 exhibiting the highest number of mapped RNA-seq samples (both 13). These two 

577 sequences were selected to facilitate the comparison of sequence characteristics across 

578 different centromeric regions, while sequence 7, compared to sequence 6, was 

579 prioritized as it is closer to the centromeric core region and may exhibit higher 

580 transcriptional activity or important RNA-binding sites. The final selected sequences 

581 were NC_060945.1 (3652960–3654953, FR_seq_1), NC_060946.1 (5018082–

582 5019176, FR_seq_2), and NC_060946.1 (5627132–5628767, FR_seq_3). Specific 

583 primers were designed for PCR amplification, yielding theoretical fragment lengths of 

584 594 bp (FR_ seq_1), 990 bp (FR_ seq_2), and 1383 bp (FR_ seq_3). Electrophoresis 

585 results showed single, clear bands for all three sequences, with band positions fully 

586 consistent with the expected fragment lengths, indicating the absence of non-specific 

587 contamination. Notably, FR_ seq_2 and FR_ seq_3 exhibited clearer and brighter bands 

588 compared to FR_ seq_1 (Figure 5A). Following electrophoretic separation, fluorescent 

589 detection and data acquisition were performed, generating chromatograms for the three 

590 sequences. The chromatogram results demonstrated that the bases in the filled regions, 

591 the original sequences, and their junctions were accurate and free of mismatches. The 

592 peaks were sharp, well-separated, and evenly distributed, with base signal intensities 

593 uniform and peak colors and orders consistent with the expected sequences. 

594 Specifically, the junction regions for FR_ seq_1 (1660 bp–1720 bp), FR_ seq_2 (270 

595 bp–330 bp), and FR_ seq_3 (260 bp–340 bp) were highly consistent and matched 

596 perfectly with the reference sequences. Collectively, these results confirm the 

597 authenticity of FR_ seq_1, FR_ seq_2, and FR_ seq_3, providing reliable data to 

598 support subsequent functional analyses (Figure 5B-5D).

599

600

601

602

603
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604

605

606

607

608

609

610

611

612

613

614

615

616

617

618 Figure 5.  Sanger sequencing results of three reliable sequences

619 (A: Electrophoresis analysis of PCR amplification products for three target sequences;   

620 B-D: Sanger sequencing assembly results for three target tequences)

621 (NC_060945.1 3652960-3654953 as FR_ seq_1, NC_060946.1 5018082-5019176 as FR_ seq_2, 

622 and NC_060946.1 5627132-5628767 as FR_ seq_3)

623

624 4. Discussion

625 By conducting pairwise comparisons of the T2T and old genomes across five 

626 species, this study has systematically identified and analyzed the proportions, locations, 

627 properties, and gene functions of FR. This comprehensive analysis aims to unveil 

628 differences and commonalities in genome composition, structure, and functionality. 

629 Various T2T genomes have been successively published for human, animals and plants. 

630 Although previous studies have explored these features in specific organisms [26, 29, 

631 31, 33, 35, 63], there are a cohesive examination comparing representative model 

632 organisms across species. Our study not only longitudinally compared the old and T2T 
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633 genomes, but also horizontally compared the similarities and differences across T2T 

634 genomes from diverse species. Through horizontal comparison, it was concluded that 

635 the FR of T2T genome has distinct pattern characteristics in human, animal and plants 

636 (Table 4 and Figure3).  This study offers valuable insights into shared characteristics 

637 among different species in the complete genome assembly. It provides a deeper 

638 exploration of biodiversity and the evolutionary process, contributing to a more 

639 comprehensive understanding of genomics.

640 The T2T genomes of the five species exhibit higher quality and completeness 

641 compared to their old genomes. They contain a greater number of newly discovered 

642 sequences and functionalities. This indicates significant advancements in sequencing 

643 and assembly technologies for the T2T genomes. These improvements enable more 

644 accurate representations of biological realities. Evolutionary processes have subjected 

645 different species to distinct selective pressures and genomic variations, resulting in 

646 variations in chromosome structures [64, 65]. In specific comparisons, such as H. 

647 sapiens, M. musculus and F. vesca, changes in genome size and GC content are 

648 relatively minor when comparing T2T genomes to the old genomes. However, 

649 significant changes are observed in M. acuminata and A. thaliana when compared to 

650 their old genomes (Table 2). These differences underscore the species-specific nature 

651 of genomic evolution and highlight the importance of advanced technologies in 

652 capturing these variations comprehensively.

653 The analysis of location distribution and the sequence characteristic of FR reveals 

654 consistent patterns across these five species, which highlights the intricate connection 

655 between the distribution of FR and chromosome structure and functionality. In the T2T 

656 genomes of H. sapiens and A. thaliana, the FR are predominantly located in telomeres 

657 and centromeres, underscoring the vital role of these structures in genome variation and 

658 evolution, essential for maintaining genome stability and integrity (Table S4-S6 and 

659 FigureS2). A notable finding is the prevalence of repetitive sequences within these FR, 

660 particularly evident in the T2T genomes of H. sapiens, A. thaliana and M. acuminata 

661 (Table S8 and FigureS3). It indicates that the FR may result from insertions or 

662 amplifications of repetitive sequence, indicating a potential contribution of repetitive 
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663 sequences to innovation in genome structure or functionality. Sergey Nurk et al 

664 demonstrated that most of the unsequenced parts of the short arms of the five 

665 acrocentric chromosomes of H. sapiens were enriched by satellite repeats and 

666 segmental duplications [26]. Matthew Naish et al fully assembled the centromeres of 

667 A. thaliana and identified millions of CEN180 satellite base pairs in the centromeric 

668 region, supporting CENH3 loading [33]. Our analysis aligns with these conclusions, 

669 revealing similar patterns in multiple model organisms.

670 In gene annotation analysis of the FR, the number of genes present in the FR and the 

671 whole genome was quantitatively compared. Delving into the intricacies, we explored 

672 the divergence in annotation information between the T2T and old genomes, thereby 

673 identifiying newly annotated genes in the T2T genomes. In the case of common 

674 annotated genes, we also examined the performance in the two genome versions. H. 

675 sapiens and M. musculus exhibited a higher number of genes in the whole genome, 

676 while A. thaliana displayed a comparatively smaller count (Table S10). This 

677 observation indicates disparities in gene functions and complexity among species, both 

678 in the whole genome and the FR. The newly annotated genes in M. musculus were 

679 notably enriched in pathways related to systemic lupus erythematosus and other 

680 functions, indicating that the newly annotated genes may be related to biological 

681 performance metabolism and diseases. For the co-annotated genes, GPAT2 [57], 

682 TMEM267 [58] and AT2G43150 [59, 60] genes were with the largest length variation 

683 among H. sapiens, M. musculus and A. thaliana, respectively (Table 5). These genes 

684 likely play pivotal roles in maintaining genome integrity and functionality. For M. 

685 acuminata and F. vesca genomes, due to the different gene symbols in annotation files 

686 of the T2T genome and the old genome, coupled with the customization of all gene 

687 annotation information, we refrained from conducting detailed statistical analyses on 

688 the annotated gene changes in these species. We aligned RNA-seq data to the T2T 

689 genome (Table 6). By mapping RNA-seq data to the FR of the T2T genome, it further 

690 confirms the possible presence of transcription in the FR and illustrates the necessity of 

691 in-depth investigation of the filled region of T2T genomes. 

692 The T2T genome of human (T2T-CHM13v2.0) assembly, compared to the old 
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693 (GRCh38), has 60.7% of FR located on the Y chromosome (Table S3 and Figure1). It 

694 is significantly higher than that of other chromosomes. Due to the complex structure 

695 and repetitive regions, a significant portion of the Y chromosome remained 

696 incompletely assembled [26, 27]. The initial release of the complete human genome by 

697 T2T involved the assembled the 22 pairs of autosomes and the X chromosome in their 

698 entirety. Subsequent efforts by the T2T consortium successfully addressed this 

699 challenge by assembling all chromosomes from a complete hydatidiform mole genome. 

700 This comprehensive assembly not only resolved over 50% of the base gaps in the Y 

701 chromosome of the GRCh38 genome and but also corrected multiple errors in GRCh38-

702 Y [66]. In addition, the proportion of FR on the chr. Y in M. musculus, accounting for 

703 21.4%, further underscores the advancements in sequencing technologies for T2T 

704 genomes in different species. These advancements signify a gradual overcoming of 

705 challenges in genome assembly, paving the way for the completion of previously gap 

706 genomes. 

707 We conducted an in-depth comparison of the sequencing and assembly methods 

708 between the T2T and prior genome versions for five species. Initially, we collected the 

709 assembly strains or samples corresponding to each genome version. Both the T2T and 

710 the old genome assembly of H. sapiens used the 'complete hydatidiform mole' sample. 

711 Specifically, the T2T genome used the CHM13 sample, while the GRCh38 genome 

712 combined CHM1 and CHM13 samples [26, 27]. For M. musculus, A. thaliana, M. 

713 acuminata, and F. vesca, the different versions were sequenced and assembled from the 

714 same samples or strains. For instance, the GRCm39 and GRC38 versions of the M. 

715 musculus genome both used the 'C57BL/6J' strain [28, 29]. Similarly, the two versions 

716 of A. thaliana, M. acuminata, and F. vesca genomes used the Col-0 (Columbia) ecotype 

717 (32, 33), Double haploid Musa acuminata spp. malaccensis (DH-Pahang) [30, 31], and 

718 'Hawaii 4' [34, 35], respectively (Table S15).

719  We also examined the sequencing and assembly methods of the two genome 

720 versions. The T2T genome's methods are more comprehensive and advanced, leading 

721 to the identification of different numbers and proportions of FR in the T2T genome. 

722 For the T2T genomes of all five species, both short-read and long-read sequencing 

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

The copyright holder for this preprintthis version posted January 1, 2025. ; https://doi.org/10.1101/2024.12.31.630859doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.31.630859
http://creativecommons.org/licenses/by/4.0/


723 methods were used. The prior H. sapiens genome used Sanger sequencing, Illumina 

724 short-read sequencing, Pacific Biosciences (PacBio) long-read sequencing, and Oxford 

725 Nanopore Technologies (ONT) nanopore sequencing [27]. In addition to these methods, 

726 the T2T genome also used BioNano optical maps and single-cell DNA template strand 

727 methods [26]. The sequencing methods for the two versions of A. thaliana were similar, 

728 but different assembly tools were used: the old version employed tools like 

729 Trimmomatic and SPAdes, while the T2T version used Guppy, Porechop, Filtlong, and 

730 Flye for base calling, data processing, and genome assembly [32, 33]. For M. acuminata 

731 and F. vesca, the old version used 454 and Illumina sequencing methods, whereas the 

732 T2T incorporated long-read sequencing (ONT sequencing) [34, 35] (Table S16). 

733 Despite the differences in sequencing and assembly methods between the T2T and old 

734 genome, they were derived from the same assembly samples. This commonality ensures 

735 a consistent reference point for comparing different versions. 

736 During the comparison, we used cross-validation and consistency analysis tools such 

737 as MUMmer [42], minimap2 [53], and BUSCO [24]. We also integrated highly similar 

738 functional annotations and homology analyses of different versions to ensure the 

739 accuracy of our FR identification results. For instance, considering the two versions of 

740 the human genome, we aligned them using both MUMmer and minimap2, and then 

741 extracted the overlapping regions in the FRs generated by each software. By calculating, 

742 we found that the average overlap rate of FR_2 (FR obtained by minimap2) in FR_1 

743 (FR obtained by MUMmer) reached 78.6% (Table S17). This confirmed that, despite 

744 using different alignment software, the FR obtained were highly similar, further 

745 verifying the authenticity and reliability of these FRs. Meanwhile, the enhanced 

746 integrity of the T2T genome can also be attributed to the advancement of sequencing 

747 and transcriptomic tools.

748 To further substantiate this conclusion, we combined it with previous RNA-seq 

749 alignment results on the T2T genome. We extracted the regions where RNA-seq aligned 

750 in both FR_1 and FR_2 and conducted quantitative analysis. We discovered that among 

751 the 5535 FRs identified in the T2T genome, 3582 FR regions were successfully aligned 

752 by RNA-seq. For instance, in chromosome 5, a total of 233 FR sequences were detected, 
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753 with 176 successfully aligned by RNA-seq (Table S18). Additionally, we counted the 

754 coverage of RNA-seq after alignment in the FR. The results indicated that in 

755 chromosome 9 and chromosome 1, 66.9% and 68.7% were mapped to the FR, with 

756 coverage rates of 91.2% and 82.6%, respectively. On average, RNA-seq coverage of 

757 FRs across all chromosomes was 53.5% (Table S18). These results strongly support the 

758 correctness of FR identification and additionally confirm potential transcripts and 

759 transcriptional activity in the FRs. For FRs mapped by a large number of reads, there 

760 may be higher gene expression abundance and levels.

761 Compared to the old version of reference genomes, the T2T genomes represent a 

762 significant advancement. This comprehensive study systematically explored the 

763 genomic features within FR of reference genomes across five model species. A nuanced 

764 examination of mutations and polymorphisms at the individual level emerges as pivotal 

765 for deciphering genetic variations, pinpointing diseases, and refining strategies for 

766 animal and plant breeding. Future endeavors should aim for in-depth comparisons 

767 within individual genomes, contextualized within the broader landscape of the 

768 pangenome, to unveil more intricate patterns and insights.
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781 Data availability

782 The T2T and old genome assemblies of H. sapiens, alongside the old genomes of A. 

783 thaliana and M. acuminata, are accessible via NCBI’s RefSeq repository 

784 (https://www.ncbi.nlm.nih.gov). The RefSeq accession numbers for these assemblies 

785 are as follows: GCF_000001405.40 and GCF_009914755.1 for the old and T2T 

786 genome assembly of H. sapiens, GCF_000001733.4 and GCF_000313855.2 for the old 

787 genome of M. acuminata and A. thaliana. Comprehensive data on the remaining T2T 

788 and old genome assemblies can be acquired by consulting the details provided in Table 

789 1. The RNA seq dataset information of the five species can be obtained through the 

790 SRA accession of DRP011239, SRP492204, SRP470572, SRP102870 and SRP115444, 

791 respectively. The specific BioProject and sample information of RNA seq can be 

792 obtained through Table S1.
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