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Supplementary Notes: 29 

Samples collection 30 

In this study, we collected various types of samples from five species, including 31 

Hydropotes inermis, Muntiacus reevesi, M. gongshanensis, M. crinifrons, and 32 

Elaphurus davidianus. The blood samples of two female M. crinifrons individuals 33 

(female MCR1, female MCR2), two male M. crinifrons individuals (male 34 

MCR1,male MCR2) and one male M. reevesi individual (MRE1) were collected from 35 

Hefei Wild-life Zoo, Hefei City, Anhui province, China. The blood sample of one H. 36 

inermis individual (HIN1) were collected from a farm in Yancheng, Jiangsu province, 37 

China. The blood sample of one E. davidianus was collected from the Beijing Milu 38 

Ecological Research Center. In addition, the frozen tissue samples of a female M. 39 

crinifrons individual (female MCR3), a male M. crinifrons individual (male MCR3), 40 

two M. gongshanensis individuals (MGO1, MGO2), the fibroblast cell lines of the 41 

skin sample from a male M. crinifrons individual (male MCR4) and the lung sample 42 

from a female M. crinifrons individual (female MCR4) were provided by Kunming 43 

Cell Bank of the Chinese Academy of Sciences (Supplementary Table 1). 44 

All animal specimens were collected legally in accordance to the policy of Animal 45 

Care and Use ethics of each institution, which meets or exceeds US regulatory 46 

standards for the humane care and treatment of animals in research. 47 

48 

Library construction and Sequencing 49 

The high-quality DNA of above samples was extracted using a DNeasy Blood & Tissue 50 

Kit (Qiagen, Valencia, CA, USA) Qiagen Kit according to the manufacturer's 51 

instructions. Then these DNA samples were used to construct different libraries for 52 

Nanopore, NGS and Hi-C sequencing. The Nanopore libraries with an insert size of 20 53 

kb were sequenced using R9.4 flow cells on the GridION X5 sequencer (ONT, UK) at 54 

the Genome Center of Grandomics (Wuhan, China). The ONT Albacore software was 55 

used to perform the base calling, adaptor removal and low-quality base filtration on 56 



fast5 files. The NGS libraries with an insert size of 400bp was constructed and then 57 

sequenced on Illumina NovaSeq platform with the paired-end read length of 150bp. 58 

The Hi-C libraries were constructed and sequenced using Illumina NovaSeq platform. 59 

The information for clean data of Nanopore, NGS and Hi-C sequencing are listed in 60 

61 

62 

63 

64 

Supplementary Table 2-4, respectively. 65 

mRNAs were isolated from the two cell line samples of M. crinifrons according to 66 

the TRIzol (Invitrogen, USA) protocol. Sequencing libraries for 150 bp paired-end 67 

reads were then generated and sequenced using an Illumina HiSeq platform. Finally, a 68 

total of 6 Gb paired-end RNA-seq sequencing data were generated for each sample. 69 

70 

Assembly of contig-level genome 71 

In this study, we firstly assembled the contig-level genomes for M. reevesi, M. 72 

gongshanensis, female and male M. crinifrons using long reads and then polished 73 

them using high-quality Illumina short reads. Briefly, for the genomes of M. reevesi74 

and female M. crinifrons, the nanopore long reads from individual MRE1 and female 75 

MCR1 were firstly assembled using SMARTdenovo 1 (veriosn 1.0, with parameter -k 76 

21 -J 3000 -t 20),and then the paired-end Illumina reads from the same individuals 77 

were used to polish the genomes using Nextpolish software 2 (version1.2.4, with 78 

parameter best). For the genome of M. gongshanensis, the nanopore long reads of 79 

individual MGO1 were firstly assembled using the SMARTdenovo 1, then the Racon 80 

software 3 (version 1.21 with default parameter) and Pilon software 4 (version 1.23 81 

with default parameter) were used to polish the genome using raw nanopore reads and 82 

high-quality Illumina reads. For the genome of male M. crinifrons, the PacBio reads 83 

were downloaded from NCBI (PRJNA438286) and reassembled using wtdbg2 584 



(version 2.5, with default parameter), then the Racon and Pilon software 4 were used 85 

to polish this assembly using long reads and Illumina reads, respectively. The 86 

statistics of these draft assemblies are listed in Supplementary Table 5. The genome 87 

size of these muntjac species are similar to that assembled using Illumina reads by 88 

Chen et al. 6. 89 

90 

Chromosome assembly by Hi-C data 91 

We improved the newly assembled genomes of M. reevesi, female and male M. 92 

crinifrons and previous published H. inermis genome downloaded from NCBI 93 

(GCA_006459105.1) to chromosome level using 52~71 folds high-quality high 94 

throughput chromatin conformation capture (Hi-C) data (Supplementary Table 4). 95 

Firstly, the paired-end Hi-C reads of female and male M. crinifrons, M. reevesi and H. 96 

inermis were aligned to their contig-level draft genomes using Juicer software 797 

(version 1.5.7). Then the 3D-DNA software 8 (version 180922) was used to order and 98 

orientate the contigs. Finally, the Juicebox Assembly Tools 9 was used to help 99 

manually correct the position and orientation of contigs based on the Hi-C contacted 100 

heatmaps. The statistics of these chromosome-level genomes were listed in 101 

Supplementary Table 5. The chromosome 1p+4 (neo-Y chromosome) of male M. 102 

crinifrons were manually adjusted using male-specific mutations.103 

104 

Synteny with B. taurus genome 105 

We performed the genome synteny analysis by aligning the five genomes we 106 

assembled to B. taurus genome (ARS-UCD1.2) using LAST software 10 (version 107 

885). Briefly, each genome was firstly aligned to B. taurus genome using "lastal" 108 

command with parameter: -E0.05. Then the "maf-swap" command was used to 109 

change the order of the sequences in MAF-format and the best pairwise aligned 110 

blocks was obtained by using “last-split” command with the parameter: -m1. The 111 

synteny relationships between the these genomes and B. taurus genome are presented 112 



by Circos (version 0.69-6) 11 after filtering < 2 kb alignment segments. 113 

114 

Repeat Annotation 115 

To predict gene models, various type of repeats should be firstly identified and 116 

masked. Tandem repeats were annotated by Tandem Repeat Finder (TRF) 12 (version 117 

4.07b; with parameters: 2 7 7 80 10 50 2000 -d -h). Long terminal repeat 118 

retrotransposons (LTR elements) were found out by LTR_FINDER (version 1.0.5 ) 13. 119 

The RepeatModeler 14 (version 1.0.4) software was used to build de novo repeat 120 

library. Transposable elements (TE) on genomes were annotated by mapping TE from 121 

the de novo repeat library and the Repbase TE library 15 (version 16.02) against 122 

genomes using RepeatMasker 14 (version 4.0.5; with parameters: -nolow -no_is -norna 123 

-parallel 1). TE-relevant proteins were identified by RepeatProteinMask software (a 124 

package in RepeatMasker) (version open-4.0.6, with parameters: -noLowSimple -p 125 

value 0.0001). 126 

127 

Gene annotation 128 

We used the combined pipeline of de novo and homology-based method to predict 129 

genes as the Ruminant Project 6. In brief, SNAP (version 2006-07-28) 16, GENSCAN 130 

(version 1.0) 17, GlimmerHMM (version 3.0.4) 18, and AUGUSTUS (version 2.5.5; 131 

Augustus: Gene Prediction) 19 were separately used to annotated gene models de novo132 

based on the repeat-masked genomes. For homology-based predictions, the protein 133 

sequences of Homo sapiens20 (Ensemble 87 release), B. taurus 21 (Ensemble 87 134 

release) and Ovis aries 21 (Ensemble 87 release) were used as templates. First, the 135 

protein sequences were aligned to the genomes by TBLASTN 22 with an E-value cut-136 

off of 1e-5. The blast hits were transformed into candidate gene locus with GenBlastA 137 

23. Then the genomic sequences of candidate gene loci were extracted and subjected to 138 

perform more precise alignment using GeneWise (version 2.2.0) 24. The 139 

EVidenceModeler software 25 (EVM, version 1.1.1) was used to integrate the gene 140 



models predicted by de novo and homology approaches. Completeness evaluation of 141 

gene annotation was carried out using BUSCO 26 (version 3.0.2). The function of 142 

protein coding genes were annotated by aligning their protein sequence to the 143 

SwissProt and KEGG database using BLAST 27 (version 2.2.26; parameter: blastall -p 144 

blastp -b 100 -v 100 -e 1e-5 -m 8 ). When a gene is aligned by multiple proteins in 145 

SwissProt or KEGG database, the one with the highest blast score is remained. 146 

147 

Delineating the regions of fusion sites 148 

For each chromosome of female M. crinifrons, we used an in-house python script to 149 

detect the regions of fusion site which were defined as the interval regions between 150 

two adjacent large-scale syntenic blocks that aligned by different chromosomes of B. 151 

taurus or H. inermis. In this study, when the regions of the same fusion site inferred 152 

by B. taurus and H. inermis were different, the smaller one was selected in the 153 

subsequent analysis.  154 

We used the following steps to counts the number of gaps in the fusion sites and 155 

in the whole genome, Firstly, the gap was set to be 500 Ns when the 3D-DNA 8 was 156 

used for chromosome assembly, so the number of gaps could be directly counted in 157 

whole genome and in the fusion site regions. A total of 261 gaps were identified in 158 

whole genome of female M. crinifrons, 35 of which are located in fusion site regions 159 

and their flanking 200 kb regions (200 kb upstream and downstream of each fusion 160 

site). Then, we mapped the Illumina reads of the individual female MCR2 to the 161 

reference genome using BWA 28 with default parameter and calculated the coverage of 162 

each locus using SAMtools (samtools depth -a) 29. The region is regarded as a gap 163 

when the coverage of 100 consecutive loci are all zero. We found two more gaps 164 

using this strategy. Finally, we scanned the alignments of nanopore reads on the 165 

genome and found a connection error in the fusion site region chr2: 470,398,810-166 

470,568,565, which was also regarded as a gap. In total, we found 264 gaps in the 167 

whole genome, 38 of which are located in the fusion site (Supplementary Table 13). 168 



These results show that the average density of gaps is 2.0 per Mb and 0.09 per Mb in 169 

fusion site region and the rest genomic regions, respectively. For the 31 fusion site 170 

regions, only one (chr2: 61,703,828-62,110,032) does not contain any gap which 171 

could be confirmed by the accurate alignment of nanopore reads at this fusion site 172 

supplementary Fig. 19 30. 173 

174 

Extracting monomers of three satellite sequences specific to Cervidae from 175 

female M. crinifrons genome 176 

To calculate the content of satellite and telomeric sequences in the fusion site regions, 177 

we firstly downloaded three classes of Cervidae-specific satellite sequence cloned by 178 

Liu et al. in M. crinifrons 31. Then by exploring the homologous sequences of these 179 

downloaded satellite sequence in the tandem repeat annotation results of our female 180 

M. crinifrons genome, two types monomers for satellite I (satI_980 and satI_790) and 181 

monomer for satellite II (satII) and satellite IV (satIV) were identified. 182 
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Supplementary Figures 201 

202 

Supplementary Figure 1. Karyotype pairing diagram of M. crinifrons. Segments 203 

with different colors represent different ancestral chromosomes. Gray ellipses 204 

represent centromeres. The cross between chromosome Y, X+4, 1p+4, 1q in male M. 205 

crinifrons indicates their pairing relationship. 1p and 1q mean short arm and long arm 206 

of chromosome 1, respectively. 207 



208 

Supplementary Figure 2. Summarized information of species, sequencing 209 

technology and amount of data in this study. The amount of data is in Gb. HIN, H. 210 

inermis; EDA, E. davidianus; MRE, M. reevesi; MGO, M. gongshanensis; MCR, M. 211 

crinifrons. The data of female and male M. crinifrons are counted separately and 212 

showed by diagonal lines. Detailed information can be found in the Supplementary 213 

Table 1-4. 214 

215 



216 

Supplementary Figure 3. Heatmap of Hi-C interactions on chromosomes-level 217 

genomes. Each chromosome is framed in blue box. From top left to bottom right are 218 

the chromosome 1, 2, 3 and X+4 of female M. crinifrons (female MCR), the 219 

chromosome 1q, 2, 3, 1p+4 and X of male M. crinifrons (male MCR), the 220 

chromosome 1-22 and X of M. reevesi (MRE) and the chromosome 1-34 and X of H. 221 

inermis (HIN), respectively. 1p and 1q represent short arm and long arm of 222 

chromosome 1, respectively.  223 

224 



225 

Supplementary Figure 4. Circos plot showing alignments of five genomes we 226 

assembled against to B. taurus genome. The alignments less than 2kb were 227 

discarded for clearer displaying. Gray blocks represent B. taurus’s chromosomes, 228 

while white blocks represent chromosomes of female and male M. crinifrons (MCR), 229 



M. reevesi (MRE) and H. inermis (HIN) or contigs of M. gongshanensis (MGO). 230 

Numbers near chromosome blocks represent chromosome codes. The percentage in 231 

brackets indicates proportion of sequence in B. taurus genome aligned by each 232 

genome. 233 
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254 

Supplementary Figure 5. Genome annotation. a Content of annotated repetitive 255 

sequence. The percentage of total repetitive sequence in each genome is showed 256 

above the pillar. The total percentage value is not equal to the sum of percentage of 257 

different types repeats due to the overlap of them. HIN, H. inermis; MRE, M. reevesi; 258 

MGO, M. gongshanensis; MCR, M. crinifrons. b Statistical results of annotated 259 

protein coding genes. 260 
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272 

Supplementary Figure 6. Phylogeny and divergent time. a Consistent maximum 273 

likelihood (ML) phylogenetic tree from fourfold degenerate sites (4dTV) and 274 

mitochondrial genomes. 200 and 1000 bootstrap replicates were used to calculate the 275 

support for each node on 4dTV and mitochondrial genomes tree, respectively. The 276 

size of purple dots represents the percentage of bootstrap repeats supporting a node. b277 

Divergence time of muntjac deer and outgroup species. 278 
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287 

Supplementary Figure 7. Demographic history of muntjac deer and related 288 

Cervidae species. Mutation rate estimated by r8s and generation time are putted in 289 

parentheses after species id. MCR, M. crinifrons; MGO, M. gongshanensis; MMU, M. 290 

muntjak vaginalis; MRE, M. reevesi; CAL, C. albirostris; HIN, H. inermis. 291 
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301 

Supplementary Figure 8. Centromeric positions on some chromosomes of H. 302 

inermis (HIN) and M. reevesi (MRE). Gray semicircle represents centromere 303 

identified by scanning Cervidae-specific centromeric satellite sequences. Horizontal 304 

orange bars represent chromosomes with the chromosome code on the left. 305 
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316 

Supplementary Figure 9. Chromosome fusion events leading to the female M. 317 

crinifrons. The “+” indicates chromosome fusion events happened between its 318 

flanked ancestral chromosomes represented by chromosome names of H. inermis. The 319 

red numbers indicate the number of fusion or fission events. C_1~C_5 marked five 320 

chromosomal evolution stages in female M. crinifrons. Three fusion events in C_4 321 

were marked using “#” because of their further fission in M. feae or M. 322 

gongshanensis. 323 
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329 

Supplementary Figure 10. Circos plot showing genome alignments of female M. 330 

crinifrons with its related species. Gray boxes indicate chromosomes of female M. 331 

crinifrons (MCR), and blank boxes indicate chromosomes of H. inermis (HIN) or M.332 

reevesi (MRE). Numbers near chromosome blocks represent chromosome numbers. 333 
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344 

Supplementary Figure 11. Hi-C reads pairs and homologous bins across 345 

genomes. a Number of Hi-C reads pairs of female and male M. crinifrons (MCR), M.346 

reevesi (MRE) and H. inermis (HIN). “Total” represents the total number of 347 

sequenced Hi-C reads pairs. “Valid” represents the remained valid reads pairs to 348 

construct contact matrix. Percentage of valid reads pairs were putted on the 349 

corresponding bars. “Cis” and “Trans” indicates valid reads pairs with their two reads 350 

aligned to the same chromosome and different chromosomes, respectively. b Number 351 

of mapped homologous bins between female M. crinifrons and other three genomes at 352 

20 kb, 40 kb and 100 kb resolutions. 353 

354 



355 

Supplementary Figure 12. Compartment A/B and corresponding genome 356 

sequence features. a Boxplot of gene density and GC content in genomic 357 

compartment A and B. In female and male M. crinifrons, M. reevesi and H. inermis, 358 

the number of bins belonging to compartment A and compartment B are respectively 359 

11,600 and 12,510, 11,727 and 12,112, 12,266 and 11,848, 12,290 and 11,922. The 360 

lower and upper hinges correspond to the first and third quartiles. The horizontal line 361 

inside the box is the median. The upper whisker extends from the hinge to the largest 362 

value no further than 1.5 * IQR from the hinge (where IQR is distance between the 363 

first and third quartiles). The lower whisker extends from the hinge to the smallest 364 

value at most 1.5 * IQR of the hinge. Outlier are not displayed. The difference of gene 365 

density or GC content in different compartment regions was checked using 366 



independent two-sample t-test (two sides and p-value <0.05) without multiple 367 

comparisons adjustments. b Compartment A/B, gene expression level, GC content 368 

and gene density of female M. crinifrons, male M. crinifrons, M. reevesi and 369 

Hydropotes inermis. In the track of compartment A/B, the blue prat represent the 370 

compartment A, and the red part represent compartment B. The gene expression level 371 

is represented by the FPKM (fragments per kilobase of transcript per million). GC 372 

content show the percentage of GC bases per 100 kb. Gene density is the total length 373 

ratio of genes per 100 kb. For male M. crinifrons, 1p and 1q represent short arm and 374 

long arm of chromosome 1, respectively. 375 
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380 

Supplementary Figure 13. Comparison of compartment A/B between female M. 381 

crinifrons and other three genomes. Compartment results of the three genomes were 382 

mapped to the genome of female M. crinifrons according their bins’ homologous 383 

relationship. On the ordinate, the value greater than zero means compartment A, and 384 

that less than zero means compartment B. The transparent orange pillars represent the 385 

compartment results of female M. crinifrons and the dark blue ones represent that of 386 

other three genomes. MCR, M. crinifrons; MRE, M. reevesi; HIN, H. inermis. 387 
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389 

Supplementary Figure 14. Comparison of compartment A/B near fusion sites. a390 

Percentage of bins with switched or stable compartment A/B between female and 391 

female M. crinifrons, M. reevesi and H. inermis. “Fusion regions” refers to female M. 392 

crinifrons fusion site regions and their upstream and downstream 5 Mb regions. “other 393 

regions” refers to the rest genomic regions except for the ancestral X chromosome 394 



region. b Detailed compartment A/B in regions near fusion site of female M. 395 

crinifrons and their homologous regions in other three genomes. From top to bottom 396 

in each figure are female and male M. crinifrons, M. reevesi and H. inermis. Red and 397 

blue blocks indicates compartment A and compartment B, respectively. The gray 398 

transparent boxes mark the fusion sites. Under each graph of male M. crinifrons, M.399 

reevesi and H. inermis are the chromosome names where these regions are located in 400 

their genomes. 401 
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419 

Supplementary Figure 15. Total significant interactions. Number and proportion of 420 

intra-chromosome and inter-chromosome significant interactions identified in female 421 

and male M. crinifrons (MCR), M. reevesi (MRE) and H. inermis (HIN).  422 
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436 

Supplementary Figure 16. Lang-range significant interactions. a Length 437 

distribution of intra-chromosome significant interactions. The length of significant 438 

interactions was transformed by log10 function. The number of significant interactions 439 

with different length in each genome was normalized by the maximum and minimum 440 

values, respectively. b Number of shared and specific significant interactions between 441 

M. reevesi and female M. crinifrons. Significant interactions of female M. crinifrons442 

with length more than 5 Mb and less than 5 Mb were separately displayed. 443 

Superscript “a” indicates number of significant interactions of M. reevesi shared by 444 

female M. crinifrons and superscript “b” indicates number of significant interactions 445 

of female M. crinifrons shared by M. reevesi. In parentheses are the percentage of 446 

significant interaction specific to female M. crinifrons. c Number and percentage of 447 

long-range significant interactions (>= 5Mb) with various compartment type at their 448 

both ends in female M. crinifrons. “A-A”, long-range significant interactions (LRSI) 449 

with compartment A at their both ends; “B-B”, LRSI with compartment B at their 450 

both ends; “A-B”, LRSI with compartment A at one end and compartment B at 451 

another end; “Others”, LRSI with no exact compartment type at any of their two ends. 452 

d Compartment A/B and different type of LRSI in the region of chr3:130-410Mb in 453 

female M. crinifrons. The red bars mark compartment A and the blue ones mark 454 



compartment B. 455 
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472 

Supplementary Figure 17. 3D genome structure of different genomes. The “chr1”, 473 

“chr2”, “chr3” or “chr4+X” at top of each column are the chromosome codes of 474 

female M. crinifrons. In each column, only the corresponding chromosome of female 475 

M. crinifrons and its homologous chromosomes or segments in other genomes are 476 

colored, and the remaining chromosomes are gray. Segments of different colors in 477 

each column represent different ancestral chromosomes, while the same color 478 

indicates homologous ancestral chromosome segments in different genomes. 479 

480 



481 

Supplementary Figure 18. Combined heatmaps of contact matrix around the 482 

fusion sites of female M. crinifrons (upper right) and their homologous regions in 483 

M. reevesi (lower left) at 20 kb resolution. Hollow geometries marks the location of 484 

fusion site. Different geometries represent different fusion site types. The “ancestral 485 

fusion sites” refers to the oldest fusion sites shared by five muntjac species. The 486 

“tandem fusion sites” represent the tandem fusion sites of female M. crinifrons except 487 

the ancestral fusion sites. The “Robertsonian fusion sites” refers to fusion sites raised 488 

by Robertsonian fusion and they are the youngest fusion sites. 489 



490 

491 

Supplementary Figure 19. Nanopore reads alignment results at the completely 492 

assembled fusion site. The alignment results of nanopore reads at the fusion site 493 

(chr2: 61,703,828-62,110,032) and its flanking regions are extracted from the 494 

Integrative Genomics Viewer (IGV). The red box demarcates the fusion site and its 495 

upstream and downstream 200 kb interval. Some reads can span the whole fusion site, 496 

suggesting the complete assembly of this fusion site. 497 
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508 

Supplementary Figure 20. Density of reads with different distance between short 509 

telomeric repeats from the reads’ end. The abscissa shows the percentage of 510 

distance between the short telomeric repeat and its nearest read end to the total length 511 

of the read. MGO, M. gongshanensis; MCR, M. crinifrons; EDA, E. davidianus; 512 

MRE, M. reevesi. 513 
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521 

Supplementary Figure 21. An example of reads which can be simultaneously 522 

aligned by satellite I, IV and telomeric repeats. One nanopore read, with the id 523 

“dd3a0c38-516b-4d43-9f42-1a7db1bf3475”, from the female M. crinifrons was 524 

aligned with satellite sequences and telomeric repeats, together with its self-525 

alignment, using BLAST. The dark blue short lines distributed on both sides of the 526 

diagonal lines are palindrome and are encircled by dotted curve. There is a very short 527 

telomeric sequence region on the read, which is marked out by an arrow. 528 
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532 

Supplementary Figure 22. Candidate male-specific mutations. a Schematic 533 

diagram of identifying candidate male-specific mutations. Gray horizontal lines 534 

represent homologous chromosomes, on which red circles or bars mean alleles the 535 

same to reference and blue ones mean alterative alleles. On the right side of the gray 536 

lines are sample ids. MCR, M. crinifrons; MGO, M. gongshanensis; SNPs, single 537 

nucleotide polymorphisms; indels, insertions and deletions; SVs, structural variations.538 

b Proportion and number of candidate male-specific mutations in different genomic 539 

regions. “Neo-Y regions” refer to the inverted regions on neo-Y chromosome. “Other 540 

regions” refer to the rest genomic regions. 541 
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545 

Supplementary Figure 23. Compartment A/B in neo-Y regions. a Proportion of 546 

bins with switched compartment type between female and male M. crinifrons genome. 547 

“A to B” indicate compartment switch from A in female M. crinifrons to compartment 548 

B in male. “B to A” indicates opposite compartment switch. b Compartment A/B of 549 

female and male M. crinifrons, and other genomic features in neo-Y regions. 550 
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565 

Supplementary Figure 24. Comparison of compartment A/B results from 566 

different methods. a Compartment A/B of M. muntjak vaginalis and M. reevesi567 

identified by method we used in this study. The Hi-C data and genomes of M. muntjak 568 

vaginalis and M. reevesi are all from Mudd et al. 32. The Hi-C reads of M. muntjak 569 



vaginalis and M. reevesi against their own reference genomes to identify their 570 

compartment A/B separately. The compartment results of M. reevesi was then 571 

assigned to the genome of M. muntjak vaginalis according their bins’ homologous 572 

mapping relationship. Orange bars are compartment of M. reevesi and blue ones are 573 

M. muntjak vaginalis. Regions where orange and blue do not overlap can be 574 

considered as compartment switch between M. reevesi and M. muntjak vaginalis. Due 575 

to the low quality assembly of M. reevesi’s X chromosome, we just obtained three 576 

homologous bins between X chromosome of M. reevesi and X regions of M. muntjak 577 

vaginalis. The compartment of M. reevesi and M. muntjak vaginalis in X region could 578 

not be displayed comparatively. MMU, M. muntjak vaginalis; MRE, M. reevesi. b579 

The graph showing compartment comparison between M. reevesi and M. muntjak 580 

vaginalis from the supplementary material of Mudd et al’s study. In their study, the 581 

compartment of M. reevesi is identified by aligning M. reevesi’s Hi-C reads to M. 582 

muntjak vaginalis genome. 583 
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594 

Supplementary Figure 25. Ratios of female M. crinifrons bins mapped with 595 

homologous bins in other three genomes. The bins are at 40 kb resolution. The 596 

horizontal ordinate is the parameter of liftover. MCR, M. crinifrons; MRE, M. reevesi; 597 

HIN, H. inermis.598 
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608 

Supplementary Figure 26. Number of missing bins in different type of TADs.609 

“female MCR_overlapped” means female M. crinifrons TADs that are homologous 610 

with TADs in male M. crinifrons, M. reevesi (Chinese muntjac) or H. inermis 611 

(Chinses water deer). “female MCR_specific” means female M. crinifrons TADs that 612 

are not homologous with TADs in male M. crinifrons, M. reevesi or H. inermis. 613 

Similarly, “male MCR_overlapped”, “MRE_overlapped” and “HIN_overlapped” 614 

respectively represent TADs of male M. crinifrons, M. reevesi, and H. inermis that are 615 

homologous with female M. crinifrons. “male MCR_specific”, “MRE_specific” and 616 

“HIN_specific” represent male M. crinifrons, M. reevesi, and H. inermis TADs that 617 

are not homologous with female M. crinifrons. 618 
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621 

Supplementary Figure 27. Synonymous substitution rate (dS) of genes. The dS622 

values of 16,627 homologous genes were calculated using the free-ratio model of the 623 

Codeml module in PAML software package (version 4.8) 33. The lower and upper 624 

hinges correspond to the first and third quartiles. The horizontal bold line inside the 625 

box is the median. The upper whisker extends from the hinge to the largest value no 626 

further than 1.5 * IQR from the hinge (where IQR is distance between the first and 627 

third quartiles). The lower whisker extends from the hinge to the smallest value at 628 

most 1.5 * IQR of the hinge. Outlier are not displayed. The red stars represent the 629 

average value of dS. 630 
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Supplementary Tables 642 

Supplementary Table 1. Information of samples.643 

Species information, collection locations and sample types are listed here. All the 644 

samples are collected in China. The number in sample id represent different 645 

individuals. 646 

Species Sample id Sample 

gender 

Collection 

locations 

Sample 

type 

H. inermis HIN1 Male Jiangsu province blood 

M. reevesi MER1 Male Hefei Wild-life 

Zoo 

blood 

M. gongshanensis MGO1 Female Kunming Cell 

Bank 

frozen 

tissue  

MGO2 Unknown Kunming Cell 

Bank 

frozen 

tissue 

M. crinifrons female MCR1 Female Hefei Wild-life 

Zoo 

blood 

female MCR2 Female Hefei Wild-life 

Zoo 

blood 

female MCR3 Female Kunming Cell 

Bank 

frozen 

tissue 

female MCR4 Female Kunming Cell 

Bank 

cell line 

male MCR1 Male Hefei Wild-life 

Zoo 

blood 

male MCR2 Male Hefei Wild-life 

Zoo 

blood 

male MCR3 Male Kunming Cell 

Bank 

frozen 

tissue 

male MCR4 Male Kunming Cell 

Bank 

cell line 

E. davidianus EDA1 Male Beijing Milu 

Ecological 

Research Center 

blood 
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Supplementary Table 2. Summary of Nanopore sequencing results. 652 

Reads number, reads N50 length, amounts and coverage of clean data of samples 653 

sequenced by Nanopore technology. 654 

Species Sample 

id 

Reads 

number

Reads 

N50 (kb)

Clean 

data (Gb)

Coverage 

(×)

M. crinifrons Female 

MCR 1 

12,165,895 34.9 305.2 122 

M. reevesi MER1 6,841,035 38.1 190.4 76 

M. gongshanensis MGO1 10,322,205 26.2 186.5 75 

E. davidianus EDA1 2,576,866 33.8 62.1 25 
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Supplementary Table 3. Summary of next-generation sequencing (NGS) results. 673 

Amounts and coverage of clean data for samples sequenced by next-generation 674 

sequencing (Illumina) technology. 675 

Species  Sample id Clean data (Gb) Coverage (X) 

M. crinifrons Female MCR1 152.0 62

Female MCR2 154.7 62 

Female MCR3 110.3 44 

Male MCR2 164.6 62 

Male MCR3 106.9 40 

M. reevesi MRE1 127.0 52 

M. gongshanensis MGO1 122.0 49 

MGO2 131.3 53 
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Supplementary Table 4. Summary of Hi-C sequencing results. 692 

Amounts and coverage of clean data of Hi-C sequencing. Partial (52~72 ×) Hi-C 693 

data were used for chromosome assembly. 694 

Species 
Sample 

id 

Total data 

Data for 

chromosome 

assembly 

Base 

(Gb) 

Coverage 

(×) 

Reads pair Base 

(Gb) 

Coverage 

(×) 

M. crinifrons
Female 

MCR1 
663.0 

266 2,246,086,718 174.01 71 

Male 

MCR1 
797.0 

300 2,700,196,562 127.40 52 

M. reevesi MRE1 818.6 328 2,778,092,796 137.76 56 

H. inermis HIN1 669.5 264 3,353,304,975 179.73 72 
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Supplementary Table 5. Genome assembly statistics. 709 

The draft genomes of female M. crinifrons (MCR), M. reevesi (MRE) and M. 710 

gongshanensis (MGO) were assembled using newly obtained nanopore reads in this 711 

study and that of male M. crinifrons were reassembled using the downloaded PacBio 712 

reads (PRJNA438286) from 6. The draft genome of H. inermis (HIN) assembled using 713 

10X genomics data is from the study by Wang et al. 34. “Mounting ratio” means the 714 

percentage of contig sequence anchored on chromosomes. Completeness of 715 

chromosome or contig assembly are assessed by BUSCO based on the 716 

mammalia_odb9 set 26. 717 

Genomes Female 

MCR 

Male 

MCR 

MGO MRE HIN 

Contig N50 (Mb) 37.86 3.79 24.47 33.32 - 

Num. of contigs 265 20,390 314 299 - 

Genome size (Gb) 2.489 2.658 2.475 2.493 2.530 

Scaffold N50 (Mb) 646.57 535.59 - 113.32 74.97 

Num. of chr. 4 5 - 23 35 

Mounting ratio (%) 98.82 91.49 - 98.62 97.57 

Busco (%) 95.2 94.9 - 95.2 94.9 
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Supplementary Table 6. Mutation rate and generation time. The mutation rate was 728 

calculated using r8s based on the phylogenetic tree with calibrated divergence time. 729 

Generation time of the species used in PSMC analysis are listed here. The generation 730 

time of H. inermis and C. albirostris are referenced from Chen et al. 6 and that of the 731 

four muntjac species are referenced from Di Marco et al. 35. 732 

Species Mutation rate Generation time 

B. taurus 1.7406e-09 - 

R. tarandus 2.5032e-09 - 

H. inermis 3.2651e-09 5 

E. davidianus 2.2076e-09 - 

C. albirostris 2.0384e-09 5 

M. reevesi 2.3796e-09 2.5 

M. gongshanensis 2.4537e-09 2.5 

M. crinifrons 2.4796e-09 2.5 

M. muntjak vaginalis 2.4365e-09 2.5 
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Supplementary Table 7. Fusion events identified in female M. crinifrons genome. 746 

The fusion events in female M. crinifrons genome is inferred from the chromosome 747 

alignment of female M. crinifrons with B. taurus, H. inermis and M. reevesi. Each 748 

fusion event on each chromosome of female M. crinifrons are marked by the ancestral 749 

chromosome represented by chromosome or chromosome segments of B. taurus, H. 750 

inermis and M. reevesi which directly fused in female M. crinifrons. The “Left” and 751 

“Right” respectively label chromosomes directly involved in each fusion event. The 752 

“Type” column indicates the type of fusion event, including tandem fusion (T) and 753 

Robertsonian fusion (R). The “Class” column indicates that the sharing of fusion events 754 

by various muntjac species, which is deduced from the previous cytological results 36-755 

38 and our chromosome synteny results. C_N indicates that fusion events which shared 756 

by N muntjac species. Shared by fewer species, the younger the fusion event. 757 

Chr. of 

female 

MCR 

BTA HIN MRE 

Type Class 

Left Right Left Right Left Right 

1 19 10 18 5 17 8 T C_1 

1 10 1 5 27 8 18 R C_1 

1 1 29 27 29 18 5a T C_3 

1 29 8 29 17 5a 19 T C_4 

1 8 12 17 8 19 9 T C_2 

1 12 6 8 19 9 16 T C_4 

1 6 6 19 30 16 21 T C_4 

1 6 4 30 2 21 6 T C_3 

1 4 16 2 12 6 5b T C_4 

2 18 25 20 33 2d 2c T C_5 

2 25 26 33 7 2c 2b T C_5 

2 28 9 7 22 2b 14 T C_4 

2 9 20 22 15 14 13 T C_4 

2 20 21 15 16 13 15 T C_4 

2 21 27 16 32 15 11b T C_4 

2 27 8 32 31 11b 11a T C_5 

2 8 15 31 11 11a 10 T C_3 

2 15 1 11 6 10 7 R C_1 

3 13 17 9 14 2a 20 T C_3 

3 17 22 14 21 20 4b T C_4 



3 22 5 21 26 4b 4c T C_5 

3 5 3 26 1 4c 1b T C_4 

3 3 7 1 3 1b 1c T C_5 

4 11 2 4 25 3d 3c T C_5 

4 2 14 25 10 3c 12 T C_4 

4 14 23 10 28 12 22 T C_4 

4 23 24 28 23 22 4a T C_4 

4 24 2 23 13 4a 3a T C_3 

4 2 5 13 24 3a 1a T C_3 

4 5 9 24 34 1a 3b T C_1 

4 9 X 34 X 3b X R C_1 
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Supplementary Table 8. The statistics of genome alignment results. Total base 779 

means the smallest total chromosome length between genome pairs. Alignment ratio 780 

is the percentage of alignment length in total base. Sequence identity is the percentage 781 

of exact matched base in alignment length. Substitution rate is the number of 782 

substituted bases divided by two folds of divergence time.  783 

female M. crinifrons C. hircus

male M. 

crinifrons

M. reevesi H. inermis B. taurus O. aries

Total base 2,432,301,072 2,459,394,662 2,468,664,404 2,582,134,882 2,582,134,882

Mapped base 2,392,894,791 2,391,481,492 2,279,835,188 2,111,717,083 2,423,998,847

Mapped ratio 98.4% 97.2% 92.3% 81.78% 93.88% 

Identical base 2,368,023,317 2,326,978,218 2,112,335,753 1,479,479,959 2,257,529,284

Sequence Identity 98.9% 97.3% 92.7% 70.06% 93.13% 

Substitution rate - 4.4E-09 3.2E-09 10.6E-09 5.7E-09 

Divergence time 

(Mya) 
- 3.05 11.33 14.1 6.0 
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Supplementary Table 9. Positions, length and gaps of 31 fusion sites in female M. 796 

crinifrons. The regions of fusion sites were inferred from the chromosome synteny 797 

between female M. crinifrons and B. taurus or H. inermis. In order to correspond 798 

fusion sites to fusion events, we also marked the ancestral chromosome fragments on 799 

both sides of fusion sites using the number of chromosome fragments of M. reevesi. 800 

C_1 to C_5 indicate fusion sites shared by one to five muntjac species, which can also 801 

reflect the time stage of fusion site formation. By checking the appearance of Ns and 802 

coverage of nanopore reads in fusion sites and their upstream and downstream 200 kb 803 

region, we inferred the number of assembly gaps remained in each fusion site. 804 

Chr Start End Length 
Left 

Segment.

Right 

Segment.
Class 

Num. of 

gaps

1 60,249,089 60,682,528 433,440 17 8 C_5 1

1 154,881,321 155,184,370 303,050 8 18 C_5 1

1 206,630,177 207,119,107 488,931 18 5a C_3 2

1 253,998,847 254,650,874 652,028 5a 19 C_2 1

1 315,391,968 315,628,621 236,654 19 9 C_4 2

1 397,714,843 397,805,646 90,804 9 16 C_2 1

1 459,052,872 459,170,307 117,436 16 21 C_2 1

1 506,410,362 506,496,327 85,966 21 6 C_3 1

1 618,388,290 618,550,821 162,532 6 5b C_2 3

2 61,903,828 61,910,032 6,205 2d 2c C_1 0

2 102,662,795 102,752,384 89,590 2c 2b C_1 1

2 193,951,504 194,015,859 64,356 2b 14 C_2 1

2 252,799,496 252,935,771 136,276 14 13 C_2 1

2 320,075,527 320,279,220 203,694 13 15 C_2 1

2 385,662,221 385,787,990 125,770 15 11b C_2 1

2 427,017,647 427,241,129 223,483 11b 11a C_1 2

2 470,398,810 470,568,565 169,756 11a 10 C_3 1



2 547,839,849 548,127,395 287,547 10 7 C_5 1

3 79,413,509 79,487,659 74,151 2a 20 C_3 1

3 148,345,652 148,346,381 730 20 4b C_2 1

3 206,306,444 206,386,443 80,000 4b 4c C_1 1

3 259,039,164 259,053,513 14,350 4c 1b C_2 1

3 373,017,011 373,149,282 132,272 1b 1c C_1 1

4 101,146,058 101,649,364 503,307 3d 3c C_1 1

4 155,168,668 155,313,264 144,597 3c 12 C_2 1

4 232,690,291 232,843,171 152,881 12 22 C_2 3

4 281,877,412 282,036,727 159,316 22 4a C_2 1

4 339,822,999 339,997,157 174,159 4a 3a C_3 1

4 414,079,771 414,217,410 137,640 3a 1a C_3 1

4 471,938,315 472,086,989 148,675 1a 3b C_5 2

4 509,909,216 510,430,186 520,971 3b X C_5 1
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Supplementary Table 10. Nanopore reads used to investigate molecular cause of 819 

chromosome fusions. Partial nanopore reads of female M. crinifrons (female MCR), 820 

M. reevesi (MRE), M. gongshanensis (MGO) and E. davidianus (EDA) were 821 

extracted. The number of reads and their total base are listed here. The content of 822 

satellite and telomeric sequence in these reads were obtained by aligning three types 823 

of Cervidae-specific satellite sequence and telomere of vertebrates to these reads. satI, 824 

satellite I; satII, satellite II; satIV, satellite IV.825 

Species Female MCR MGO MRE EDA 

Total reads 1,669,306 2,000,000 1,696,620 2,576,866 

Total bases 44,051,645,020 40,591,609,554 46,742,883,242 62,037,303,795

SatI 
Bases 351,913,255 417,925,797 198,999,611 2,907,788,968 

Ratio (%) 0.7981 1.0267 0.4207 4.6871 

SatII 
Bases 371,947,908 35,070,298 30,027,897 140,736,951 

Ratio (%) 0.8347 0.0834 0.0627 0.2268 

SatIV 
Bases 1,361,361 870,155 27,123,048 3,149,655 

Ratio (%) 0.0027 0.0016 0.0552 0.005 

Telomere 
Bases 974,183 769,197 3,948,520 6,464,670 

ratio (%) 0.0022 0.0019 0.0084 0.0104 
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Supplementary Table 11. Number of reads with palindrome sequence at 4 kb 840 

upstream and downstream of the truncated short telomeric sequence. In some of the 841 

three types of reads containing satellite and short telomeric sequence, we searched for 842 

palindrome sequences in the region of 4 kb upstream and downstream of the short 843 

telomeric sequence. The total number of the three types of reads, the number and ratio 844 

of reads with palindrome sequences were listed here. satI, satellite I sequence; satIV, 845 

satellite IV sequence; telomere, telomeric sequence.846 

Species Number of reads with palindrome Total reads 

with 

palindrome 

Total 

reads 

Ratio 

(%) satI-

telomere 

(>=500) 

satIV-

telomere 

satI-

satIV-

telomere 

Female 

MCR 

38 72 450 560 606 92.41 

MGO 19 62 113 194 218 88.99 

MRE 187 992 2888 4067 4582 88.76 

EDA 14 160 277 451 452 99.78 
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Supplementary Table 12. Number of nanopore reads with different repeat patterns. 859 

The nanopore reads aligned with satellite sequences or telomeric sequences were 860 

divided into different patterns based on whether they contain a certain satellite 861 

sequence or telomeric sequence. For the convenience of recording, we used a four-bit 862 

binary number to represent different patterns. From left to right, each bit represents 863 

satellite I, satellite II, satellite IV and telomeric sequence, respectively. When a read 864 

contains a certain type of satellite sequence or telomeric sequence, the corresponding 865 

position is set to 1, otherwise it is 0. For example, pattern 1011 indicates that this read 866 

synchronously contains satellite I, satellite IV and telomeric sequence. Then we 867 

counted the number of nanopore reads for each pattern. The proportions (0.01%) of 868 

reads with different patterns in the total investigated reads are also listed here. MGO, 869 

M. gongshanensis; MRC, M. crinifrons; MRE, M. reevesi; EDA, E. davidianus. 870 

patte

rn 

Female MCR MGO MRE EDV 

numbe

r 

ratio 

(0.01%) 

numbe

r 

ratio 

(0.01%) 

numbe

r 

ratio 

(0.01%

) 

numbe

r 

ratio 

(0.01%

) 

0001 955 5.72 928 4.64 1093 6.44 2610 10.13 

0010 1487 8.91 1349 6.75 8438 49.73 3450 13.39 

0100 133401 799.14 23143 115.72 14615 86.14 49555 192.31 

0110 1164 6.97 76 0.38 877 5.17 2742 10.64 

1000 27086 162.26 46629 233.15 40300 237.53 230484 894.44 

1010 1884 11.29 741 3.71 19039 112.22 1304 5.06 

1100 701 4.20 2991 14.96 22 0.13 385 1.49 

1110 12 0.07 30 0.15 13 0.08 16 0.06 

0011 75 0.45 67 0.34 1096 6.46 160 0.62 

0101 27 0.16 16 0.08 181 1.07 464 1.80 

0111 0 0.00 2 0.01 4 0.02 3 0.01 

1001 162 0.97 120 0.60 294 1.73 16 0.06 

1011 464 2.78 121 0.61 3218 18.97 277 1.07 

1101 0 0.00 1 0.01 0 0.00 472 1.83 

1111 7 0.04 5 0.03 2 0.01 21 0.08 
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Supplementary Table 13. The statistics of genomic rearrangements. The genomes of 874 

H. inermis (HIN), E. davidianus (EDA) and four muntjac deer were firstly aligned to 875 

the genome of cattle, and then the genomic rearrangements (inter- and intra-876 

chromosome translocations, and inversions) happened in these query genomes were 877 

inferred. MRE, M. reevesi; MCR, M. crinifrons; MGO; M. gongshanensis. 878 

Species 
Inter-

chr 

Intra-

chr 
Inversion 

Total 

rearrangement 
Total aligned length 

Rearrangement 

per Mb 

MGO 727 225 10 962 2471698130 3.89 

female MCR 518 236 18 772 2460013611 3.14 

male MCR 522 200 23 745 2432301072 3.06 

EDV 720 404 15 1139 2500365215 4.56 

MRE 533 222 9 764 2459394662 3.11 

HIN 663 237 54 954 2468664404 3.86 
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Supplementary Table 14. Genomic position of the neo-sex regions. According to 894 

chromosome collinearity among female M. crinifrons, male M. crinifrons, M. reevesi, 895 

H. inermis and B. taurus and the previous studies about neo-Y chromosome in BM 36, 896 

we inferred the detailed genomic position of the neo-Y region in male M. crinifrons897 

and its homologous regions (neo-X regions) in female M. crinifrons. The rest region 898 

except for the neo-Y region in the 1p+4 chromosome is regarded as “Other regions”. 899 

The ancestral chromosome segments were labeled according to the chromosomal 900 

regions of M. reevesi. The coordinates of the start and end positions and region length 901 

are in Mb. 902 

Regions labels 
male M. crinifrons female M. crinifrons

Chr Start End Length Chr Start End Length 

Other 3d+3c+12+22b 1p+4 0.00 267.12 267.12 X+4 0.00 267.49 267.49 

Neo-sex 17a 1p+4 267.12 308.50 41.38 1 18.98 60.57 41.60 

Neo-sex 3b 1p+4 308.50 346.64 38.14 X+4 472.09 509.93 37.83 

Neo-sex 8 1p+4 346.64 438.09 91.45 1 60.67 154.91 94.24 

Neo-sex 22a+4a+3a+1a 1p+4 438.09 642.30 204.21 X+4 267.50 472.07 204.57 

Other 17b 1p+4 642.30 661.25 18.95 1 0.00 18.96 18.96 
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Supplementary Table 15. Distribution of candidate male-specific mutations 914 

annotated as “MODERATE”. We counted the number of “MODERATE” mutations in 915 

different genomic regions, including neo-Y region and the rest other regions. The total 916 

length of coding sequence (cds) of all genes in each region was also calculated. 917 

Within each 1 kb, the number of "MODERATE" mutations is shown here. 918 

Region 
Mutation 

number 

Cds total length Count/kb 

Neo-Y regions 1589 5,707,376 0.278 

Other regions 687 28,476,382 0.024 
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Supplementary Table 16. Comparison of topologically associating domain (TAD) 938 

between female and male M. crinifrons. The number of total TADs, altered TADs and 939 

conserved TADs between female and male M. crinifrons in the neo-Y region and all 940 

other genomic regions are listed here.941 

Region 
Num. of altered 

TADs 

Num. of conservative 

TADs 

Total 

TADs 

Neo-Y 

region 
103 311 414 

Other 

regions 
571 1467 2038 

Total 674 1778 2452 
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Supplementary Table 17. Statistic of the Hi-C reads alignment results. The Hi-C 959 

reads and genomes of M. muntjak vaginalis and M. reevesi sequenced and assembled 960 

by Mudd et al. 32 were downloaded from NCBI (PRJNA542135 and PRJNA542137). 961 

The Hi-C reads of M. muntjak vaginalis were aligned to M. muntjak vaginalis itself 962 

genome, while that of M. reevesi were aligned to the M. muntjak vaginalis genome 963 

like Mudd et al. as well aligned to M. reevesi genome using the HiC-Pro pipeline 39.  964 

Alignments results 

MMU to MMU MRE to MMU MRE to MRE 

Reads number Reads ratio Reads number Reads ratio Reads number Reads ratio

Total pairs 260874784 100 265001043 100 265001043 100 

Unmapped pairs 20348755 7.774 37892491 14.227 27222433 10.197 

Low qual pairs 36456945 13.854 82360963 31.099 40440626 15.143 

Unique paired alignments 177526233 68.281 70227680 26.636 156081943 59.373 

Multiple pairs alignments 0 0 0 0 0 0 

Pairs with singleton 26542851 10.09 74519909 28.038 41256041 15.288 

Low qual singleton 0 0 0 0 0 0 

Unique singleton alignments 0 0 0 0 0 0 

Multiple singleton alignments 0 0 0 0 0 0 

Reported pairs 177526233 68.281 70227680 26.636 156081943 59.373 
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Supplementary Table 18. Number of PSGs and REGs under different filtering 979 

criterion. The p-values are from one-sided chi-square test (p-value <0.05) and the fdr 980 

value are adjusted p-value using “fdr” method (FDR < 0.05). “MCR_MGO_MMU” 981 

indicate that the PSGs and the REGs are identified at the common ancestor of M. 982 

crinifrons (MCR), M. gongshanensis (MGO) and M. muntjak vaginalis (MMU).  983 

984 

Lineages 

p-value <0.05 FDR <0.05 

PSGs REGs PSGs REGs 

MCR_MGO_MMU 32 210 1 9 

MCR 72 509 6 17 

MGO 70 582 8 21 

MMU 131 611 18 38 
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