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Supplementary Text 84 

Sufficient cell-type sampling and high-quality of amphioxus brain single-cell atlas 85 

Our amphioxus adult brain datasets contain 3217 neurons (and 2,351 non-neuronal cells), out 86 

of approximately 20,000 neurons in the whole amphioxus CNS1 (~16%). The brain have 87 

substantially fewer cells than this. Human and mouse single-cell brain datasets had 100,000 88 

neurons out of 61–99 billion in human brains2 (~1.6 × 10⁻4 %) and ~70,000 neurons out of ~75 89 

million in mouse brains3 (~0.09%). Despite this sampling, major cell groups and cell types 90 

were reliably identified for both amphioxus and vertebrates (see Supp. Table 2). Our additional 91 

analysis on the hypothalamus dataset (see below) led to the same conclusions as analysis of 92 

whole brain data. The important point is that we clearly identified some well-described rare 93 

cell types, like dopaminergic neurons and infundibular cells, in our amphioxus brain atlas. 94 

Therefore, we consider our amphioxus sampling sufficient to identify the major cell 95 

populations in the adult amphioxus brain. 96 

Each sample generated more than 350 million total reads, with over 94% passing quality 97 

control and sequencing saturation exceeding 87%. STAR uniquely aligned more than 65% 98 

reads for all samples. On average, more than 75,000 reads per cell were detected per sample. 99 

We also observed a high number of genes (median > 1,000) and transcripts (median > 2,600) 100 

captured per cell, along with a low proportion of mitochondrial gene expression (mostly <10%) 101 

(Supp. Fig. 1). This shows high and comparable quality compared to vertebrate brain single-102 

cell datasets described in individual references. The amphioxus replicates were also consistent 103 

(Supp. Fig. 1A), and major cell types in amphioxus brain were clearly identifiable (Supp. Fig. 104 

1C). These together show a sufficient sampling depth and confirm the high-quality of our 105 

amphioxus brain datasets.  106 

 107 

Identifying homologous cell types between amphioxus and vertebrates in the 108 

hypothalamus 109 

In the search for vertebrate cell-type family homology in amphioxus, there is biological 110 

imbalance due to the abundance of cortical cells in the vertebrate brain atlases, which results 111 

from the major change in size and complexity of cortex especially in mammals. To find 112 
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homologous cell types at finer scales, and hence try and understand homology at different 113 

levels, we therefore focused on the hypothalamus—a region considered to be relatively 114 

conserved4,5. We obtained scRNA data from mouse hypothalamus6 and used these data for 115 

comparative analysis. To balance resolution and interpretability, we adopted the median 116 

clustering level “C25” defined by Steuernagel and colleagues in this study6. This level captures 117 

sufficient cell-type heterogeneity within excitatory and inhibitory neurons (for example, a clear 118 

cluster of pro-opiomelanocortin-expressing neurons) without reaching the highest resolution in 119 

their study, where the boundaries between cell-type identity and cell state variations can 120 

become blurred.  121 

Previous studies have described dopaminergic neurons of vertebrates as “orthologous” or 122 

“homologous” to  dopaminergic neurons in Ciona sensory vesicle4 or the amphioxus 123 

hypothalamo-prethalamic primordium (HyPTh)7. However, we think these statements are not 124 

substantiated by more detailed analysis of the data now available and explain our reasoning 125 

below.  126 

First, dopaminergic neurons in the mouse hypothalamus are diverse. At the mouse atlas 127 

clustering level “C25”, there are 3 clusters highly expressing Tyrosine hydroxylase (Th: the 128 

marker gene encoding the rate-limiting enzyme in dopamine synthesis). However, only one TF 129 

gene (Foxp2) and two effectors (Th and Glp1r) out of approximately 40 marker genes are 130 

shared among these 3 clusters (please refer to Supp. Table 5 from Steuernagel and colleagues’ 131 

study6), highlighting the evolutionary diversity of dopaminergic neurons in mouse.  132 

We further identified top TFs for amphioxus dopaminergic neurons, and for Ciona coronet 133 

cells (which are dopaminergic neurons) in scRNA data from larval CNS8. The most specific of 134 

these TFs shared between amphioxus and Ciona is Ptf1a (Supp. Fig. 3) which has also been 135 

experimentally validated to label all coronet cells4 and to regulate terminal differentiation of 136 

coronet cells in Ciona9. This supports homologous relationships between these dopaminergic 137 

neurons in amphioxus and Ciona. In contrast, Ptf1a is not used as a marker (and also not highly 138 

expressed) in mouse dopaminergic neurons within the hypothalamus, indicating they are not 139 

homologous cell types (though might have a similar function in dopamine release). 140 

Interestingly, a Pvalb+ interneuron cluster (ReInh_89) in the mouse whole brain atlas used 141 

Ptf1a as a top marker, this could suggest a homologous relationship to amphioxus/Ciona 142 

dopaminergic neurons, but this would mean a shift in neurotransmitter usage. 143 
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To systemically assess homology, we also performed SAMap10 to down-sampled mouse 144 

hypothalamus datasets (containing no more than 1,000 cells per cluster at the level of “C25”) 145 

to identify transcriptomic similar cells. We found mapping patterns of glial cells between 146 

vertebrate hypothalamus and amphioxus adult brain (Supp. Fig. 4) are similar to those between 147 

whole adult brain comparisons (Extended Data Figure 2c). We found that amphioxus neuronal 148 

cell types (Exc/Inh_0 and Exc/Inh_1) broadly mapped to both excitatory neurons and inhibitory 149 

neurons between species, also as we observed in whole brain comparison.  150 

On the contrary, amphioxus Pep_10/13 and Exc_2/Pit_17 that exclusively mapped to mouse 151 

C25-7: GLU-7 and C25-23: ParsTuber, respectively, providing better evidence of one-to-one 152 

relationships that might indicate homology (Supp. Fig. 4). C25-7: GLU-7 cells are peptidergic 153 

neurons highly and specifically expressing Pmch (Pro-melanin-concentrating hormone), 154 

Cartpt (Cocaine and amphetamine regulated transcript), Tacr3 (Tachykinin receptor 3), Otx1, 155 

Igf1, and Zic1/4 (see Supp. Table 5 in Steuernagel and colleagues study6). However, amphioxus 156 

Pep_10 and Pep_13 did not express Otx and Zic, indicating that while these mappings may 157 

capture functional similarity, they differ in their regulation undermining a conclusion of true 158 

homology.  159 

C25-23: ParsTuber are pituitary cells that highly and specifically express Pitx1/2, Six1, Cga, 160 

and Tshb (the latter two are functional genes encode different subunits that form active thyroid-161 

stimulating hormone). However, amphioxus Pit_17 only specifically expresses Six1/2/4/5 but 162 

not Pitx. We also observed a small percentage of Pitx and Six1/2/4/5 co-expression in 163 

amphioxus Exc/Inh_1 cluster and we further found a subcluster in re-clustering of Exc/Inh_1 164 

with strong co-expression of Pitx and Six1/2/4/5 (Supp. Fig. 5).  165 

Taken together, our analyses across cell-type levels indicate that establishing robust 166 

homologous relationships to vertebrate cells at finer levels is challenging. Relying solely on 167 

the similarity of a few effector genes is problematic as cells can switch these, as seen by others 168 

with neurotransmitter shifts identified in a recent study11.  It also requires a systematic and 169 

phylogenetic evaluation of the conserved key TFs that define cell-type identity. Overall we 170 

conclude the proposed homology between amphioxus/Ciona dopaminergic neurons and 171 

vertebrate dopaminergic neurons is not robustly supported. We also speculate potential 172 

homology of vertebrate pituitary cells in amphioxus, although further data and analyses are 173 

needed to fully elucidate these possibilities. 174 
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 175 

Comparison of ohnologue detection methods 176 

We evaluated three methods (doubletrouble12, DupGene_finder13, and Ohnologs-v2.014) for 177 

detecting ohnologues and found Ohnologs-v2.0 generated more stable and consistent results 178 

across vertebrates. We briefly describe each method and summarise results and comparative 179 

outcomes below. 180 

Doubletrouble results 181 

Doubletrouble identifies potential in-paralogues by self-BLAST and detects syntenic regions 182 

by syntenet (which uses MCScanX). Paralogues that are anchor pairs within syntenic regions 183 

are classified as segmental duplicates (or potential ohnologues), and all other duplicates are 184 

classified as SSD paralogues. Ohnologue detection in doubletrouble heavily depends on the 185 

quality of individual genome assembly and annotation since this method only considers a single 186 

species. The reported proportion of ohnologues detected by doubletrouble (in paralogues) 187 

varies a lot, from less than 1% to around 75% in vertebrates (shown in Supplementary Text S4 188 

of the doubletrouble study12). Only about 200 paralogues in amniotes and 300 paralogues in 189 

lamprey were identified as ohnologues with default parameters. Given more flexible 190 

parameters (Blast e-value 1e-10, anchors = 3 or 5, max_gaps (number of upstream and 191 

downstream genes to search for anchors) = 50 or 100, we found a range of 300-2,000 192 

ohnologues in four vertebrates, which is still far below that detected using Ohnologs-v2.0 and 193 

ohnologues derived from Marlétaz and colleagues’ study15). 194 

DupGen_finder results 195 

DupGen_finder applies similar methods as doubletrouble with consideration of inter-species 196 

comparison to distinguish transposed and ancestral duplications. With the default parameters, 197 

we identified 94 to 812 pairs of ohnologues, also very far below Ohnologs-v2.0 and Marlétaz 198 

and colleagues’ results15.  199 

Ohnologs-v2.0 and comparison between our updates and v2.0 200 

The Ohnologs-v2.0 pipeline utilizes orthologue and paralogue information retrieved from 201 

Ensembl BioMart, generated based on gene trees. For vertebrate 1/2R ohnologues (not for 202 

teleost 3R), it identifies syntenic blocks and anchors both within individual species and 203 

compares to outgroup species without WGD. It also quantifies ohnologue pairs by comparing 204 
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other vertebrates and outgroup species with the consideration of phylogenetic sampling and 205 

weighting. We used Ohnologs-v2.0 with updated versions of assembly and annotation (Supp. 206 

Table 9). Upon examining paralogue information retrieved from Ensembl BioMart (v110), we 207 

found many well characterized ohnologues were incorrectly classified as older duplications 208 

rather than at the base of Vertebrata. For example, clear ohnologues Sox8/9/10 and Lhx6/8 in 209 

Ensembl BioMart are identified as duplicated in the Bilateria but are known to be Ohnologue 210 

groupings.  211 

We therefore used (In-)paralogues defined in our Methods (duplicated genes in the same 212 

orthogroup for each species) as input for Ohnologs-v2.0. We eventually generated relatively 213 

stable ohnologue pairs, supported by other vertebrates. For example, 18 out of 21 jawed 214 

vertebrates had Sox8/9/10 identified as ohnologues (please refer to GitHub: 215 

https://github.com/DiracZhu1998/WGD2celltype_evolution/tree/main/2.gene_relationships/o216 

hnolog_inferring). 217 

Overall, we identified 5748, 6422, 4390, 3485 pairs of ohnologues and 6206, 6344, 5616, 4273 218 

pooled ohnologues for human, mouse, lizard, and lamprey, respectively. To evaluate the impact 219 

of updated genome assemblies and annotations on ohnologue detection, we compared our 220 

results and Ohnologs-v2.0 (intermediate parameter settings). More than 75% of human 221 

ohnologues identified in our dataset were also present in Ohnologs-v2.0, and vice versa. 222 

Similarly, over 70% of mouse ohnologues overlapped between the two datasets. These suggest 223 

both versions are largely consistent sets of ohnologues. 224 

Because only the first round of WGD is shared between jawless and jawed vertebrates, we 225 

assessed the impact of including or not including lamprey in our ohnologue detection pipeline. 226 

We found the resultant ohnologue differences were very small, with less than 0.2% differences 227 

in human, mouse, and lizard. These results indicate that the presence of lamprey sequences has 228 

negligible effects on ohnologue identification by the Ohnologs-v2.0 pipeline in these species.  229 

Comparison of our ohnologue set with that of and Marlétaz and colleagues 230 

Human, mouse, and lizard ohnologues were not specifically identified in Marlétaz and 231 

colleagues’ study15. However, over 70% of ohnologues in human, mouse, and lizard in our list 232 

were identified as ohnologues in Marlétaz and colleagues’ chicken ohnologue set 233 

(https://github.com/fmarletaz/hagfish/blob/main/Paralogons/Vert_Evt_OGrrA.txt), as judged 234 

by comparison following conversion of gene IDs from our species to chicken IDs with 235 

reciprocal best hit (RBH) analysis. Conversely, there were slightly more ohnologues detected 236 

https://github.com/DiracZhu1998/WGD2celltype_evolution/tree/main/2.gene_relationships/ohnolog_inferring
https://github.com/DiracZhu1998/WGD2celltype_evolution/tree/main/2.gene_relationships/ohnolog_inferring
https://github.com/fmarletaz/hagfish/blob/main/Paralogons/Vert_Evt_OGrrA.txt
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in Marlétaz and colleagues’ results than ours, and around 45% of chicken ohnologues were 237 

identified as ohnologues in our human, mouse, and lizard datasets. Considering the number of 238 

RBH (~13,000) between chicken and human/mouse/lizard, we think these overlaps are 239 

acceptable.  240 

The only species shared between our research and Marlétaz and colleagues’ research is the sea 241 

lamprey (Petromyzon marinus). The lamprey gene IDs listed in Marlétaz and colleagues’ 242 

results were found in a previous assembly kPetMar1.pri (GCF_010993605.1) and latest 243 

assembly UKy_Petmar_22M1.pri1.0 (GCF_048934315.1). Instead, we used the same 244 

assembly and annotation as Lamanna and colleagues’ lamprey brain scRNA-seq study16 which 245 

was based on the Pmar_germline 1.0 (GCA_002833325.1) assembly and updated annotation. 246 

Only 12,536 and 12,760 RBHs were identified between protein-coding genes from our version 247 

(Pmar_germline 1.0) and kPetMar1.pri or UKy_Petmar_22M1.pri1.0, respectively. Around 60% 248 

of protein-coding genes in kPetMar1.pri or UKy_Petmar_22M1.pri1.0 had RBHs in our 249 

version (Pmar_germline 1.0). This low overlap of gene sets for the same species hindered 250 

downstream ohnologue comparison between Ohnologs-v2.0 and Marlétaz and colleagues’ 251 

methods.  252 

We identified 3,485 ohnologue pairs and 4,273 pooled ohnologues for lamprey (Pmar_germline 253 

1.0), while Marlétaz and colleagues’ identified 6,166 pooled ohnologues. Only 45% of lamprey 254 

ohnologous identified in our datasets were recognized as ohnologues in Marlétaz and 255 

colleagues’ results, and 37% vice versa, under the circumstances of only about half of total 256 

coding genes finding their RBH.  257 

Despite this, however, we showed that our conclusions hold true when we convert Marlétaz 258 

and colleagues’ ohnologue results and NCBI IDs to the gene ID version used in single-cell 259 

lamprey atlas (Fig. 2b). We hence think the difference has limited influence on our conclusions, 260 

but we recommend that future studies evaluate and refine the gene annotation of lamprey to 261 

improve its quality. 262 

 263 

WGD vs SSD at additional levels  264 

To understand WGD and SSD differences at additional levels, we examined coding sequences, 265 

protein-protein interactions (PPIs), and regulatory motifs. 266 
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We calculated Ka/Ks ratios for both WGD and SSD paralogue pairs and found that most ratios 267 

were below 1, indicating overall purifying selection across both categories. Comparison of 268 

Ka/Ks ratios between WGD and SSD paralogues revealed that ohnologues are subject to 269 

stronger purifying selection than SSD paralogues in all four vertebrate species (Supplementary 270 

Fig. 18). 271 

We downloaded human and mouse protein-protein interaction data (PPIs) from the STRING 272 

database (v12.0; https://string-db.org)17 and found that ohnologues were significantly more 273 

likely to participate in PPIs, whereas SSD paralogues were less likely to do so (Fisher’s exact 274 

test: odds ratio ≈ 2, P < 2.2e-16 for both human and mouse ohnologues; odds ratio ≈ 0.7, P < 275 

2.2e-16 for both human and mouse SSD paralogues). These findings are consistent with the 276 

gene balance hypothesis18, which posits that genes encoding components of protein complexes 277 

are preferentially retained following WGD due to stoichiometric sensitivity. Moreover, 278 

ohnologous TFs regulated significantly more target genes than SSD-derived TFs 279 

(Supplementary Fig. 19), supporting the idea that dosage balance extends beyond protein 280 

complexes to encompass GRNs18. 281 

Ohnologous TFs initially share target gene sets following WGD but subsequently diverge in 282 

regulatory function. We analysed three regulatory motif shapes (Supplementary Fig. 20) using 283 

the approach of Almeida-Silva et al19. After excluding self-regulation, the human GRN 284 

contained 446 TFs and 13,043 targets, and the mouse GRN 390 TFs and 10,761 targets in total 285 

(in our datasets). All motifs were significantly enriched among either ohnologues or SSD 286 

paralogues, except the Bifan motif in SSD paralogues. Notably, all three motifs showed 287 

stronger enrichment among ohnologues, indicating that WGD-derived TFs have a higher 288 

contribution to new regulatory motifs. The most obvious difference between WGD and SSD 289 

paralogues on motif enrichment was the V-shaped motif, which was markedly enriched among 290 

ohnologues (Supplementary Fig. 20), suggesting greater conservation of regulatory 291 

relationships between TFs and target genes derived by WGD.  292 

 293 

Comparative analysis between vertebrate and amphioxus regarding regional identity 294 

programmes 295 

https://string-db.org/


 11 

Brain regionalisation occurs early in vertebrate development and the transcriptomic differences 296 

across brain regions correspond to progenitor cell position, which has lasting effects on cell 297 

specification and differentiation20–22. A recent study suggests that neurons and astrocytes in the 298 

same region share some region-specific markers23. This is why we compared astrocytes and 299 

neurons to identify shared regional identity programmes in main text. 300 

As described in main text, we identified some key TFs in vertebrate brain development and 301 

specification, including Foxg1, Emx1, Fezf2, and Prox1 (telencephalon)24–27; Tcf7l2, and Six3 302 

(diencephalon)28,29; Otx2, En1/2, and Pax7 (mesencephalon)30–32; En1/2, Pax3, Zic1/2, and 303 

Neurod1/2 (rhombencephalon)31,33,34. 304 

To understand amphioxus CNS regionalisation and compare it with vertebrates, we analysed 305 

adult bulk RNA-seq data35, identifying TFs with strong anterior-posterior regional expression 306 

(Supplementary Fig. 11). Many correspond to embryonic TFs known to regulate 307 

regionalisation5, and some (e.g., Arx, Fezf, Lhx2/9, Shox2, Hox3) showed conserved expression 308 

in vertebrates (Supplementary Fig. 12-17). However, none of vertebrate regional TFs 309 

mentioned above were in the amphioxus regional TFs, except Fezf (Extended Data Fig. 10c). 310 

This suggests regional identities of major cell-type families partly originated in the vertebrate 311 

ancestor, with some regulatory programmes conserved across chordates.  312 

 313 

 314 

 315 

 316 

 317 

 318 

 319 

 320 

 321 
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Supplementary Figures 322 

 323 

 324 

Supplementary Fig. 1 Amphioxus brain atlas and quality. (A) UMAP visualization of the integrated adult 325 

amphioxus brain single-cell atlas. Two colours represent the two biological replicates, generated by scRNA-seq 326 

and snRNA-seq. (B) Violin plots showing the distribution of the number of detected genes, transcripts (UMI), and 327 

the percentage of mitochondrial transcripts expression per cell. The width represents the probability density. The 328 

central line indicates the median, and the box denotes the interquartile range. (C) UMAP visualization of identified 329 

adult amphioxus brain atlas with cell-type annotation. 330 
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 331 
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Supplementary Fig. 2 Expression of markers and identification of clusters in vertebrates. (A-E) Dot plots 332 

showing canonical marker genes at the cluster level, generated from iterative clustering for four vertebrates –333 

human (A), mouse (B), lizard (C), and lamprey (D) – and from Seurat Louvain clustering for amphioxus (E). A 334 

subset of markers (see details in Supplementary Table 1) is shown. Dot size indicates the percentages of cells 335 

within each cluster expressing that gene (pct. exp.), while dot colour reflects the scaled average expression (−2 to 336 

2) across all clusters. Dots representing clusters with <1% of cells expressing the gene were omitted to reduce 337 

noise. The dendrogram was calculated as follows: (1) calculating the average unique molecular identifier (UMI) 338 

counts of marker genes at the cluster level; (2) removing the top and bottom 10% of highly and lowly expressed 339 

markers to reduce bias; and (3) constructing the tree using pvclust36 with 100 bootstrap (nboot=100) and 340 

parameters method.hclust = "average", method.dist = function(z){as.dist(1-cor(z,use="pa",method="spearman"). 341 

For gene families with multiple copies in lamprey, only the copy with the highest expression was shown. For 342 

example, among the three Tbr1 subfamily copies in lamprey, two were expressed in TeExc cells, but only 343 

MSTRG.6042 is displayed. 344 

 345 

 346 

 347 

 348 

 349 
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 350 

Supplementary Fig. 3 Top TF genes of dopaminergic neurons. (A, B) Dot plots showing top specific TF genes 351 

of dopaminergic neurons in adult amphioxus brain (A) and Ciona larval CNS (B). Dopaminergic neuron clusters 352 

are highlighted in blue. Top specific TF genes were predicted using the nsforesting.NSForest function as in 353 

methods, with fewer TFs considered (n_top_genes = 10, n_binary_genes = 10) for Ciona. This method enables 354 

the identification of highly specific genes, including those expressed in only a small fraction of cells. Dot size 355 

represents the percentage of cells within each cluster expressing that gene (pct. exp.). The colour gradient for each 356 

dot is scaled average expression for each gene within the species. 357 
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 358 

Supplementary Fig. 4 Mapping between adult amphioxus brain and mouse hypothalamus. (A, B) Chord 359 

plots showing mappings within non-neuronal and neuronal cell types from adult amphioxus brain to mouse 360 

hypothalamus, respectively. The outer coloured circle represents different species. The inner coloured circle 361 

denotes the colour of major cell-type families in vertebrates and cell types in amphioxus. Major cell-type families 362 

of vertebrates and cell types of amphioxus were also bold labelled with their abbreviations. (C) Dot plot showing 363 

gene homologs of two key TFs of mouse C25-23: ParsTuber pituitary cells in amphioxus. Dot size represents the 364 

percentages of cells within each cluster expressing that gene (pct.exp.). The colour gradient for each dot is scaled 365 

average expression for each gene within the species. 366 

 367 

 368 

 369 

 370 

 371 

 372 

 373 
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 374 

 375 

Supplementary Fig. 5 Potential homology of C25-23: ParsTuber pituitary cells in amphioxus. (A) UMAP 376 

visualisation of re-clustered Exc/Inh_1 cluster of amphioxus adult brain. (B) Dot plot showing gene homologs of 377 

two key TFs of mouse C25-23: ParsTuber pituitary cells in amphioxus sub-clusters of Exc/Inh_1. Dot size 378 

represents the percentages of cells within each cluster expressing that gene (pct. exp.). The colour gradient for 379 

each dot is scaled average expression for each gene within the species. 380 

 381 

 382 

 383 
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 384 

Supplementary Fig. 6 Paralogous gene association with cell cluster markers. (A) Box plots displaying the 385 

ratio of ‘alpha’ and ‘beta’ ohnologues among cell-type (cluster level listed in Supplementary Table 2) DEGs.  The 386 

significance of differences between the ratio of paralogues as markers and their total percentage in all protein-387 

coding genes (background) was assessed using one-sample Wilcoxon signed-rank test (two-sided). Background 388 

values are indicated by dotted lines: red for ‘alpha’ and dark blue for ‘beta’ ohnologues. Lamprey ohnologues, 389 

which were not subdivided due to extensive gene loss in cyclostomes, are shown as a grey box plot with a 390 

corresponding grey dotted background line. (B) Box plots showing the ratio of age stratified SSD paralogues in 391 

cell-type (cluster level) DEGs. Background and significance were calculated in the same way as (A). Only cell 392 

types with more than 100 DEGs were included to ensure robust statistical comparisons, as some clusters with 393 

fewer (for example 100) cells yield limited numbers of detectable DEGs and even fewer when considering them 394 

with age stratified gene sets. (C) Odds ratios (ORs) calculated from two-sided Fisher’s exact test on ‘alpha’ and 395 

‘beta’ ohnologues with cell-type (cluster level) DEGs. (D) ORs calculated from two-sided Fisher’s exact test on 396 

age stratified SSD paralogues with cell-type (cluster level) DEGs. Only cell types with more than 100 DEGs were 397 

included to ensure robust statistical comparisons, as the same reasons described in (B). (A,B) Two-sided one-398 

sample Wilcoxon signed-rank test, p-value: ns (not significant); * (P < 0.05); ** (P < 0.01); *** (P < 0.001); **** 399 

(P < 0.0001). Boxplot elements as Fig. 2a. 400 

 401 

 402 
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 403 

Supplementary Fig. 7 Paralogous genes association with cell-type markers from human eye and lung. (A) 404 

Box plots displaying the ratio of ‘alpha’ and ‘beta’ ohnologues among cell-type DEGs. The significance of 405 

differences between the ratio of paralogues as markers and their total percentage in all protein-coding genes 406 

(background) was assessed using one-sample Wilcoxon signed-rank test (two-sided). Background values are 407 

indicated by dotted lines: red for ‘alpha’ and dark blue for ‘beta’ ohnologues. (B) Box plots showing the ratio of 408 

age stratified SSD paralogues in cell-type DEGs. Background and significance were calculated in the same way 409 

as (A). (C) Odds ratios (ORs) calculated from two-sided Fisher’s exact test on ‘alpha’ and ‘beta’ ohnologues with 410 

cell-type DEGs. (D) ORs calculated from two-sided Fisher’s exact test on age stratified SSD paralogues with cell-411 

type DEGs of human eye and lung. (A,B) Two-sided one-sample Wilcoxon signed-rank test, p-value: ns (not 412 

significant); * (P < 0.05); ** (P < 0.01); *** (P < 0.001); **** (P < 0.0001). Boxplot elements as Fig. 2a. 413 

 414 

 415 

 416 

 417 
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 419 

 420 

Supplementary Fig. 8 Regulon similarity of human and mouse. 421 

(A,B) Heatmap showing the Jaccard index of the TFs of top 100 regulons across brain cell-type families within 422 

human (A) and mouse (B), respectively. The colour represents the value of Jaccard index, calculated by:  423 

𝐽(𝐴, 𝐵) =
|𝐴 ∩  𝐵|

|𝐴 ∪  𝐵|
 424 

The total number of active regulons in human and mouse (in our datasets) were 446 and 390, respectively. 425 

 426 

 427 

 428 

 429 

 430 

 431 

 432 
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 433 

Supplementary Fig. 9 Key TFs between astrocytes and ependymal cells in adult amphioxus brain. Dot plot 434 

showing the expression of gene homologs of key TFs between astrocyte and ependymal cell in amphioxus clusters. 435 

Dot size represents the percentage of cells expressing each gene within a cluster, and colour denotes scaled average 436 

expression. Of the six conserved orthogroups, five have identifiable gene homologs in amphioxus. SoxE 437 

(Sox8/9/10) is not differentially expressed between astrocyte and ependymal cells, but Sox9 is highly expressed 438 

in both; therefore, SoxE is part of key CoRCs and is also shown. 439 
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 440 

Supplementary Fig. 10 Macroglia diversity and marker relationship with paralogues. (A) Dot plots showing 441 

astrocyte marker expression across vertebrates. Colour indicates scaled average expression from -2 to 2, while dot 442 

size represents the percentage of expressing cells (capped at 10%). Abbreviations: OB, Olfactory bulb; SVZ, 443 

Subventricular zone; RG, Radial glia. (B) Dot plot showing the expression of oligodendrocyte markers, with the 444 

same scaling and percentage representation as in (A) but not capped. Abbreviation: COPC, Committed 445 

oligodendrocyte precursor cells. (C-E) UMAP plots of individual and integrated atlases for astrocytes (C), 446 

oligodendrocytes (D), and ependymal cells (E). Colours indicate dissection location and species, as detailed in 447 

the legend on the right. (F,H,J) Proportion of ohnologues (WGD, blue) and SSD paralogues (SSD, yellow) among 448 

DEGs in the subtype of astrocytes (F), oligodendrocytes (H), and ependymal cells (J). Background proportions 449 

of ohnologues and SSD paralogues in expressed protein-coding genes are indicated by blue and yellow dotted 450 

lines, respectively. Significance was evaluated by one-sample Wilcoxon signed-rank test (two-sided). ns (not 451 

significant); * (P < 0.05); ** (P < 0.01); *** (P < 0.001); **** (P < 0.0001). (G,I) Odds ratios (ORs) from Fisher’s 452 

exact test assessing enrichment of ohnologues and SSD paralogues among DEGs in oligodendrocytes (G) and 453 

ependymal cells (I).  454 
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 455 

 456 

Supplementary Fig. 11 Regional patterning in adult central nervous system of amphioxus. (A) Principal-457 

component analysis was performed based on the top 2,000 highly variable genes scaled DESeq237 normalised 458 

expression, showing dimension 1 (Dim1) effectively separates CNS tissues vs.  Hatschek’s pit and dimension 2 459 

(Dim2) captures variance from anterior to posterior axis (A-P axis). Due to limited studies on adult CNS and 460 

regional patterning, the authors of this study7 dissected brain and the rest of neural tube based on the first dorsal 461 

ocellus, as we did in this research. The brain was evenly divided into three regions along the A-P axis: forebrain, 462 

midbrain, and hindbrain. Please refer to Figure S1A from this study7 for detailed locations of dissection. This 463 

division may not be optimal, as the developing Di-Mesencephalic primordium (DiMes) represents a small, poorly 464 

characterized region in adults that likely falls within either the forebrain or hindbrain in their dissections. (B) 465 

Heatmap showing potential TFs with strong regional identity at amphioxus adult central nervous system, retrieved 466 

from top 10% loading genes of Dim2 (genes highly contributing to A-P axis variances).  467 

 468 

 469 

 470 
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 471 

Supplementary Fig. 12 Dot plot showing Arx expression in vertebrates. Dot size represents the percentages of 472 

cells within each cluster expressing that gene. The gradient colours from white to species colour were scaled for 473 

each gene on individual species. 474 

 475 

 476 

 477 

 478 

 479 

 480 

 481 
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 482 

Supplementary Fig. 13 Dot plot showing Fezf expression in vertebrates. Dot size represents the percentages 483 

of cells within each cluster expressing that gene. The gradient colours from white to species colour were scaled 484 

for each gene on individual species. 485 

 486 

 487 

 488 

 489 

 490 

 491 
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 492 

Supplementary Fig. 14 Dot plot showing Lhx2/9 expression in vertebrates. Dot size represents the percentages 493 

of cells within each cluster expressing that gene. The gradient colours from white to species colour were scaled 494 

for each gene on individual species. 495 

 496 

 497 

 498 

 499 

 500 
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 501 

Supplementary Fig. 15 Dot plot showing Shox expression in vertebrates. Dot size represents the percentages 502 

of cells within each cluster expressing that gene. The gradient colours from white to species colour were scaled 503 

for each gene on individual species. 504 

 505 

 506 

 507 

 508 
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 509 

Supplementary Fig. 16 Dot plot showing Hox3 expression in vertebrates. Dot size represents the percentages 510 

of cells within each cluster expressing that gene. The gradient colours from white to species colour were scaled 511 

for each gene on individual species. 512 

 513 

 514 

 515 

 516 
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 518 

Supplementary Fig. 17 Dot plot showing Bhlhe22/23 expression in vertebrates. Dot size represents the 519 

percentages of cells within each cluster expressing that gene. The gradient colours from white to species colour 520 

were scaled for each gene on individual species. 521 

 522 

 523 

 524 

 525 
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 527 

Supplementary Fig. 18 Selection on coding sequences of ohnologues and SSD paralogues. Box plots showing 528 

the distribution of Ka/Ks ratios for WGD- and SSD-derived paralogue pairs. See Methods for details of Ka/Ks 529 

calculation. Statistical significance was assessed using a two-sided Wilcoxon signed-rank test; all comparisons 530 

were significant (P < 0.0001; ****). Boxplot elements as Fig. 2a.  531 

 532 

 533 

 534 

 535 
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 539 

Supplementary Fig. 19 Degree (number of target genes) distribution of ohnologues and SSD paralogues. 540 

Violin plots showing the number of target-genes for WGD- and SSD-derived paralogue TFs. Statistical 541 

significance was assessed using a two-sided Wilcoxon signed-rank test; all comparisons were significant. The 542 

number shown for each violin represents the median value.  543 

 544 

 545 

 546 

 547 

 548 
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 549 

Supplementary Fig. 20 Regulatory motif enrichment for human and mouse paralogues. Three representative 550 

shapes of regulatory motifs are shown on the left. TF1 and TF2 denote duplicated TFs either from WGD or SSD. 551 

Similarly, target gene 1 and target gene 2 are duplicated genes arising from WGD or SSD.  Z-scores indicate motif 552 

enrichment relative to random expectation; |Z-score| less than 2 was considered non-significant. The human SSD 553 

box in the Bifan row shows NA for not available, as there were no instances where both TF and target had 554 

duplicated such that they could be included. There were only two instances for mouse SSD paralogues in Bifan.  555 

 556 
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 557 

Supplementary Fig. 21 RNA-seq reads aligned by STAR were visualized in IGV to verify SoxE genotypes. 558 

Representative read alignments from four samples (N8, N11, T1, and T5) are shown, highlighting 8 bp deletion 559 

that distinguishes homozygous SoxE mutants (aa) from wild-type samples (AA). We also performed genotyping 560 

by PCR and gel electrophoresis before sequencing (Supp. Table 11 and Supp. Fig. 22). 561 

 562 

 563 

 564 

 565 

 566 

 567 
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 568 

Supplementary Fig. 22 Genotyping of N4 and T1 samples by restriction enzyme digestion. Representative 569 

agarose gel electrophoresis images showing genotyping results for N4 (top) and T1 (bottom) stage embryos. Lane 570 

numbers are indicated above each gel. DNA size markers (DL2000) are shown in the leftmost lanes, and a PCR 571 

control (completely undigested) is included on the far right. Based on banding patterns, a subset of samples with 572 

wild‑type (blue, AA) and homozygous SoxE mutant (red, aa) genotypes were selected for subsequent experiments, 573 

as indicated. 574 

 575 

 576 

 577 
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