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Supplementary Fig. 1∣k-mer distribution of the N. pompilius genome. Genome 

size estimation was performed by the k-mer analysis, and about 59.78 Gb corrected 

Illumina reads were selected to estimate the genome size. The genome size of N. 

pompilius thus estimated is 753.09 Mb. 

 

                 

 

 

 

 

 

 

 



 

Supplementary Fig. 2∣Distribution of genome size in different molluscan lineages. 

Molluscan species are lined up according to their genome sizes, ranging from 360 Mb 

(L. gigantea) to 5.28 Gb (E. scolopes)1-11. Gastropods, bivalvia and cephalopods are 

indicated by different colors. Notably, the genome size of N. pompilius is the smallest 

among known cephalopods. 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Fig. 3∣History of transposable element (TE) accumulation in the 

N. pompilius genome. Temporal changes in transposable element (TE) accumulation 

in the N. pompilius genome based on a Kimura distance-based copy divergence analysis 

of TEs, with Kimura substitution level (CpG adjusted) illustrated on the x-axis, and 

percentage of the genome represented by each repeat type on the y-axis. Repeat type is 

indicated by different colored bars. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Fig. 4 | Neutral tree and intron gain/loss event. Neutral tree of five 

cephalopods and L. gigantea is based on fourfold degenerate sites and pairwise 

distances to L. gigantean are shown for each species above their respective branches. 

Intron gain/loss events are shown in red besides taxon labels and at the ancestral nodes. 

 

 

 

 

 



 

Supplementary Fig. 5∣Genome annotation in N. pompilius. Whole-genome 

annotation was performed by integrating multiple methods, which eventually generated 

17,710 protein coding genes.  

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 



 

Supplementary Fig. 6∣Tissue distribution of Hox cluster in N. pompilius. Heatmap 

shows the expression profile of Hox cluster genes in different tissues. x-axis displays 

different tissues and y-axis shows the degree of expression of different Hox genes. 

Colored bars represent Z-score calculated from RPKM-values of a target gene in 

different tissues.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Supplementary Fig. 7∣Phylogenetic tree of the Maf/NRL superfamily. Multiple 

alignment was performed by using three methods including MAFFT 7.22112, 

MUSCLE13 and T-coffee14. The best alignment was applied to phylogenetic analysis 

beads on MUMSA scores15. Then, the phylogenetic tree was constructed by MrBayes 

3.2.116 under a mixed model of amino acid substitution. Two independent runs with one 

cold and three heated chains were set for 15,000,000 generations. Starting trees were 

random and the trees were sampled every 1,000th generation. The ancestor of Maf/NRL 

was divided into the large and the small Maf clades. Each clade evolves independently 

and expands specifically in vertebrates. In the large Maf clades, the ancestor of Maf 

was continuously duplicated three times and generated four members (NRL, Maf A, 

Maf B and c-Maf) in vertebrates, but preserved one copy of NRL in mulloscan lineages. 

Similarly, the small Maf clade was divided into Maf F, Maf G and Maf K after 

vertebrate-specific duplications, while one copy of Maf K was preserved in mulloscan 

lineages. In contrast, the N. pompilius genome only encodes one Maf K gene but lost 

NRL. ver., vertebrate; inver., invertebrate. 

 

 

 

 

 

 



 
 

Supplementary Fig. 8∣Domain composition of Maf/NRL family members across 

different metazoans. MafA, MafB, c-Maf and NRL belong to large Maf family, and 

Maf K Maf G and Maf F belong to the small Maf family. The only extant homologue 

of Maf in the N. pompilus genome is the member of small Maf. Domain architecture 

was predicted and constructed by the software SMART17. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Fig. 9∣Tissue distribution of crystallin-like genes in N. pompilius.  

 Heatmap shows the expression profile of crystallin genes in different tissues, in which 

3 of crystallin genes without expression are excluded. x-axis displays different tissues 

and y-axis shows the degree of expression of different crystallin genes. Colored bars 

represent Z-score calculated from RPKM-values of a target gene in different tissues.  

 

 

 

 

 

 



 

Supplementary Fig. 10∣Pairwise alignment of the potential S-crystallin of N. 

pompilius with cephalopods S-crystallin, Glutathione S-transferase (GST) and 

other classes of GST. The a-helices in S-crystallin are underlined and labeled. 

Compared with other classes of GST, the cephalopods S-crystallin has an 11-amino acid 

residues insertion between the conserved a4 and a5 helices (red box). Ovu, Octopus 

vulgaris; Nsl, Nototodarus sloanii; Has, Homo sapiens; Rno, Rattus norvegicus. 



 

Supplementary Fig. 11 ∣ Phylogenetic tree of the crystallin gene family. 

Phylogenetic tree of crystallin family were constructed by MrBayes methods as 

described above. Crystallin genes from Homo sapiens, Euprymna scolopes, Octopus 

minor, Octopus bimaculoides, Octopus vulgaris, Nautilus pompilius, Aplysia 

californica, Lottia gigantea, Mizuhopecten yessoensis, Crassostrea gigas and 

Nematostella vectensis are used. Different types of crystallin are labeled with separate 

colors. N. pompilus genome only contains a total of 10 crystallin genes (by red pentacle) 

and lacking S-crystallin which constitutes the major lens protein in cephalopods, 

featuring the least number of crystallins in metazoans. 



 

 

Supplementary Fig. 12∣Enrichment analysis on NRL/MAF binding motifs on the 

promoter of the cephalopod crystallin gene family. 2,000 bp of 5’-flanking regions 

of crystallin genes were extracted from the genomes of O. minor, O. vulgaris and N. 

pompilus. NRL, Maf A, Maf B and c-Maf binding motif matrices were downloaded 

from a JASPAR database. Enrichment analysis for NRL/MAF bingding motifs in the 

crystallin promoter regions were analyzed by CentriMo18. Search parameters are set as 

follows: (1) 0-order background model generated from supplied sequences; (2) motif 

sites on either strand is considered; (3) motif sites only are considered, if they have a 

match score ≥ 5; and (4) regions are only reported, if they have a E-value ≤ 1. 

 

 

 

 

 

 



 

 

Supplementary Fig. 13∣RPE65 family expansion in N. pompilus. RPE65 domain 

containing proteins in cephalopods were applied to construct a phylogenetic tree by 

MrBayes method (A) as described above and ML method (B, model: LG+G4; bootstrap: 

1000), respectively. The cephalopod RPE65 are homologs of vertebrates RPE65. 

Moreover, the N. pompilus genome contains a total of 10 RPE65 proteins, among which 

9 of them were expanded and specifically clustered into one independent clade, and 1 

of them was clustered with coleoids and formed one other clade. 

 

 



 

Supplementary Fig. 14∣Sequence alignment of RPE65 of N. pompilius and 

RPE65 of H. sapiens. Sequence alignment was conducted and displayed using Bioedit 

software, between six RPE65 sequences of N. pompilius and one of H. sapiens. The 

conserved residues in RPE65 were marked with color background, and 

EVMG013855.1 retained the conserved domains as in H. sapiens RPE65. 

 



 

Supplementary Fig. 15∣Expression pattern of RPE65 family in N. pompilus. 

Expression level of RPE65 gene family were analyzed by using transcriptomic data in 

different tissues, which showed high expression of RPE65 genes in the liver.  

 

 

 

 

 

 



 
Supplementary Fig. 16∣The expression pattern of RPE65 families in the Nautilus 

eye. Six members of the RPE65 family genes were detected to be expressed in the eye.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Fig. 17∣Sequence alignment between Nautilin-63 in Nautilus 

macromphalus and EVMG013998.1 in N. pompilius. The identical, highly conserved, 

and less conserved amino acid residues are indicated by ‘*’, ‘:’ and ‘.’, respectively. 

 

 

 



 

Supplementary Fig. 18∣Expansion of IFN-inducible GTPases (IIG) gene family 

in the N. pompilus genome. Phylogenetic tree of IIG proteins in cephalopods was 

constructed by using MrBayes methods as described above, and contains 15 of IIG 

proteins in N. pompilus, and only single IIG proteins in other cephalopods. 

 



 

Supplementary Fig. 19∣Phylogenetic tree of interleukin-17 (IL-17) gene family in 

cephalopods. Phylogenetic tree of IL-17 was constructed by MrBayes method as 

described above, and includes 10 of IL-17 in N. pompilus, 14 of IL-17 in E. scolopes, 

34 of IL-17 in O. bimaculoides, 72 of IL-17 in O. minor and 45 of IL-17 in O. vulgaris. 

Independent expansion of IL-17 gene family was found in three octopus species, 

strongly suggestive of a crucial role of IL-17 in octopus immune defense. 
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