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Figure S1. Phylogenetic tree of Kazald genes from a subset of species strengthens the support 
of the four distinct clades in vertebrates, related to Figure 1. 
Displayed consensus tree was generated via RAxML using amino acid sequences. Branch colors reflect 
the bootstrap values of each node, and do not correspond to branch support. Support values are shown 
for the nodes basal to the four Kazald clades. Layout of the support values are: ML bootstrap support 
via RAxML (top), BI posterior probabilities via BAli-Phy (bottom). Abbreviated species names are listed 
in File S1. Kazald a and b versions created by whole genome duplications that occurred after the 2R-
WGD event in the Acipenseriformes order of fish are marked next to the abbreviated species name. 
Scale bar corresponds to mean number of amino acid substitutions per site.  



 

 

Figure S2. Phylogenetic tree of Kazald genes made with PhyloBayes supports separation of 
cyclostome Kazald genes, related to Figure 1. 
Displayed consensus tree was generated via PhyloBayes using amino acid sequences. Support values 
are BI posterior probabilities. Abbreviated species names are listed in File S1. Kazald a and b versions 
created by whole genome duplications that occurred after the 2R-WGD event in the Acipenseriformes 
order of fish are marked next to the abbreviated species name. Scale bar corresponds to mean number 
of amino acid substitutions per site.  



 

 



 

Figure S3. Bayesian inference trees of each of the multigene families chosen for the partitioned 
analysis of the Syntenic Blocks demonstrate no discordant topologies, related to Figure 2. 
Displayed trees were generated via BAli-Phy using amino acid sequences. Branch colors indicate the 
BI posterior probability at each node. Support values are shown for the nodes basal to the four Syntenic 
Blocks. Layout of the support values are: BI posterior probabilities via BAli-Phy (top), ML bootstrap 
support via RAxML (bottom). Scale bars correspond to mean number of amino acid substitutions per 
site.  



 

 

Figure S4. The four jawed vertebrate Kazald genes have a consistent genomic structure, which 
is also present in protostomes but not invertebrate deuterostomes, related to Figure 2. 
Exons are colored in gray and have their relative sizes scaled, introns are represented by bent lines 
and do not have their sizes scaled. Identity and location of the protein domains are represented by the 
overlapping white boxes, and are scaled to the size of the exons. (A) Exon-intron structure and protein 
domain location comparison between mouse Kazald1 and the four axolotl Kazald genes. (B) Overview 
of the Kazald gene exon-intron structures and protein domain locations across bilaterians. 
Abbreviations: bp = base pairs, kb = kilobase.  



 

 



 

Figure S5. The regions of each Kazald gene that contain the three protein domains have similar 
3D structures, related to Figure 2. 
(A) Schematic of the protein structure of axolotl Kazald1 with the three protein domains highlighted. (B) 
Schematic of how the four axolotl Kazald proteins best overlap with each other. (C) Graphs depicting 
the level of confidence that AlphaFold2 has in the predicted protein structure, expressed as the 
predicted local distance difference test (Predicted lDDT) per position. Five structures for each Kazald 
gene were predicted and then ranked through AlphaFold2, with the “rank_1” prediction of each one 
used for all subsequent analysis. (D) Template modeling score (TM-score) of the superimposition of the 
Protein Domain Containing Regions (PDCRs) of the Kazald gene of the row against the Kazald gene 
of the column via US-align. As the TM-score is normalized by sequence length, the mirrored TM-scores 
can be different from each other. A TM-score of 1 equates to the two structures being 100% identical, a 
TM-score above 0.9 means the structures are nearly identical to one another [S1], (E) Amino acid 
sequence identity, sequence similarity, percentage of gaps, and NW Score of the PDCRs of two Kazald 
genes compared against each other via the Needleman–Wunsch algorithm.  



 

 

Figure S6. Non-avian species lack a strong and consistent expression of any Kazald gene in 
their brains, related to Figure 3. 
Quantification of the expression of all maintained Kazald genes of a species in different parts of their 
brains, and eye tissue when available. Kazald1, Kazald2, and Kazald3 were duplicated in the lineage 
leading to paddlefish with no subsequent losses, creating a and b versions of these genes. Kazald2 
was duplicated in the lineage leading to eel with no subsequent loss, creating a Kazald2a and Kazald2b. 
PRJ IDs indicate the publicly available RNA-Seq datasets which generated the raw data for the listed 
tissues. Dots represent biological replicates in examined datasets, error bars represent standard 
deviation when calculable. CPM = Counts Per Million. Data are represented as Mean ± SD. 



 

 

Figure S7. Kazald gene expression during development and in various tissues of non-
gnathostome deuterostomes, related to Figures 3, 4, and 6. 
(A) Quantification of the expression of Kazald genes during development in hagfish and two species of 
lamprey. (B) Quantification of Kazald expression during development in two species of amphioxi. (C) 
Quantification of Kazald expression during development in tunicate, brittle star, and two species of sea 
star. (D) Quantification of the expression of Kazald genes in various tissues of hagfish and two species 
of lamprey. (E) Quantification of Kazald expression in various tissues of lamprey at different life stages. 
(F) Quantification of Kazald expression in various tissues of tunicate, sea star, and two species of 



 

amphioxi. PRJ IDs indicate the publicly available RNA-Seq datasets which generated the raw data for 
the listed tissues. Dots represent biological replicates in examined datasets, error bars represent 
standard deviation when calculable. FPKM = Fragments Per Kilobase per Million. Data are represented 
as Mean ± SD.  



 

 

Figure S8. Kazald4 lacks a conserved expression pattern across jawed vertebrates, related to 
Figure 3. 



 

(A) Quantification of Kazald4 expression in different tissues of multiple sarcopterygian and 
actinopterygian species. Data is from PRJNA256923, PRJNA599026, PRJNA300706, PRJNA339452, 
PRJNA556093, PRJNA143627, PRJNA1129508, and PRJNA378982. (B) Quantification of Kazald4 
expression in different tissues of multiple chondrichthyan species. Data is from PRJDB6260, 
PRJNA1026724, and PRJDB14248. (C) Quantification of Kazald4 expression in whole embryos during 
embryonic development of multiple species of jawed vertebrates. (D) Quantification of Kazald4 
expression during regeneration in different tissues of multiple species of bony vertebrates. PRJ IDs 
indicate the publicly available RNA-Seq datasets which generated the raw data for the listed tissues. 
Dots represent biological replicates in examined datasets, error bars represent standard deviation when 
calculable. CPM = Counts Per Million, Reg. = regenerating, mand. = mandible, ret. = retina. Data are 
represented as Mean ± SD.  



 

 

Figure S9. Kazald gene expression in various tissues of non-tetrapod/teleost fish, related to 
Figures 4 and 5. 
(A) Quantification of the expression of all Kazald genes in various tissues of the lungfish. (B) 
Quantification of the expression of all Kazald genes in various tissues of the bichir. (C) Quantification 
of the expression of all Kazald genes in various tissues of the paddlefish. PRJ IDs indicate the publicly 
available RNA-Seq datasets which generated the raw data for the listed tissues. Dots represent 
biological replicates in examined datasets, error bars represent standard deviation when calculable. 
CPM = Counts Per Million. Data are represented as Mean ± SD.  



 

 

Figure S10. Kazald3 has no to very low levels of expression in the tissues of adult tetrapods, 
related to Figure 5. 
(A) Quantification of Kazald3 expression in various tissues of the axolotl. (B) Quantification of Kazald3 
expression in various tissues of the turtle. PRJ IDs indicate the publicly available RNA-Seq datasets 
which generated the raw data for the listed tissues. Dots represent biological replicates in examined 
datasets, error bars represent standard deviation when calculable. CPM = Counts Per Million. Data are 
represented as Mean ± SD.  



 

Table S1. TBLASTN search of the axolotl genome reveals four regions spread across four 
chromosomes with high similarity to known Kazald genes, related to Table 1. 

 Mouse Kazald1 

Axolotl 
Chromosome 

Exon Start End Direction Identities Positives E Value 

Chr8 

Exon 1 1,479,087,933 1,479,088,340 – 
91/137 
(66%) 

108/137 
(79%) 

7.00E-54 

Exon 2 1,479,013,148 1,479,013,306 – 
48/53 
(91%) 

50/53 
(94%) 

4.00E-26 

Exon 3 1,478,969,760 1,478,969,906 – 
35/49 
(71%) 

43/49 
(88%) 

7.00E-19 

Chr3q 

Exon 1 561,620,191 561,620,586 + 
74/135 
(55%) 

94/135 
(70%) 

2.00E-41 

Exon 2 561,884,219 561,884,377 + 
31/53 
(58%) 

36/53 
(68%) 

2.00E-13 

Exon 3 561,933,219 561,933,356 + 
27/46 
(59%) 

31/46 
(67%) 

5.00E-12 

Chr10 

Exon 1 222,256,888 222,257,250 – 
63/123 
(51%) 

81/123 
(66%) 

3.00E-26 

Exon 2 222,122,948 222,123,106 – 
32/53 
(60%) 

40/53 
(75%) 

1.00E-15 

Exon 3 222,098,653 222,098,790 – 
23/46 
(50%) 

31/46 
(67%) 

3.00E-09 

Chr6q 

Exon 1 1,617,595,903 1,617,596,295 – 
63/132 
(48%) 

82/132 
(62%) 

2.00E-27 

Exon 2 1,617,577,351 1,617,577,509 – 
25/53 
(47%) 

37/53 
(70%) 

2.00E-10 

Exon 3 1,617,560,918 1,617,561,055 – 
24/46 
(52%) 

32/46 
(70%) 

8.00E-11 

 
Zebrafish kazald2 

Axolotl 
Chromosome 

Exon Start End Direction Identities Positives E Value 

Chr6q 

Exon 1 1,617,595,903 1,617,596,289 – 
68/136 
(50%) 

80/136 
(59%) 

9.00E-28 

Exon 2 1,617,577,351 1,617,577,509 – 
25/53 
(47%) 

37/53 
(70%) 

1.00E-10 

Exon 3 1,617,560,921 1,617,561,058 – 
27/46 
(59%) 

36/46 
(78%) 

4.00E-13 

Chr3q 

Exon 1 561,620,212 561,620,583 + 
57/132 
(43%) 

77/132 
(58%) 

8.00E-23 

Exon 2 561,884,219 561,884,377 + 
23/53 
(43%) 

35/53 
(66%) 

1.00E-10 

Exon 3 561,933,216 561,933,353 + 
27/46 
(59%) 

35/46 
(76%) 

1.00E-13 

Chr8 

Exon 1 1,479,087,933 1,479,088,313 – 
55/134 
(41%) 

77/134 
(57%) 

3.00E-21 

Exon 2 1,479,013,148 1,479,013,306 – 
25/53 
(47%) 

32/53 
(60%) 

3.00E-09 

Exon 3 1,478,969,769 1,478,969,903 – 
26/45 
(58%) 

34/45 
(76%) 

2.00E-11 

Chr10 

Exon 1 222,256,888 222,257,241 – 
60/123 
(49%) 

73/123 
(59%) 

2.00E-19 

Exon 2 222,122,948 222,123,106 – 
22/53 
(42%) 

31/53 
(58%) 

3.00E-09 

Exon 3 222,098,656 222,098,793 – 
25/46 
(54%) 

34/46 
(74%) 

6.00E-11 



 

Scores are given for the individual exons of the Kazald genes. Identities are number of identical amino 
acids. Positives are aligned amino acids that are either identical or have similar chemical properties. E 
Value is the number of expected hits of similar quality that could be found just by chance. Exon 4 is not 
included due to failure to find a match in the genome.  



 

Table S2. Most jawed vertebrates possess multiple Kazald genes, related to Figure 1. 

Common Name Scientific Name 
Total Number of 
Kazald Genes 

Number of Manually 
Found or Edited Genes 

Sponge E. muelleri – – 

Sponge O. lobularis – – 

Placozoa T. adhaerens – – 

Hydra H. vulgaris – – 

Staghorn Coral A. muricata – – 

Starlet Sea Anemone N. vectensis – – 

Flame Jellyfish R. esculentum – – 

Fruit Fly D. melanogaster – – 

Nematode C. elegans – – 

Planaria S. mediterranea – – 

Planaria D. japonica – – 

Milk-White Planarian D. lacteum 1*,** – 

Atlantic Horseshoe 
Crab 

L. polyphemus 1*** (3) – 

Cactus Worm P. caudatus 1 – 

Portuguese Oyster C. angulata 1 – 

Leech H. robusta 1 – 

Acorn Worm S. kowalevskii 1 – 

Crown-of-Thorns 
Starfish 

A. planci 1 – 

Florida Lancelet B. floridae 1 – 

Inshore Hagfish E. burgeri 1 – 

Sea Lamprey P. marinus 1 – 

Elephant Shark C. milii 2 – 

Great White Shark C. carcharias 2 – 

Thorny Skate A. radiata 2 – 

Gray Bichir P. senegalus 4 – 

Sterlet A. ruthenus 7 2 

American Paddlefish P. spathula 7 2 

Spotted Gar L. oculatus 3 – 



 

European Eel A. anguilla 4 1 

Atlantic Tarpon M. atlanticus 4 3 

Asian Bonytongue S. formosus 2 – 

Atlantic Herring C. harengus 3 1 

Allis Shad A. alosa 3 1 

Mexican Tetra Ast. mexicanus 3 1 

Red-Bellied Piranha P. nattereri 3 – 

Zebrafish D. rerio 2 – 

Northern Pike E. lucius 2 1 

Chinook Salmon O. tshawytscha 2 – 

Atlantic Cod G. morhua 2 – 

European Seabass D. labrax 2 – 

Torafugu Pufferfish T. rubripes 1 – 

Medaka O. latipes 1 – 

Coelacanth L. chalumnae 3 – 

West African Lungfish P. annectens 4 – 

Axolotl Amb. mexicanum 4 – 

Iberian Ribbed Newt P. waltl 3**** (4) – 

Eastern Newt N. viridescens 3** – 

Ramos' Mushroom-
Tongue Salamander 

B. ramosi 4** – 

Two-Lined Caecilian R. bivittatum 3 2 

Gaboon Caecilian G. seraphini 2 1 

Tiny Cayenne 
Caecilian 

M. unicolor 2 – 

European 
Fire-Bellied Toad 

B. bombina 3 – 

Western Clawed Frog X. tropicalis 1 – 

Common Toad B. bufo 2 – 

Common Frog R. temporaria 2 – 

Painted Turtle C. picta 3 – 

Goode's Thornscrub 
Tortoise 

G. evgoodei 3 – 



 

Green Sea Turtle C. mydas 2 – 

Yangtze Giant 
Softshell Turtle 

R. swinhoei 2 2 

Red-Bellied Short-
Necked Turtle 

E. subglobosa 2 2 

Gharial G. gangeticus 2 – 

Chinese Alligator A. sinensis 2 – 

Emu Dro. novaehollandiae 2 – 

Chicken G. gallus 2 – 

Zebra Finch T. guttata 2 – 

Tuatara S. punctatus 3 2 

Leopard Gecko E. macularius 2 – 

Sand Lizard L. agilis 2 – 

Eastern Fence Lizard S. undulatus 2 – 

Western Terrestrial 
Garter Snake 

T. elegans 1 – 

Platypus O. anatinus 2 – 

Short-Beaked 
Echidna 

T. aculeatus 2 1 

Gray Short-Tailed 
Opossum 

M. domestica 2 1 

Common Brushtail 
Possum 

T. vulpecula 2 – 

Tasmanian Devil S. harrisii 2 1 

Indian Elephant E. max. indicus 1 – 

Nine-Banded 
Armadillo 

Das. novemcinctus 1 – 

Horse E. caballus 1 – 

Large Flying Fox P. vampyrus 1 – 

Dog C. lup. familiaris 1 – 

Mouse M. musculus 1 – 

Human H. sapiens 1 – 

Putative Kazald genes from the species which possessed them were used for the creation of the large-
scale phylogenetic tree (Figure 1). Bolded letters in the column “Scientific Name” are used as the IDs 
of species in the tree. The column “Number of Manually Found or Edited Genes” refers to genes either 
not in the transcriptome, or manually edited based on the conserved Kazald gene genomic profile that 
we identified (see Materials and Methods). Use of – indicates absence. * = not used in the large-scale 
phylogenetic tree. ** = only transcriptomes are available, thus the total number of Kazald genes may 



 

be greater. *** = 3 potential Kazald genes found broken up across scaffolds, thus only the 1 fully intact 
gene used in the phylogenetic tree. **** = 4 Kazald genes found in the genome, but only the 3 genes in 
the transcriptome used in the phylogenetic tree.  
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