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Fig. 1 Schematic diagram of Hox clusters in amniotes
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The left part(a) shows the evolutionary history of Hox genes across

amniotic lineages. The black branches of the phylogenetic tree
highlight the studied turtles in this study. Gene losses are labelled
at corresponding phylogenetic nodes. 265MY A. 265 million years
ago. The right part(b) shows the ancestral Hox clusters in amniotes
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Fig. 2 Genomic organization of HoxB clusters in 11 species
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The left part shows the phylogenetic relationships, lineages,
species name and the coordinates of the Hox gene cluster (chrom-
osome: start- end) in studied species. Gene names are shown
above each box on the top cluster. The annotated sizes of predicted
exons (black boxes), introns (white boxes), and intergenic regions
(thick lines) for Hox genes allow for direct size comparisons
between species
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¥ 51(Low complexity). 1l 25 ¥ %(Satellite). &
B E 5 7 51 (Simple repeat) 5 & %1 41 (Unknown)]
TR R & BT 20% . 456 N2V 74 L 65 17
P BRHE, IESEE R M AE HoxB9—HoxB13%E [ 8]
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sed Repeats, SINE/MIR) K DNAF & F-/PAFa & [l
“F-Harbingeriff Z % (DNA transposon/P Instability
Factor-Harbinger superfamily, DNA/PIF-Harbinger)
H1 & EIR1K(<1%), A 51T %1 (Unknown) ] & &2k
15%( 14 3c), XUt BRI Rl R 1Z R R (] X R A T
R R P AP aK, 2T RS F TR R

EVISNN S . PAN:S y
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Fig. 3 Comparison of the sequence content within the intergenic region between HoxB9 and HoxB13 in turtle and alligator genomes
a. HoxB9—HoxB 135 [l A1 [X. {41 75 F1 4 At BLAEE; AT /3 T 442 B A PR S At (KR 28 A0 TR Gt vt . Bl T S P K B o R R W) [X K 2 Y
By . ARG TS F FIZET, 8] i RN 3 D8] 7] XA E AR o 4 i 1] < 4 1 1) X A< B g b A

a. shows the comparison of the sequence content within the intergenic region between HoxB9 and HoxB13; The transposable element content

is analyzed at type (b) and subtype (c) levels. The x axis represents the percentage of repeat sequence length to intergenic region length. The

colors of the circles indicate the types of repetitive sequences, the areas of the circles represent the ratio of the intergenic region length to the

longest intergenic region length across species
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Tab. 1 Statistics of insertions and deletions in Hox genes

A by Length
ene Type Position (bp) (bp)
HoxAl faRHEA 81—82, 247—248 3,6
HoxA5 LSRN 468—469 9
HoxBI B RHER 121—129 9
HoxB2 R R 756—761, 792—836 6,45
HoxB3 BRI 105—107, 951—959 3,9
HoxB4 R 291—293, 364—366; 3,3;3
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HoxB5 LZ RPN 229—230
HoxB9 BRI 516—524 9
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a. The upper part shows the length of amino acid encoded by the Hox gene. The black bars and blue rectangle indicate the positions of indels
(Insertion and deletion) and the structural domain, respectively; b. The evolutionary relationships of studied species and their Hox gene
sequence alignments. The soft-shell turtles are marked in red fonts. Compared with ancestral sequence, indels are highlighted in gray,
substitutions are marked by blue rectangles; c. Predicted 3D structure of Hox gene. The red circles indicate the positions of indels
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EVOLUTIONARY ANALYSES AND SEQUENCE FEATURE
OF HOX GENES IN TURTLES

HUANG Bao-You"’, LOU Ling-Yuan">, FAN Jia-Wei"’, SUN Wei”*, QIAN Guo-Ying””,
GE Chu-Tian”’ and WANG Zong-Ji*’
(1. College of Fisheries and Life Sciences, Shanghai Ocean University, Shanghai 201306, China; 2. Institute of Animal Sex and

Development, Zhejiang Wanli University, Ningbo 315100, China; 3. College of Biological and Environmental
Sciences, Zhejiang Wanli University, Ningbo 315100, China)

Abstract: Hox genes, as a family of transcription factors, play a central role in the specification of regional identities
along the anterior-posterior body axis, skeletal development, and limb morphogenesis in vertebrates. Previous analyses
of Hox genes revealed an unexpected diversity in gene number, genomic organization, and expression patterns in diffe-
rent vertebrate groups. However, the Hox genes have not been systematically analyzed in terms of sequence and evolu-
tionary features in turtles. In this study, we performed Hox gene identification, sequence characterization and evolutio-
nary analyses in turtles with the publicly available chromosomal-level genome sequences and RNA-seq data, and found
that the Hox gene clusters in turtles are highly conserved. Turtles possess the same Hox inventory (39 genes, lost
Hox(C3) as birds, crocodiles, and placental mammals. The HoxB9-HoxB13 intergenic region in soft-shell turtles is about
10 kb shorter than that in hard-shell turtles, which resulted from the deletion of the non-repetitive sequences. There are
hard-shell/soft-shell turtle specific nucleotide substitutions, insertions, and deletions located in the coding regions of
tens of Hox genes. However, these sequence mutations are not in functional domains, nor do they lead to changes in
protein spatial structure. The Hox genes related to thoracic skeletal development have been undergone rapid evolution
and positive selection in the ancestor of soft-shell turtles. The Hox gene expression is tissue- and stage- specific, and
mainly expressed in the apical ectoderm ridge, carapace ridge and gonad during the embryonic stages in turtles. We
speculate that the phenotypic differences between soft-shell and hard-shell turtles might be related to non-coding regu-
latory elements located in the HoxB9-HoxB13 intergenic region, and the HoxB5 and HoxC6, which are positively selec-
ted in the ancestors of soft-shell turtles. This study provides a target for the analyses of multi-omics, gene expression
and regulatory mechanism of Hox genes across different embryonic stages in turtles, also provides a reference for fur-
ther clarifying the evolutionary innovation in turtles.

Key words: Hox genes; Testudines; Evolution; Soft-shell turtles
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