Developmental and Comparative Immunology 176 (2026) 105560

DEVELOPMENTAL &
COMPARATIVE
IMMUNOLOGY

Contents lists available at ScienceDirect

Developmental and Comparative Immunology

journal homepage: www.elsevier.com/locate/devcompimm

ELSEVIER

Discovery and classification of new reptile cathelicidins by genome mining:
study of their structure and genomic organization in Testudines
and Squamata

a,”

, Sergio Gonzalez-Acosta“,

a,**

Andrea Otazo-Pérez *°, Manuel R. Lopez
Antonio Morales-delaNuez *', José Manuel Pérez de la Lastra
2 Biotechnology of Macromolecules Research Group, IPNA, CSIC, Avda. Astrofisico Francisco Sanchez 3, 38206, San Cristébal de La Laguna, Spain

b Escuela de Doctorado y Estudios de Posgrado, Universidad de La Laguna, Avda, Astrofisico Francisco Sanchez, SN. Edificio Calabaza-Apdo, 456, 38200, San Cristébal
de La Laguna, Spain

ARTICLE INFO ABSTRACT

Keywords:

Antimicrobial peptides (AMPs)
Host defense

Bioinformatic

Drug discovery

Host defense peptides (HDPs)
Testudines

Squamata

Cathelicidins, a diverse family of host defence peptides (HDPs) in vertebrates, are recognized for their potential
in combating resistant microorganisms and their varied biological functions. While extensive studies have
focused on mammalian cathelicidins, those in reptiles remain largely unexplored. In this study, we conducted a
genome mining analysis that identified 287 cathelicidin genes across reptilian orders Testudines and Squamata.
Of these genes, we identified 219 complete cathelicidin protein sequences and 68 cathelicidin-like gene copies
that appear to be pseudogenes or gene fragments lacking intact open reading frames. We established for the first
time a classification for reptile cathelicidins of the cited orders based on their sequence and structure, observing
six types for Testudines and six for Squamata, suggesting a common ancestral lineage. Furthermore, we inves-
tigated the genomic arrangement of these cathelicidin genes, uncovering that they are grouped into clusters with
variability in the gene number and in their organization. Cathelicidin derived mature peptides were classified
into nine groups based on their sequences and physicochemical properties. This comprehensive study enhances
the understanding of the cathelicidin family in reptiles, clarifying their genomic organization and describing the
different types present. These classifications pave the way for future studies on the functions and specialization of
each identified cathelicidin group. Moreover, they enable potential structure-activity studies of the peptides,
establishing a foundation for differentiating their key features.

1. Introduction

Antimicrobial peptides (AMPs) are a group of peptides derived from
different protein families that perform defensive functions across all
living organisms (Haney et al., 2017). In vertebrates these peptides are
generally synthesized by immune cells like neutrophils and by some
epithelial cells, especially in skin and intestines (Gallo and Hooper,
2012; Lei et al., 2019). However, new functions for these are constantly
being discovered, for example, some peptides show antiviral and anti-
fungal activity (Ballard et al., 2020; Hsieh and Hartshorn, 2016). Others
also exhibit anticancer activity against the proliferation of tumour cells
(Hoskin and Ramamoorthy, 2008; Kordi et al., 2023), and some have
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been shown to play a role in the regulation of the immune system
(Guryanova and Ovchinnikova, 2022; Hancock et al., 2016; Stein-
straesser et al., 2011). For this reason, AMPs are also commonly known
as Host Defense Peptides (HDP) (Haney et al., 2017; Steinstraesser et al.,
2011). In addition, they typically do not promote resistance in their
targeted microorganisms, primarily attributed to their distinct mecha-
nism of action (Veldhuizen et al., 2013). AMP families are distributed
across a wide variety of organisms, such as thionins in plants (Tam et al.,
2015), cecropins and attacins in Lepidopteran insects (e.g., Hyalophora
cecropia) (Wu et al., 2018), piscidins in teleost fish such as Morone
saxatilis (Asensio-Calavia et al., 2023; Silphaduang et al., 2006),
defensins in various animal groups and cathelicidins in vertebrates
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(Izadpanah and Gallo, 2005).

Cathelicidins constitute one of the most significant families of HDPs
in vertebrates and have been extensively studied due to their potent
biological activity, which may have potential applications in biomedi-
cine (Kosciuczuk et al., 2012). Cathelicidins are first synthesized as a
prepropeptide, with a signal peptide, a highly conserved region named
cathelin domain, and the active peptide, located in the C-terminal region
(Shinnar et al., 2003; Zanetti, 2004). The active peptides are cleaved
from the rest of the protein by a serine protease. This enzyme is typically
elastase, though other serine proteases, such as protease 3, also catalyse
the release of human LL-37 (Andrault et al., 2015). At the genomic level,
cathelicidin genes consist of four exons and three introns (Kosciuczuk
et al.,, 2012). The first three exons encode the signal peptide and the
conserved cathelin domain, while the active peptide is encoded by exon
4 (Tossi et al., 2024). Usually, cathelicidin genes are located together in
the genome forming a cluster (Kosciuczuk et al., 2012).

The cathelin domain is generally well-conserved across distantly
related animal groups. However, the resulting active peptides exhibit
considerable variability, with even closely related species displaying
different peptide sequences (Agier et al., 2015; Tomasinsig and Zanetti,
2005). Such sequence variations often correlate with differences in
antimicrobial activity (Tossi et al., 2024). Additionally, the functional
diversity of cathelicidins is likely influenced by the pathogens encoun-
tered by different species, which varies based on their habitats and diets
(Hanson et al., 2019; van Dijk et al., 2023). Therefore, investigating the
array of cathelicidins across various animal groups could provide a
valuable repository of active compounds against a wide range of mi-
croorganisms. Particularly, the study of cathelicidins in reptiles could be
highly beneficial as they are predicted to encode peptides with
specialized biological functions, reflecting the interactions of these an-
imals with their diverse ecological niches. Moreover, numerous studies
have demonstrated their potent antimicrobial and antiviral activities
(Kim et al., 2017; Zhao et al., 2008).

Although cathelicidins are present in all vertebrates, they have been
mainly studied in mammals and birds (Kosciuczuk et al., 2012). Within
reptiles, snakes have garnered the most research interest, constituting
the primary focus of most investigations in this domain (Wang et al.,
2008; Zhang et al., 2010). Nevertheless, the underlying genetic features
of these cathelicidins remain inadequately elucidated, and it is uncertain
whether their genes are organised within a genomic cluster. Moreover,
while variations in the sequence and functional activity of reptilian
cathelicidins have been documented, a formal classification system
analogous to that established for avian species has yet to be developed.
In other groups of reptiles, such as lizards or turtles, there is a limited
number of studies investigating their cathelicidins. Furthermore, reptile
cathelicidins are often classified as ‘avian-like' or variants, such as
‘cathelicidin 2-like' or ‘cathelicidin 3-like'. They may also be described as
‘snake-like' or ‘OH-like' referring to the cathelicidin ‘OH' from the snake
Ophiophagus hannah, one of the most extensively studied examples (Nash
and Ryan, 2023; Zhao et al., 2008).

We used different bioinformatic tools to discover new reptile cath-
elicidins through genome mining and studied their main characteristics.
Based on this, we propose a classification of cathelicidins and their
derived peptides from the reptilian orders Testudines and Squamata into
different types. We also present a model of the genomic organization of
cathelicidin genes within these groups.

Table 1
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2. Materials and methods
2.1. Genome mining

To carry out the genome mining, a probe was initially designed to
screen for cathelicidin genes across various reptile species (Table 1).
This probe was comprised of three consensus sequences, which were
derived from the multiple sequence alignment of the cathelin conserved
domain from several annotated reptile cathelicidins housed in the NCBI
database. These consensus sequences were specifically generated using
Jalview software (version 10.0.5) from the alignment of cathelicidins
annotated as ‘cathelicidin 3-like', ‘cathelicidin 2-like' and ‘cathelicidin
Oh-like' respectively.

This probe was employed as queries to identify putative cathelicidins
genes by genome mining of available chromosomal-level genome as-
semblies of reptile taxa in the NCBI database (up to March 2024) by
BLASTp and tBLASTn (Altschul et al., 1990). Searches were performed
using the following parameters: E-value threshold = 1 x 10>, word size
= 3 (BLASTp) or 6 (tBLASTn), BLOSUM62 matrix, and default gap
penalties. Only hits covering >60% of the query sequence and con-
taining the four conserved cysteine residues typical of the cathelin
domain were retained. Genomic hits were extended +5 kb to allow
manual inspection of intron-exon boundaries and potential gene struc-
ture. Only species from Testudines (turtles) and Squamata (lizards,
snakes, geckos, iguanas, and chameleons) taxonomic orders were ana-
lysed. Crocodylia (crocodiles, gharials, and alligators) and Sphenodontia
(tuataras) was excluded from the analysis due to the limited availability
of only two chromosomal-level genomes within both entire orders. We
excluded the genomes of some species whose assemblies were poorly
annotated, containing large portions of undetermined nucleotides (N's).

NCBI was selected as the primary data source because it currently
provides the most taxonomically diverse and consistently annotated
genome assemblies for reptiles, although we acknowledge that future
long-read or chromosome-level assemblies will further refine the pat-
terns described here.

After the BLAST analysis both the chromosome and the specific re-
gion of probe alignment were identified. We subsequently downloaded
the complete chromosome sequence in FASTA format and selected a
region of approximately 5 x 10° base pairs encompassing the probe
alignment, using Unipro UGENE 49.0 (Okonechnikov et al., 2012). This
sequence was then uploaded into gene prediction tools GeneScan (Burge
and Karlin, 1998) and FGENESH (Solovyev et al., 2006) to search the
exact location of all the cathelicidin genes within chromosome and the
predicted protein sequences and coding sequences (CDS).

A gene predicted by these softwaretools was classified as complete if
it fulfilled all of the following: (1) a four-exon/three-intron organization;
(2) presence of a predicted signal peptide; (3) four conserved cysteine
residues with spacing consistent with cathelin domains; (4) an exon 4
capable of encoding a plausible mature peptide; (5) presence of recog-
nizable regulatory motifs, including all exon-intron splicing sequences, a
TATA-like promoter upstream and a polyadenylation signal downstream
when identifiable.

Conversely, a gene was classified as putatively defective if it dis-
played at least one of the following: (1) premature stop codons in any
exon; (2) missing exons; (3) absence or sequence alteration of the ATG
start codon; (4) disruption of canonical splice motifs (5' GT or 3' YAG);
(5) absence of a stop codon in exon 4, resulting in an abnormally

Consensus sequences that constitute the probe used in genome mining to search for new cathelicidin genes.

Type of annotated
cathelicidin

Consensus sequence

Cathelicidin 3-like
Cathelicidin 2-like
Cathelicidin Oh-like

FQEALAQAIYFYNQGPQVQNAFRLLDAAQIPRLNSSSGNLQPLNFTIQETVCPTSGGAAAELCDFKPDGLVKDCSGYFSNQQANSVIVITCD
VARMAVEEYNQESGGQAVFRLWKIRSTRKTRFDWGVHFSMDFTIKETLCQKTGKYRIGDCKHKPNGTIRDCSAEVSVHNFMQDSPLTSVNCHPLQANNPNSRNAR
ALSYEEAVSLTAELYSQKAEVAFAFRLLEAKPQPDWDPRSEEPQDLEFTVKETTCSAAELLTAADCDFKEDGVVKECSGTFSIQQQAPVQLSCD
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extended peptide; (6) incompletely sequenced genome region; (7)
absence of a predicted signal peptide.

Because only one genome assembly per species was examined, these
genes are referred to as putatively defective, and not definitively as
pseudogenes. In addition, the Conserved Domain Search Tool from NCBI
(Wang et al., 2023) was employed to confirm that the identified genes
corresponded to cathelicidins.

Manual corrections of mispredicted gene models were performed by
aligning the complete gene sequence with a cathelicidin CDS sequence
from closely related species. We used the ClustalW multiple sequence
alignment tool version 2.1, Thompson et al. (1994) with BLOSUM series
of matrices (default = BLOSUM62), a gap opening penalty of 10 and gap
extension penalty of 0.2.

These manual corrections addressed issues commonly found in de
novo prediction, such as merged or skipped exons due to incorrect
intron-exon boundaries detection, and misannotation of the predicted
mature peptide in Exon 4. Finally, the identified cathelicidin sequences,
along with their genomic locations, were compiled.

2.2. Cathelicidin classification

The classification system was developed based on the evolutionary
dynamics observed in the cathelicidin family. All the putative cath-
elicidin genes were classified into types using a streamlined workflow
summarised in Fig. 1.

First, we identified genes showing the characteristic features of

4 A
Identify cathelicidin-like gene
* 4-exon gene structure (E1-E4)
« Encodes signal peptide

[ 4 conserved cysteines (10-16 aa) y

v

.
Step 2-Verify conserved
cathelin-like domain (CAt+ATHL)
+ ~100 aa domain
+ Conserved cystein framework

L BLAST/InterPro signature

J/
' * )
Step 3-Analyze C-terminal
antimicrobial region
- Highly variable sequence
+ Predicted amphipathic a-helix
|+ Positive net charge (+) J
* )

»
Step 4-Classify subtype
by sequence motifs
+ Compare to known repttile catelicidiln
+ Phylogenetic clustering (NJ/ML)

\

Fig. 1. Flowchart illustrating the streamlined classification pipeline for
reptile cathelicidins. The process starts with gene identification based on
hallmark structural signatures (four-exon gene structure, presence of a signal
peptide, and four conserved cysteine residues). Identified sequences are then
screened for conserved cathelin-like domains, analysed for precursor architec-
ture (signal peptide, cathelin domain, mature peptide), and classified into
cathelicidin subtypes according to sequence motifs and phylogenetic clustering.
This workflow enables the systematic designation of cathelicidin-like genes in
reptilian genomes.
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cathelicidins, including a four-exon structure, a signal peptide, and the
conserved cysteine framework of the cathelin-like domain. We then
confirmed the integrity of this domain by examining its exon-derived
structure and cysteine spacing. The C-terminal region encoded by
exon 4 was subsequently inspected to delineate the putative mature
peptide, focusing on the presence of a plausible cleavage site (V/I/A)
(Anderson and Yu, 2003), expected peptide length, and general physi-
cochemical properties.

The conserved domain protein sequences were initially aligned using
the four conserved cysteines typical of the cathelin domain as anchoring
points to ensure homology. Subtype assignment was based primarily on
the presence and position of short type-specific motifs or signatures
within the conserved domain. To aid in the better visualisation of the
signatures for classification, the online tool WebLogo (Crooks et al.,
2004) was used. When necessary, exon-length patterns and synteny with
characteristic flanking genes (e.g. KLHL18, TBRG4, CDC25) were used
to resolve ambiguous cases. Genes that could not be confidently assigned
after applying these criteria were labelled as ambiguous.

2.3. Nomenclature of cathelicidin genes

To distinguish the identified genes, we established a nomenclature
comprising the species name followed by a number that indicates the
gene's position in the organism's genome relative to the other cath-
elicidins. Genes predicted as defective were labelled with the species
name followed by the letter ‘D' and a number indicating their position
relative to the other defective cathelicidin genes.

2.4. Phylogenetic tree of cathelicidin sequences

To generate the phylogenetic trees first all the protein conserved
domain sequences of the mining cathelicidin were identified and
compiled using the Conserved Domain Search Tool from NCBI. These
sequences were aligned using the MUSCLE algorithm implemented in
the MEGA software version 11.0.13 (Tamura et al., 2021) which was
also employed to construct a phylogenetic tree by the Neighbor-joining
method using 1000 bootstraps and the Jones-Taylor-Thornton (JTT)
substitution model with a Gamma Distributed (G) rate and a Gamma
Parameter of 2. This model for constructing the phylogenetic tree was
selected since it provided the best fit to the data, according to the
analysis conducted using the ‘Find Best DNA/Protein Models' function in
MEGA.

2.5. Analysis of sequence and three-dimensional structure of cathelicidins

The percentage identity diagram of the aligned conserved domains
was obtained using Unipro UGENE 49.0 (Okonechnikov et al., 2012).

The three-dimensional models of the complete cathelicidin and
peptides sequences were generated using AlphaFold 3 (Abramson et al.,
2024) and visualized with UCSF ChimeraX software version 1.7.1
(Pettersen et al., 2020). This tool was also used to identify regions of the
peptide sequences forming a-helices. AlphaFold 3 predictions were
computed using default settings for single-chain modelling without
template enforcement. For all models, only the highest-ranked predic-
tion was used. In ChimeraX (v1.7.1), structures were visualized with
default energy-minimisation parameters, and secondary-structure ele-
ments (a-helix, p-strand, 3-10 helix) were assigned using the built-in
‘Structure Analysis — Secondary Structure’ tool.

Signal Peptide software version 6.09 (Teufel et al., 2022) was used to
verifiy that all mined cathelicidins contained signal peptides.

2.6. Representation of the clusters of cathelicidin genes
The figures representing the cathelicidin gene clusters were gener-

ated using the ‘ggplot2' and ‘gggenes' packages in R software version
4.4.1 (Wilkins and Kurtz, 2023).
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2.7. Identification of mature peptides

Following previously described cleavage patterns of cathelicidins by
serine proteases (Anderson and Yu, 2003; Biniossek et al., 2011; Shinnar
et al., 2003), we defined the putative mature peptide as the sequence
starting from the first valine, alanine, or isoleucine residue in exon 4.
This rule follows the canonical activation mechanism of vertebrate
cathelicidins, in which neutrophil elastase and related serine proteases
cleave immediately N-terminal to a small hydrophobic residue (V, I, or
A). This criterion has been used in multiple functional studies of
mammalian and reptilian cathelicidins and provides a consistent and
biologically grounded definition of the mature peptide. In putatively
defective genes, derived peptides were included only when a credible
cleavage position and reasonable peptide length existed; these peptides
were flagged in Table S5.

2.8. Analysis of mature peptides

The charge, hydrophobicity, and molecular weight were predicted
using the Peptide Calculator server (Lear and Cobb, 2016). The align-
ment of the peptides was performed manually, focusing on the positions
of apolar residues (leucine, isoleucine, valine, alanine, and phenylala-
nine), which are commonly conserved in a-helical antimicrobial pep-
tides and contribute to their amphipathic structure. The peptides were
encoded using the first letter of their genus and species, followed by an
underscore, the first two letters corresponding to the first two amino
acids in their sequence, and a number indicating the total amino acid
count. This naming scheme follows the convention commonly used in
other studies of antimicrobial peptides, such as the designation of the
human cathelicidin as LL-37.

3. Results and discussion
3.1. Genome mining of reptiles

A total of 287 cathelicidin genes were identified across 38 reptile
species, including 219 with intact open reading frames (ORFs) and 68
predicted to be nonfunctional due to disrupted coding regions or missing
essential features. Among the 219 complete sequences, 129 were novel,
while 90 corresponded to entries previously annotated in the NCBI
database (Table 2). Several of these annotations were inaccurate, most
commonly involving merged genes (e.g., XP_061441679.1) or the
absence of exon 4 (e.g., XP_075775955.1). Two sequences from Chelonia
mydas also differed from those deposited by Yu, H, et al (unpublished;
QED55075.1, QED55073.1), likely reflecting allelic or assembly-related
variation. From these gene models, we inferred 246 putative peptides
based on exon 4 (described below).

All identified cathelicidins displayed the characteristic four-exon,
three-intron organisation reported for vertebrate cathelicidins
(Kosciuczuk et al., 2012; Zanetti, 2004). Exons 1-3 encoded the signal
peptide and the conserved cathelin-like domain, with exon sizes falling
within narrow ranges: exon 1 (171-189 bp), exon 2 (108-111 bp), and
exon 3 (72-87 bp; typically 84 bp) (Table 3, S1). Exon 4, which encoded
the highly variable C-terminal peptide, showed the greatest size varia-
tion (69-222 bp). Promoter and termination elements were also

Table 2

Summary of the cathelicidins identified during the genomic mining of reptiles.
Cathelicidin genes Total Testudines Squamata

287 131 156

Complete cathelicidin genes 219 76% 91 69% 128 82%
Defective cathelicidin genes 68 24% 40 31% 28 18%
Novel cathelicidin sequences 129 59% 48 53% 81 63%
Annotated cathelicidin sequences 90 41% 43 47% 47 37%
Predicted peptides 246 104 142
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detected, including a TATA-box-like motif located ~60 bp upstream of
the start codon (Wiley et al., 1992) and a polyadenylation signal posi-
tioned ~200 bp downstream of the stop codon (Table S1).

Introns were comparatively large (Table S2). Intron 1 was the longest
(mean ~2.5 kb), followed by intron 2 (~1.8 kb) and intron 3 (~1 kb).
Splice boundaries were highly conserved: the canonical donor ‘GT' and
acceptor ‘AG' were consistently present, in agreement with known
splice-site architecture in vertebrates (Matera and Wang, 2014; Smith
et al., 1993). The predominant 5 donor signals were ‘GTGAG' (common
in introns 1 and 3) and ‘GTAAG' (typical of intron 2), although several
additional variants (GTATG', ‘GTGGG', ‘GTAGG") also occurred, espe-
cially in Squamata. These last splicing signal variants reduced effec-
tiveness of prediction softwares in distinguishing intron-exon
boundaries. All of these sequences are consensus splicing sites previ-
ously described in the literature (Matera and Wang, 2014; Sibley et al.,
2015). These signals were essential for manual correction of gene
models when automated predictions failed to detect exon-intron
boundaries accurately. At the 3' end, the main acceptor motifs were
‘TAG' and ‘CAG', both consistent with vertebrate consensus splice sites
and always preceded by a pyrimidine-rich tract (Smith et al., 1993;
Matera and Wang, 2014).

3.2. Classification of reptile cathelicidins

To date, and except for the seven clusters proposed for Crocodylia by
Santana et al. (2022), no formal classification has been available for
cathelicidins from reptiles. To address this gap in Testudine and Squa-
mata orders, we applied the workflow outlined in Fig. 1, aligning the
identified sequences to search for short, exclusive sequence motifs.
These motifs were required to be conserved across homologous cath-
elicidins from different species, yet mutually exclusive among paralo-
gues within a given species, indicating divergence following gene
duplication. This strategy successfully revealed characteristic signatures
located at the beginning of the conserved domain (Table 3), which
further corresponded with consistent exon-size patterns and conserved
features in exon 4. Thus, these signatures were used as the primary
criterion to define and name the cathelicidin types identified across
reptiles. A summary of the signatures defining each type is provided in
Table 4, and consensus sequences obtained for each type retained their
group-specific motif (Fig. 2). In almost all cases, these signatures occu-
pied consistent positions within the conserved domain (Table 3, Fig. 2).

In Testudines, the analysis of 91 complete cathelicidins revealed six
distinct types. In the THEDA, YEKAI and VARSA types, signatures
occurred at the start of the conserved domain, whereas in DMTS, DENSQ
and AATNET types, they were located at the beginning of exon 2. The
DMTS type also exhibited a second signature ('KAD') at the end of exon 1
(Tables 3 and 4).

In Squamata, 128 complete cathelicidins were classified into six
types as well, although with a greater diversity of signature variants and
exon-length ranges (Tables 3 and 4). The characteristic motifs identified
in this order were YEQ, GALSA, YEEA, QEAL, YEDA and VARMA.
Notably, only YEQ- and GALSA-type cathelicidins were consistently
present in snakes (suborder Serpentes), with the exception of Liasis oli-
vaceus, which also possessed YEDA- and VARMA-type cathelicidins.
GALSA-type cathelicidins were exclusive to snakes and correspond to
previously characterised 'vipericidins', potent antimicrobial peptides
found in pit-viper venom glands (Falcao et al., 2014). Within YEQ-type
cathelicidins, the presence of the motif ‘YEQ' (or close variants) followed
by ~8 residues and then ‘NQQ' (or variants) was required for reliable
identification, since the short ‘YEQ' motif alone may occur in other
types.

This classification provides a consistent nomenclature for reptilian
cathelicidins, addressing the current inconsistency in numbering
schemes across studies. For example, in Pelodiscus sinensis, Shi et al.
(2019b) designated six cathelicidins as Cath 1-6, which correspond in
our scheme to DMTS-type (Cathl), THEDA-type (Cath3-5) and
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Table 3

Sequence of the 219 complete cathelicidins obtained by mining genomes of reptile species. The sequence encoded by exon 1 is marked in red, exon 2 in blue,
exon 3 in green, and exon 4 in violet. The sequences are aligned based on the cysteines within the conserved domain, which are highlighted in yellow. The conserved
domain of each sequence is shown in bold and underlined. In the ‘Sequence ref. number' column, the access number of the sequence in the NCBI is indicated. This
access number is accompanied by the symbol (*) in cases where the sequence annotated in the NCBI is different from the one found through genome mining. If the
sequence identified through data mining has not been previously described or annotated in the NCBI, it is noted as a novel sequence. The characteristic signatures of
each type of cathelicidin established in this article are presented in bold and shaded with the corresponding colours for each type: green for THEDA, dark blue for
YEKAL light blue for VARSA, light pink for DMTS, red for DENSQ, brown for AATNET, violet for YEEA, yellow for YEQ, bluish-grey for VARMA, orange for QEAL,
light green for YEDA, and grey for GALSA.

Satie Sequence ref. -
N number iy
Turtles
Testudinidae
Adabracheysgigantea.1 Novelsequence CHRCLLLLG: e T
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udabrachels igantea.s Novelsequence
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Adabrachelys gigantco.10 Novelsequence
abrachelysgigonteo. 11 Novelsequence
Aldabrachels igantea 12 Novelsequence
abrachelys gigonteo. 13 Novelsequence
‘Aabrachelys gigontea. 14 Novelsequence
Adabrachelys giganteo. 15 Novelsequence
abrachelyspigonteo. 16 )
Gopherus evgoodei X6_030410035.10%)
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Gopherus evgoodei ¥ 030405144.1
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Gopherus evgoodei _o3040s662.1
marginonus.1 ¢ 050798785.1
Gopherus flavomarginatus.2 XP_050798791.1
Gopherus flavomarginatus.3 XP_050798866.1
Gopherus fivomarginotus.a X0 0s0798754.1
Gopherus flavomarginatus.5 XP_050798793.1
Gopherus lvomarginotus.s Y0 050798790.1 0 e OBV LS F I QF DG THE S INF TTXE TNCRISAASYRLEDY
Geoemydidae
Mauremys mutica1 ¥0_oaa8s0750.1 : RIS YR LD CRYRENG 1 TRDCS ADVS VLD VO APLISVICECC/
Wauremys mutica 0 oaaBs2543.1 2 ervicarRi o
Mauremys mutica3 Y0 0d4835061.1
WMauremys mutica s 0 0a4859218.1
Meuremys muticas Novelsequence
WMauremys mutica Novelsequence T ISYEERVALAVDENGESGIDRAFRL L RRPOPEN MBS R 001 G TVIG TVGEVSEN. HGTKCDF TONGVVEDCSCS S TOQE SPIVE TSN
Mauremys mutica. ¥0_08a860113.1(%) 1L & o mqsymmmmmmmsmmmmmmnmvmmmmcssmmcwmmyw
Mauremys reevesi 1 Novelsequence TYAARATAVASCHK b IS0 VI TV PVSENL B TKCDF TONGVVRDCSGS E S TQQES PIVLISCN T V0.1
Wauremys reevesii2 Novelsequence £ o SVLakvOTINLE:
Wauremysreevesi 3 003938010171
Mauremys eevesiid ¥0_029383706.1(%) PSERRVER
Mauremys reevesi.s ¥0_039382276.1 pviTEg a0 Pvvartc
Mouromys eevesi & 60383836321 A LS PRV ARSAVE RO T OB VAL S HHCT O DWG THE S TN T TXG TNCR N AGYRLEDCRYRPNGI TROCSADVSVLD FVOEABLISVKCTO/ A
Emydidae
Emys oniculris 1 00652597271 L T T Y S R DGR i RO/ SVLEVGE AT T ,
Emys orbicularis.2 XP_065255936.1(%) KIF NG
Emys oriculris3 %0 0652558221
Emys orbiculoris & ¥P_065255823.1
Emys oriculris’> Novelsequence czmnswmcss?ssmw??slnkczn“
Emys oricuaris s Novelsequence N CEESTOUESPIVIINGY V1K
Mlaclemys terapin.1 Xp.053872754.1 SADVSVEORVGEAFLTEVI
Wolaclemys terapin2 e_osas75054.1
Wolaclemys terapin.3 Novel sequence
Mlaciemys terapin Novelsea
Malaclemys terrapin.5 Novel sequence
Mlaciemys terapin's ) sequence
Malaciemys terapin.? Xp.053872755.1
Trochemys scripta.1 Novelsequence
Trachemys srpto 2 Novelsequence
Trochemys scripta.3 Novelsequence
Dermochelys coriacea.1 XP_038247013.1
Dermochelys coriacea.2 XP_038246568.2
Dermochelyscoracea3 xp_638246565.1(*)
Cermochelyscoiacea.d p_o38246570.1
Dermochelyscoriaceas Novelsequence
Dermochelyscoriaeea § Novelsequence
Dermaochelys coriacea.7 XP_038248398.1(*)
Cheloniidae
Gorettacaretto:1. Novelsequence Sy vmaa P01 e L T NG TE DS TN DS STLORS VLIS
Corettacaretto.2 Novelsequence P TBKDB VLAV QLY NOE D L TLA VAL LB AE PO DRDHSSKTT QT RF TV TVCLVSERFD TNQCEF KEDGLVADGS G FSTEKDPPSVITACE
Gorettacaretto:3 Novel sequence s
Goretta caetto.s Novelsequence PTE DAL 0L QR P T LA VAL LE A QP DNDVSSKTI QP L TF TV Q8 TVCoVKERFD LS QCEFKEDGLVKD GSCF T STEQDPASVETKCE ASE
Coretta caretto.5 XP_048693294.1(%)
Coretta caretto.s XP.048693293
Gorettacaretto.7 Xp_oagss3295.1
51 ¥0_037147220.1
Chelonia mydas.2 QED55073.1(*)
eionia mydas.3 Qebss0741
Chelonia mydes.a QeD33075.1(%)
Chelonia mydas.5 Novel sequence
Cheloria mydas's Novelsequer
elonia mydos.7 Novel sequence
Chelonia mydas.s Novelseauer TRASAPSS:
Cheloria mydes.9 Novel sequence LLIVGAVTANEAE S56 FLE S LAV T NODED I TLAYRLL B
Chelonia myas 10 Novelsequence T LPSHEDAVLAAVQTYNOD DL TLAYRLLEAEFQPDRDVSSKTIQPL TFTVOE TVCPVIEIRD I SQCEFKEDGLVIDG:
Chelonia myces 11 Novelsequence LrSHE DAV LA VL8 PO TTLARLLE A POP VDS 1QTLRS TG VLV
Chelonia mydas.12 XP_043397659.1(*) FYNKGSGID L) [PoPE
Trionychidae
Refetus swinheei1 Novelsequence vELL L8P ROVARAAVEAHNGE TG QA VE AL LKL SFHK T QFDWGRHE SNE T XE TNCRICSAS YL EDCR YRPNGYTKDCSADVS VL YFLOEAPLTSVICI SKKPKBQAMIEPKVTVEY 1o
L - Qo BB 05 1D F Al0GE TV AT KL AP POVAODTAANL 10O NF T IHE TTCLASONEVVEQCAF KNG LVRDCSGHF STORACPWATTCD V725
Rofetus suinhoel3 Novelsequence LKILLLIGVVTARRTRPASS oA LA 5 A T K0 VL1 D GO L IS STEQOI P SAIACE 220
Rafetus suinhoeid Novelsequence LLLVG 2 VKO1YNOE PGL TLAYRLLE AL QPD DM KT TQPLIPTIKE TVCL 1 SEXFD INQCDFKEDGLIKDCSGEFSTEQDPPSAMIZGEL s
v S TS YEERVA AT NaaS ot I R T TV AN B TRCFR DGR ST STOEVSE PSR PTHIARS
Geckos
Eublepharidae
Eublepharis macularus 1 Novelsequence VVE TYNQE B QAVE LK RS THKIMEDHG VR c o
Eublephars macularus2 Novelsequence =
Eublephars macularus3 Novelsequence
Eublephoris maculrius4 X0_054847725.1
Eubleohars macularus's X0 0548477261
Eublepharts macularuss Novelsequence
Eublephars macularus.? Novelsequence
Sphaerodactylidae
Euleptes europaea.d ¥0_0s6713328.1 BRIV DMNOF B QAVFH L LR THK TRED WGV S INF T KR TNCRICTMINYRPGN
Euleptes europoco.2 067131321 R LLEAKPOPDNDPSMSLOETEFTVOE TICPPAEQINLDKCDF KOGV GYG: G SGSPIGKVPVGNEHIA
Euleptes europaeo.3 X0 L0867131331 BB oL OSSO TV TICTESE QDN 15
Eulepteseuropaeo.a X0 0567137841 B D e o
Eulepteseuropaco.s X0 067131341 55AORVOPLIT
Eulepteseuropaeo.s Y0 0867131351
Eulepteseuropaeo.? X6 0s6713136.1

Gekkonidae
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Heterontia binoei 1 Novel seq 17 YEQAERSVVDTYNK:
TR rvereTrgR R
ATDNYN

AN

AAPPLELNSTSGTLOO!

ronatia binoeis

X sor0sa0 —

SENARLLEACPG RSO RIS
IxE:
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TEPENEMILISCOTVVORPVRITR)

CyeTIseEQen =
RDAARVVVE TYNOETE QAT FXLLKF RS TRKTREDHGVHE SNE TIKE TGOQKTVS S YKPAECKYKPSGVV!

Lizards
Scincidae
Tilqua scincoides. 1 XP_066487217.1(*) D A NQODAGS PAAF R LK TRS AQR TREDWGVHE SLNFTTKE TTCRKT SSYRTGSCKYKPS( yEcE
Tiiqua scincoides.2 Novel sequence TR LA DL ARE B AR 8APOSE D BRI T 1P TV oL VAP DGWEBEYSTF Y

Novel sequence
XP_066487347
Novel sequence
Tiiqua scincoides.. XP_066483522.1(")
Hemicordylus capensis.1 XP_053121630.1
XPL053118961.1
XPL053120695.1
lus capensis.4 fovel sequence
Hemicordylus capensis.5 XP_053114857.1

Lacerto agilis 1 XP_033022219.1

XP_033022220.1

ca vivip XP_034985839.1
Podorcis ifordi:1 Navel sequence
Podorcis ifordi 2 fovel sequence
Podarcs ifordi3 Novel sequence

Podorcis cretensis 1 Novel sequence
podoris cretensis.2 Navel sequence
Podarcis cretensis.3 i seq
Podarcis cretensis A Novel sequence
Podarcis muralis.1 fovel sequence
Podarcis muralis.2 Novel sequer
Podarcis murals. XP_028606413.1

Podarcis rmuralis.4
Podarcis murals.5

‘Podarcis raffonei1
Podarcs roffonei.2 Novel

Podarcis raffonei3 XP_053265424.1(") VAT AFRLLEAKPOPDVDAS

Podarcis raffonei 4 Xp_053265417.1 (QE SGGOAVFRLWKTRS TRKTRFDWGVHE SMDFTTKE

B L gE T LS D OEENEL SGCVRS PTG TIPS 81 ECamONGRg QLD
TOPLKFSTETT

ST ASoskoE viEcse v
ONAFRVE QARFOPAQSSGSGTLLPLNF TIQE TVCRATKIAVEEQCET e
Cordylidae

ArDGnaDCastTSTRoANSL

LK RKTRK

Rhlneundae

Rhineuro flridano.1
Ahineura floidana.2
Rbineuro floridano.3
Rhineura floridano.4 XP_061443;

XP_061443771.1

8641
Flgaria multicarinato. 1 XP_062978125.1
XP_062989632.1
Novel sequence
Elgoria multicarinato.4 Novel sequence
Elgoria mulicarinata.s XP_062996699.1

LAIDFYNEQ) pwul\f‘quzmqu:mm@lvqt

LAFTVKETTCLTARE LNLDECDEXDD!

| PRDVARMAVDEVNOR TEGOAVEKL LKLRNTVKTRE GHGVHE SHNFT TKE THCRKKNNYRT GECRYIGNGP TRDCSAQVSHINEMODS PLTSHKCH?

GUVKKCSGTE!

LAEQEVEKIQLSCD )/

Phrynosomatidae

Sceloporus undulatus 1
Sceloporus undulatus 2
Sceloporus undulatus 3
Sceloporus undulatus.4
Sceloporus tristichus.1

Novel sequence
Navel sequence
XP_042327787.1
XP_042330860.1
Novel sequence

Sceloporus tistichus.2 En—

celoporus tristichus. Nouel sequence
Phrynosoma platyrhinos 1 Novel sequence
Phrynosoma platyrhinos 2 Novel sequence

N L PNV QR O LKA CL PP T THLE DNEEE ECATIOHOL P CYAFLNEQUEAAVL TS
EY= QETVC]

Chameleons
Chamacleonidae
Furcifer pardalis.1 Novel sequence c LVALGVPGC FLWAVEEXNQGPEVQAVFRMWIm(TRFGWGVH:SMNFTIKETHm KYKANGATKDCSTEVSTLSVMODSPLASVRCQPAK
Furcifer pardalis.2 YWALVLEVGVY QEQVT AAAVNMINQOEGTEYLFROLEYDPQPDWOT TAGI TQPLRF STKE TLCLASEKRD INQCEFKGDGLDODCSGEY STQQTPPTT IVOCE ]
Snakes

Pythonidae
s ofivaceus:1 Novelsequence 11 LI YEKAVALGVEL YNEKAGE DS RYRLLE AVPQPE DR TSE STOR NF TTE TVCLVQF DRAEDE CDFKE DL VKE CSGYY FFDKMPEVAVINGAT
s ofivaceus 2 Novel sequence VEGCTURILL _(,Am,... 2HCF LIYERAVALGVEL YN KACEDSRYRLLEAS P 7SESTORINFTIKE TVCLVQEERAEDECOFKDNGLVKECSGYYE
iasisofivaceus 3 Novel sequence IR ILLVAGRLSE i DECDFEDGLVKECSGYYE
s ofvaceus 4 Novel sequence L

Novel sequence

Linsis offvaceus 5 Novel sequence

DD AAR RN S PP S L TR WG T L 1 T TARY R GOV PHGLY e SAEVE A MHDS BLTSHECA

RRVKRNG
KRIKTK:

RKELRRLKKEETG

SPPOA:

POUNVEAY T

Viperidae

Viveraltastei1 Novel sequence L SYGEAVELAS [YNGKAGED SLYRLLEAVPQPERDENSES SQULNPTLKE TVCQVEEERS LEECDEQVDGYILECTVYYFEGE TR EVVVLICL ¢ - LSV FPRYIGVS
Viperaltastei Novel sequence B L VB O B G5 L YL QP CHD P SESNGA LN TAC A D SVDRCDF KEDGUVR QGG LS BRS PVAVLICH /5 o s Pk :

Viverslotastei Novel sequence TOPOALASALALYNOOGAS PFAFRLLE AL POPDWDPORE TPQGLKF S IRE TVCRS5QTNL TQCDYREDGLDODCEAT EVOCE DHDOELR

Colubridae

Enythrolomprus reginge. 1 Novel sequence
Novel sequence
Novel sequence
Novel sequence

Erythrolomprus reginac.9 vel sequent
Thomnophis elegans.1 XP_032093798.1
Thomnophis elegans.2 XPL032090770.1

Thomnophis elegans.§
‘omnophis elegans.7

Y 2 m L TYDKAVELGVATYNSKACEDSLYRLLE R
XP_032073060.1 ps

Bungarus multicincus.1
Bungarus muicinctus.2
Bungarus mutticinctus.3
Bungarus multicinctus.a
Bungarus mutticinctus.5

Novel sequence
Novel sequence
Novel sequence
Novel sequence

AVEQGVALYNSKAKEDSL:

BSSE:

YDKAVELGVATYNSKAGED:
EALEL

Hydropbis curtus.1 Nouel sequence
Hydrophis curtus.2 Novel sequence
Hydrophis curtus. fovel sequence
Hydrophis curtus.4 Novel sequence
Hydrophis cyonocinctus.1 Novel sequence

Hydrophis major. Novel sequence

VARSA-type (Cath6). Likewise, in Chelonia mydas, Qiao et al. (2019)
described four cathelicidins corresponding to AATNET- (Cathl),
DENSQ- (Cath2), THEDA- (Cath3) and YEKAIl-type (Cath4)
cathelicidins.

The contrasting distribution of cathelicidin types across Testudines
and Squamata suggests lineage-specific evolutionary trajectories. The
apparent restriction of DENSQ and AATNET types to marine turtles, and
the absence of VARMA type in snakes, may reflect differences in
ecological pressures, pathogen exposure or broader immune-system
diversification. The exclusive presence of GALSA-type cathelicidins in
snakes may relate to physiological specialisations, including venom-
associated immunity or adaptation to distinct microbial environments.
In contrast, turtles retained and duplicated several types, consistent with

PS0A LS YRR AVE QG AMYNSDAKE GP YR LLE AVPOPDWDENSE TR LK SLIE TVCAAEEE GSLDKCNE KEGGHVRQCT T T LGEEPEKAVLICDR

TRTE SNQELNE TMKETVCPVEDERPLEECDE QEN
FEEAVEQGVDIYNSNEEEDSLYRLLEAVEQPDNDENSESTORLKE TTKE TVCSKEREGSDK:
Elapidae
K LTYDS YRLLE AVPQPEWDENSKVIQELNF T IKETVCPEKEEGSLDKCD!
. i DL LA DL S g NE TG TVl VAR O QEDGAWMC IOV FGESPLVVWLICE 7T
KPLT EAVEQLE TMKETVCRVED SVVRQCRGYY]

T e M T T s YT TS P P

L DKCNEXEGGVVRECTATFLGEKPEMAVLACD
Can:

RVKREKNZF
DTLRRVD

(GVVRQCRS EVIVLICY!
(CNFKEGGVVIECTGEFFLOEKPLVAVLICEA /T

FOBGGVVRECTATYFLEEKPEMAVLSCK;

‘GESPEVLVLICEPLVEEEQUKCE
GESPRVLVLTCVE LVEEEQUKC
EERPEVVVITCVTVV

KEERAE

long-term gene-family stability. Although the classification framework
is robust within Testudines and Squamata, its applicability to other
reptilian orders will require additional genomes and may reveal new
signature types or structural variants. Together, these patterns highlight
the influence of ecological context and genomic history on the diversi-
fication of cathelicidins in reptiles.

3.3. Phylogenetic tree analysis

When constructing the phylogenetic tree using the sequences of the
conserved domain from 91 cathelicidins within the order Testudines,
they grouped according to our previously established classification
rather than by their phylogenetic relationships (Fig. 3). Cathelicidins of
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Table 4
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Distinctive features used to classify reptilian cathelicidins. Each type was primarily identified by a type-specific motif and its position within the cathelin domain,
supported by typical exon length patterns (especially exons 1 and 4), and, when needed, by genomic synteny (e.g., position relative to KLHL18 flanking gene).

Cathelicidin Taxonomic Position and type-specific motif Typical Exon size (bp) Additional observations
type Order
Exon 1 Exon 2 Exon 3 Exon 4

THEDA Testudines “THEDA” motif or close variants at start of 180 108 84 93-111 Often multiple tandem copies
conserved domain

YEKAI Testudines “YEKAI” motif at start of conserved domain 174 111 84 90 Produces small peptides (<30 aa)

VARSA Testudines “VARSA” motif at start of conserved domain 189 111 84/87 117/120  Larger introns, cysteine spacing 11-10-19

aa, near KLHL18

DMTS Testudines “DMTS” motif at start of exon 2 + “KAD” at 186 108 84 138/144  Produces extended peptides, often Pro/
end of exon 1 Arg-rich

DENSQ Testudines “DENSQ” motif at start of exon 2 180 108 84 114 Only found without potential expression

defects in sea turtles

AATNET Testudines “AATNET” motif at start of exon 2 186/189 108 84 135/159  Lys/Arg-rich mature peptides

YEQ Squamata “YEQ ... NQQ” motif or close variants at start ~ 171-183 108/ 84 99-111 Present in all Squamata suborders
of conserved domain 111

GALSA Squamata “GALSA” motif at signal peptide + “YEEA” at  186/189 108 117267  111-135  Exclusive in Snakes; exon 3 extension
start of conserved domain (117-267 bp)

YEEA Squamata “YEEA” motif at start of conserved domain 177-189 108 69-83 96-144 Absent in most snake species

QEAL Squamata “QEAL” motif or close variants at start of 171/174 108 84 81-105 Produces small peptides (<30 aa)
conserved domain

YEDA Squamata “YEDA” motif or close variants at start of 186-195 108 84 114/126  Related to GALSA (phylogenetically close)
conserved domain

VARMA Squamata “VARMA” motif or close variants at start of 183-195 108/ 84/87 132-144  Large introns, cysteine spacing 11-10-19
conserved domain 111 aa, near KLHL18

the same type clustered together, regardless of the species from which
they originated. Furthermore, all the clusters in which the different
types of cathelicidins were grouped were established with a robust
probability, greater than a value of 90% (values circled in red in Fig. 3).
This supports the presence of homology among turtle (Testudines)
cathelicidin genes and supports the validity of our previously estab-
lished classification. It is noteworthy that VARSA-type cathelicidins
were more distant to the other groups (with a probability of 100%),
which indicated they derived from an older common ancestor (Fig. 3).

In the order Squamata, the results were similar, the conserved do-
mains clustered by cathelicidin type rather than by species, following
our previously established classifications (Fig. 4). These findings may
indicate the existence of six cathelicidin-type genes. It is noteworthy that
the variability found in the cathelicidin sequences within this order was
significantly greater than that observed in Testudines.

Significant differentiation was observed between snakes (suborder
Serpentes) and the other suborders of Squamata. Consequently, within
the branch corresponding to YEQ-type cathelicidins (present across the
order), a clear division emerged, separating snakes from the other spe-
cies. In contrast, compared to the order Testudines, the observed high
number of cathelicidin variants led to less robust clustering, with a lower
likelihood (typically around 70%) of sharing a common ancestor (values
circled in red in Fig. 4).

By reconstructing a phylogenetic tree using the consensus sequences
of each type of cathelicidin identified in reptiles (including both Tes-
tudines and Squamata orders), we assessed which of these may have
derived from a common ancestor (Fig. 5). This analysis suggests a high
probability that VARSA-type and VARMA-type cathelicidins originated
from a different ancestral gene than other reptilian cathelicidins (Fig. 5).
These types have undergone significantly less diversification, whereas
the other 10 cathelicidin types have emerged from a single ancestral
gene. Due to their high sequence conservation, VARSA and VARMA
cathelicidins may be considered a single type conserved across different
reptilian orders. Additionally, YEDA and GALSA-type cathelicidins
likely originated from a common gene, as their branches exhibited
probabilities above 90%. Similarly, QEAL and YEKAI-type cathelicidins
in Squamata and Testudines, respectively, showed a probability above
75% (Fig. 5). In contrast, the high sequence diversification observed in
the other cathelicidin types led to low probability values for tree
branches, making the evolutionary history of different cathelicidin types
unclear.

3.4. Structural analysis

Based on the phylogenetic tree results, we conducted a homology
analysis of the cathelicidin types found in the two reptilian orders
studied. After independently aligning the conserved domains of each
cathelicidin type, six identity diagrams were generated for Testudines
and six for Squamata (Fig. S1). Each diagram displayed a consensus
sequence at the top, followed by a bar chart showing the percentage of
identity i.e., the proportion of sequences matching the consensus at each
position. A colour map highlighted the degree of homology, with intense
blue indicating higher sequence similarity. The analysis revealed a high
level of homology for each cathelicidin type, such as THEDA-type
cathelicidins in Testudines, where identical amino acid residues
consistently appeared at specific positions, presenting an identity
greater than 80% across 84% of their sequence positions. This trend was
observed across all types in both orders (Fig. S1).

Next, we compared the homology between the six cathelicidin types
from Testudines and Squamata. Consensus sequences from the initial
analysis were aligned, and new homology diagrams were created
(Fig. 6). These diagrams showed that less than 40% of positions
exhibited an identity exceeding 60%, and only a few positions reached
100%, indicating significant differences between the types in each
order. These results constitute additional evidence supporting the val-
idity of the classification of cathelicidins within reptiles. However,
certain segments with nearly 100% homology were present not only
within their respective orders but also between both, suggesting that
these conserved segments may play important structural or functional
roles, possibly contributing to the overall fold of the cathelin domain.

In general, the conserved domain follows the typical structure found
in cathelicidins, consisting of a p-sheet formed by four anti-parallel
B-strands connected by loops, along with an o-helix (Figs. 7 and 8). In
the predicted model, this structure is stabilized by two sulphide bridges
formed between the four cysteine residues characteristic of the
conserved cathelin-like domain. These cysteines are typically found
separated by distances of 10, 10, and 16 amino acid residues, respec-
tively (Sanchez et al., 2002b). In reptiles, this pattern also seems to hold,
except for the VARSA-type and VARMA-type cathelicidins, where the
distances between cysteines change to 11, 10, and 19 residues, respec-
tively (Table 3). However, this alteration in the separation of the cys-
teines does not imply a loss of structure (Figs. 7C and 8C). The f-sheet is
also stabilized by van der Waals interactions between certain nonpolar
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THEDA-type cathelicidin
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YEKAI-type cathelicidin
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Fig. 2. Sequence conservation logos for the novel reptilian cathelicidin classification. The diagrams display the most conserved amino acids at each position
following the alignment of the conserved domains within each cathelicidin type. The height of the letters indicates the frequency of amino acid appearance at that
specific position. The characteristic motifs (signatures) used to identify and name the different cathelicidin types are highlighted with a red box. For all cathelicidin
types, the conserved domains were aligned, except for the GALSA type, for which part of the signal peptide was included, as the "GALSA" motif is located within this
region. Figures were generated using the server online WebLogo (Crooks et al., 2004).

amino acids (Sanchez et al., 2002a), which are generally conserved in
these new reptilian cathelicidins (squared residues in Fig. 6).

Overall, the conserved domain structure of the six distinct types of
cathelicidins found in each order is very similar; therefore, the main
differences that allow for the differentiation of these groups lie in their
sequences. However, there are some differences, for example it is most

common for cathelicidins to exhibit a 3-10 helix in the appending
domain (located between f-strands 2 and 3), but certain types of cath-
elicidins, such as THEDA, DMTS, and YEDA, form within this region two
helices instead of one (Fig. 7A, D, 8F). It is noteworthy that QEAL-type
cathelicidins contain an a-helix within the appendage domain and a
second 3-10 helix located between B-strands 4 and 5 (Fig. S8E).
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Fig. 3. Phylogenetic tree of the conserved domain in 91 complete cathelicidins obtained from genome mining of Testudines. The various cathelicidins were
labelled with the first letter of the genus, the first three letters of the species, the occurrence number in the genome, and the name of the cathelicidin group to which
each protein was classified. The colours indicated different types of cathelicidins: green for THEDA, violet for DENSQ, red for DMTS, yellow for YEKAIL, orange for
AATNET, and blue for VARSA. The numbers surrounded by red indicate the probability that the cathelicidins from each of the six distinct groups derived from a
common ancestor. Tree obtained using MEGA software version 11.0.13 (Tamura et al., 2021) by Neighbor-joining method with 1000 bootstraps and JTT substi-

tution model.

Additionally, VARSA, VARMA and QEAL-type cathelicidins feature a
B-sheet composed of five p-strands rather than four. Typically, the
sequence encoded by exon 1 gives rise to one p-strand, the sequence
encoded by exon 2 gives rise to another p-strand, and the last two strands
are encoded by exon 3. In the three types of cathelicidins with five
B-strands, an additional strand is formed from the sequence encoded at
the end of exon 1 and the beginning of exon 2 (Figs. 7C, 8C and 8E).

Furthermore, VARSA and VARMA-type cathelicidins exhibit several
characteristics that distinguish them from other types. Firstly, while
VARSA-type retain the typical structure of cathelicidins, their sequences
yield a classification of ‘cystatin superfamily' in the conserved domain
search server, unlike those of other cathelicidins, which are classified as
part of the ‘cathelicidin superfamily'. In contrast, VARMA-type cath-
elicidins, which share a common ancestor with VARSA types (Fig. 5), are
identified by this server as belonging to the ‘cathelicidin superfamily'. In
addition to those differences in sequence and structure, their exon 4
presents alanine as a possible cleavage site instead of valine or isoleu-
cine, as we observed in the other reptile cathelicidins. Phylogenetic
analysis indicates that they are positioned more anciently and distantly
from other cathelicidins (Figs. 3-5). These differences raise the question
of whether they represent proteins with similar structures but different
from cathelicidins. However, Shi et al. (2019b) studied a VARSA-type
cathelicidin (designated by them as Cath6) and demonstrated that its
RNA is expressed in response to bacterial infection, with the spleen
being its primary site of expression. Furthermore, they tested the activity
of the derived active peptide, which exhibited antimicrobial and
immunomodulatory activity. All these findings appear to confirm that,
despite their specific characteristics, VARSA-type cathelicidins function

in a manner analogous to other cathelicidins. Moreover, their presence
in most studied species (excluding snakes) suggests they fulfil an
important function, as we did not observe gene-disrupting features in
most VARSA copies, with the exception of a second, apparently defec-
tive, VARMA-type copy in Podarcis muralis (Fig. S2). Further research is
warranted, as reptiles, being an evolutionarily ancient group of animals,
could enhance our understanding of the origins of cathelicidins and their
potential emergence from cystatin evolution (Zhu, 2008).

GALSA-type cathelicidins exhibit a distinctive extension in exon 3
caused by a downstream acceptor splice site. Whereas most reptile
cathelicidins show the expected intron—exon boundary approximately
84 bp from the start of exon 3, GALSA-type genes splice further down-
stream, producing a substantially larger exon (117-267 bp). This region
is enriched in glutamic acid residues, with occasional valine or lysine,
and begins immediately after the fourth conserved cysteine of the
cathelin domain; therefore, it does not interfere with the canonical
B-sheet arrangement or cysteine spacing of the conserved domain
(Table 3).

Structural predictions indicate that this elongated segment can adopt
different conformations. In some sequences it appears as an extended,
flexible region (Fig. 9A), whereas in others it forms a defined a-helix
(Fig. 9B). In several cases, the extension bends toward the conserved
domain, positioning the C-terminal peptide closer to the p-sheet core.
Frequently, the peptide's C-terminal region is predicted to form an
additional p-strand that aligns with the p-sheet of the cathelin domain
(Fig. 9C), a type of interaction previously described for porcine prote-
grin (Sanchez et al., 2002b). Similar observations were also noted by
Wang et al. (2008) in snake cathelicidins, where extended regions
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Fig. 4. Phylogenetic tree of the conserved domain in 128 complete cathelicidins obtained from genome mining of Squamata. The various cathelicidins were
labelled with the first letter of the genus, the first three letters of the species, the occurrence number in the genome, and the name of the cathelicidin group to which
each protein was classified. The colours indicated different types of cathelicidins: blue for VARMA, yellow for YEQ, red for QEAL, brown for YEEA, green for YEDA
and purple for GALSA. The numbers surrounded by red indicate the probability that the cathelicidins from each of the 6 distinct groups derive from a common
ancestor. Tree obtained using MEGA software version 11.0.13 (Tamura et al., 2021) by Neighbor-joining method with 1000 bootstraps and JTT substitution model.

modulated the structural arrangement of the precursor.

Not all GALSA-type cathelicidins possess this extension, as some
maintain the shorter exon 3 typical of other reptile cathelicidins
(Fig. 9D). Based on (i) the presence or absence of the exon-3 extension,
(ii) its predicted conformation, and (iii) whether it interacts with the
conserved domain, we tentatively classified GALSA sequences into four
subgroups: (A) extended but non-structured regions, (B) a-helical ex-
tensions, (C) extensions forming a p-strand that pairs with the cathelin
domain, and (D) sequences lacking the exon-3 extension (Table S3).

3.5. Defective cathelicidin genes

In many reptile cathelicidin genes, we detected anomalies that may
compromise gene expression or protein function. Of the 287 genes
identified, 68 were classified as putative defective (Table S4). The most
common alterations were the loss of the initial ATG codon—frequently
replaced by alternative start codons such as CTG—and the presence of
premature stop codons within internal exons. Other defects included
missing exons or sequence alterations in canonical splice-site motifs (5’
GT/3' AG), which are essential for accurate intron removal in verte-
brates (Matera and Wang, 2014; Smith et al., 1993). Disruption of these
motifs would likely cause intron retention, frame shifts and termination
at downstream stop codons.

Several exon-4 regions lacked a proper termination codon, resulting
in peptides substantially longer than functional cathelicidins typically
described in vertebrates (Kosciuczuk et al., 2012). In one case (Hydrophis
curtus.D1), the exon-1 sequence was anomalous and lacked a detectable
signal peptide, an essential motif for secretion (Teufel et al., 2022).

Only copies that appear unlikely to be transcribed or processed

10

correctly should be considered potential pseudogenes (Miyata and
Hayashida, 1981). However, given the known variability and assembly
limitations of reptile genomes—particularly in Squamata (Mongiardino
Koch and Gauthier, 2018)—some defects may reflect technical artefacts
rather than genuine loss of function. The higher number of defective
copies observed in Testudines compared to Squamata may reflect
lineage-specific differences in gene-family turnover, selective con-
straints or tolerance for the accumulation of nonfunctional duplicates.

3.6. Genomic organization of cathelicidin genes in reptiles

In Testudines, cathelicidin gene copy numbers were consistently
high but varied markedly across species, ranging from five to nineteen
genes (Table 5; Fig. S2). As in mammals and birds, these genes formed a
cluster on the same chromosome (Cheng et al., 2015; Whelehan et al.,
2014) —typically chromosome 2, except in Rafetus swinhoei, where the
cluster was located on chromosome 1— and appeared in either the
forward or reverse orientation depending on the species. The clusters
frequently contained transposons and retroviral insertions, which were
sometimes found between genes or even within cathelicidin exons
(Fig. S2).

Flanking genes were identified as the nearest non-cathelicidin loci,
excluding mobile elements. KLHL18, a regulator of mitotic entry (Shi
et al.,, 2019a), consistently served as the downstream flanking gene
(upstream in reverse-oriented clusters) and was located immediately
adjacent to the VARSA-type cathelicidin. The upstream flanking gene
(downstream in reverse-oriented clusters) showed greater variability.
The most frequent upstream gene was Transforming Growth Factor Beta
Regulator 4 (TBRG4), a member of the FAS serine/threonine kinase
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Fig. 5. Phylogenetic tree of the consensus sequences from the conserved
domains of the twelve cathelicidin types in reptiles. The consensus se-
quences are labelled with the name of their type of cathelicidin. The numbers
indicate the probability that the sequences grouped in the same branch of the
tree are derived from a common ancestor. The cathelicidin-types belonging to
the order Testudines are coloured red, while those belonging to Squamata are
coloured blue. Numbers highlighted in red indicate a high probability. Tree
obtained using MEGA software version 11.0.13 (Tamura et al., 2021) by
Neighbor-joining method with 1000 bootstraps and JTT substitution model.

family (Zhang et al., 2022), although alternative flanking genes were
observed in Emys orbicularis and Malaclemys terrapin (Table 5; Fig. S2).
The upstream flanking region was generally located farther from the
cluster than KLHL18 and often contained multiple transposon insertions.
A comparable flanking-gene configuration has been described in most
avian species (Cheng et al., 2015). In contrast, placental mammals show
a different arrangement, with CDC25 and NMES6 flanking the cluster and
KLHL18 positioned further away, along with a 15-kDa
leucocyte-protein-like gene outside the cluster but sharing a conserved
domain with cathelicidins (Tossi et al., 2024).

Despite differences among species, Testudines exhibited a consistent
organisational pattern that was broadly correlated with phylogeny,
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allowing us to summarise a generalised cluster structure based on gene
types and relative positions (Fig. 10). In most species, the upstream re-
gion (near TBRG4) began with a DMTS-type cathelicidin, followed by a
predicted defective THEDA-type gene. This arrangement was conserved
across all species except Rafetus swinhoei, which lacked the defective
THEDA-type copy (Fig. S2). Several THEDA-type copies followed, most
commonly three, although species such as Aldabrachelys gigantea carried
up to twelve copies, while Rafetus swinhoei possessed only two.

Downstream, an additional THEDA-type cathelicidin was typically
present and predicted to be defective, except in marine turtles (Der-
mochelyidae and Cheloniidae) and in Rafetus swinhoei. A DENSQ-type
cathelicidin followed, defective in most species but functional in sea
turtles, and absent in Geoemydidae (Fig. S2). A larger genomic interval
separated this gene from the YEKAI-type cathelicidin, which occurred in
multiple copies in Testudinidae but was predicted defective in sea tur-
tles. An AATNET-type gene appeared next in sea turtles and in Emydi-
dae, where it was likely defective.

At the distal end of the cluster, the VARSA-type cathelicidin consis-
tently appeared adjacent to KLHL18. This gene was approximately twice
the size of other cathelicidins due to its large introns and retained both
its integrity and genomic position across all species analysed. With the
exception of VARSA and the flanking genes, which were always oriented
opposite to the rest of the cluster, most cathelicidins shared the same
transcriptional orientation within each species (Fig. 10).

Two notable exceptions deviated from the general Testudines
pattern. First, Gopherus evgoodei exhibited a complete duplication of the
segment spanning from the first THEDA-type gene to the second YEKAI-
type gene (Fig. S2). Second, Mauremys mutica possessed an additional
YEKAI-type cathelicidin outside the main cluster, approximately 5 x 105
bp downstream on the same chromosome. This gene was flanked by
Thioredoxin 11, the same flanking gene observed for the cathelicidin
cluster in the Iguania suborder of Squamata (Fig. S2).

In contrast to the more uniform organisation observed in Testudines,
the arrangement of cathelicidin genes in Squamata showed extensive
variation across suborders (Fig. S2). To reflect this diversity, clusters are
described below by suborder.

Gekkota. Species of Gekkota generally carried seven cathelicidin
genes. KLHL18 was the most consistent upstream flanking gene
(Fig. 11A). Immediately downstream, a VARMA-type cathelicidin was
positioned in the same orientation and exhibited a level of positional
conservation comparable to the VARSA-type in Testudines. Two YEEA-
type cathelicidins followed, and a cytochrome P450 gene was found
within the cluster, sometimes present in multiple copies (Fig. 11A;
Fig. S2). Further downstream, two YEQ-type cathelicidins were identi-
fied, followed by two QEAL-type genes. The downstream flanking gene
was CDC25, involved in cell-cycle regulation (Lee et al., 2013), located
~300 kb from the last cathelicidin gene, with retroviral and
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Fig. 6. Identity percentage diagram of the conserved domains among the six groups of cathelicidins in Testudines and Squamata. The alignment of the six
consensus sequences for each of the proposed cathelicidin groups in (A) Testudines and (B) Squamata is presented. The colour blue represents the percentage of
sequence identity, with darker shades of blue indicating 100% identity. The histogram at the top also represents the percentage of identity of the protein at each
position in the sequence. Amino acids highlighted in red indicate the residues that stabilize the van der Waals interactions of the conserved domain described by
Sanchez et al. (2002b). Figure obtained using Unipro UGENE 49.0 (Okonechnikov et al., 2012).
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Fig. 7. Sequence and three-dimensional structure of the conserved domain of the six groups of cathelicidins in Testudines. For each cathelicidin group, the
consensus sequence of the conserved domain is presented, with the sequence color-coded according to its arrangement in the three-dimensional structure. The a-helix
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conserved motifs are indicated. Additionally, the distance in angstroms between the sulphur atoms of the cysteines forming the disulfide bridges is noted.
Figure based on Sanchez et al. (2002b). Three-dimensional models were generated using AlphaFold 3 (Abramson et al., 2024) and visualized with UCSF ChimeraX

software version 1.7.1 (Pettersen et al., 2020).

mobile-element insertions between them (data not shown). In Hetero-
notia binoei, however, the downstream flanking gene was TBRG4, as
observed in Testudines (Fig. S2).

Laterata. Laterata shared a broadly similar organisation (Fig. 11B),
with notable differences. Most species contained a single YEEA-type
gene, except Rhineura floridana, which lacked it. One of the two YEQ-
type cathelicidins (the forward-oriented copy) was replaced by a
YEDA-type gene. A single QEAL-type gene was present, absent in
Podarcis. Podarcis muralis also showed duplication of the cluster region
spanning from cytochrome P450 to the VARMA-type gene (Fig. S2).
Only occasional defective copies were detected in Gekkota and Laterata,
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contrasting with the higher number observed in Testudines; this likely
reflects the smaller number of paralogues and stronger purifying selec-
tion in Squamata.

Serpentes. Serpentes displayed the greatest structural variability.
Multiple GALSA-type cathelicidins (3-7 copies) occurred immediately
downstream of KLHL18 (Fig. 11C), and many species also carried pre-
dicted defective copies (Fig. S2). Typically, one to three YEQ-type genes
were present, although in some species, such as Thamnophis elegans, they
were absent (Fig. S2). Importantly, this suborder lacked VARSA/
VARMA-type cathelicidins entirely. Liasis olivaceus was exceptional,
containing YEEA, VARMA and defective QEAL-type genes, consistent
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Fig. 8. Sequence and three-dimensional structure of the conserved domain of the six groups of cathelicidins in Squamata. For each cathelicidin group, the
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Figure based on Sanchez et al. (2002b). Three-dimensional models were generated using AlphaFold 3 (Abramson et al., 2024) and visualized with UCSF ChimeraX

software version 1.7.1 (Pettersen et al., 2020).

with its phylogenetic position within Pythonidae, which diverged earlier
than most snake families (Yin et al., 2016).

Scincomorpha, Anguimorpha and Iguania. Consensus clusters
were not generated for these suborders due to the limited number of
available genomes (one or two per group) and high structural vari-
ability. Nonetheless, their individual clusters are shown in Fig. S2.
Scincomorpha resembled Laterata in general arrangement. In Angui-
morpha and Iguania, KLHL18 and a VARMA-type gene were located
separately by ~1 x 10° bp upstream or downstream of the cluster,
depending on the species (Fig. S2). In Elgaria multicarinata (Anguimor-
pha), these genes were accompanied by two YEEA-type copies. The
downstream flanking gene CDC25 was retained only in Furcifer pardalis
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(Iguania), while in other species it was replaced by Thioredoxin 11
(Table 5; Fig. S2). Most species contained combinations of QEAL, YEQ
and YEDA types, although gene order varied even among closely related
species (e.g., Sceloporus undulatus vs. S. tristichus; Mongiardino Koch and
Gauthier, 2018), reflecting the high genomic plasticity of Iguania.
Chromosomal distribution. The chromosomal location of the
cathelicidin cluster was generally conserved within each suborder
(Fig. 11), with some exceptions (Table 5). In most snakes, the cluster was
located on the Z chromosome, whereas in Liasis olivaceus it was on
chromosome 4. In Thamnophis elegans, six GALSA-type genes occurred
between CDC25 and KLHL18 on chromosome Z, with an additional copy
on chromosome 4, flanked by microneme/rhoptry antigen genes. As in
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GALSA-type cathelicidin subgroup B (H. cyanocinctus.3)

GALSA-type cathelicidin subgroup D (T. elegans.4)

Fig. 9. Sequence and three-dimensional structure of four complete GALSA-type cathelicidins. The represented GALSA are part of each of the four subgroups
within this type of cathelicidin. The various regions of the protein are colour-coded: orange for the signal peptide, blue for the p-sheet, and green for the active
peptide. Three of the four cathelicidins exhibit an extension at the end of the exon 3 (represented in red), which forms an extended structure (A), an a-helix (B) or (C)
facilitates interaction between the peptide and the p-sheet. The remaining GALSA-subgroup (D) does not possess this sequence elongation. Three-dimensional models
were generated using AlphaFold 3 (Abramson et al., 2024) and visualized with UCSF ChimeraX software version 1.7.1 (Pettersen et al., 2020).

Testudines, several species contained retroviral insertions within or near
the cluster (Fig. 52).

VARSA/VARMA locus and evolutionary implications. The
consistent presence of the VARMA-type cathelicidin locus adjacent to
KLHL18 across Squamata and its mirroring location (VARSA) in Testu-
dines (Figs. 10 and 11, S2) prompted investigation into its wider
evolutionary conservation. BLAST analysis using the conserved domain
sequence of the Caretta caretta VARSA-type cathelicidin further revealed
that the results not only showed high homology with VARSA cath-
elicidins from other turtles and VARMA types from some Squamata but
also included hits with a high query cover (approx. 98%) yet a low
identity (approx. 45%) to uncharacterised proteins from several bird
species, such as Gallus gallus (XP_046789495.1) and Athene noctua
(XP_074754302.1). Intriguingly, these sequences are sometimes pre-
dicted by Gnomon as ‘cathelicidin-related antimicrobial peptides' (like
Onychostruthus taczanowskii (XP_041264461.1) and are consistently
located at the same genomic locus as the reptilian VARMA/VARSA genes
(adjacent to the flanking KLHL18 gene). This uncharacterised avian
protein aligns with a sequence previously reported as a ‘sequence related
to the cathelicidin cluster (srcc)' (Gonzalez-Acosta et al., 2025). This is
consistent with the possibility that it represents a cathelicidin-related
gene, potentially sharing an ancestral origin with the reptilian VAR-
SA/VARMA types. This is especially relevant considering that the
VARSA type cathelicidin expression, as well as its antimicrobial and
immunomodulatory activities, have already been confirmed by PCR and
other in vitro assays (Shi et al., 2019b). Whether this avian cathelicidin
related sequence is functional remains uncertain, necessitating further
investigation to clarify their evolutionary origin.
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3.7. Classification of cathelicidin derived peptides

Of the 287 cathelicidin genes identified through genome mining, 246
peptides were generated by cleaving at the first valine, isoleucine, or
alanine within exon 4, as is accepted for cathelicidins (Anderson and Yu,
2003; Shinnar et al., 2003; Wilkins and Kurtz, 2023). Of these, 212 are
unique sequences, as some species possess multiple gene copies with
identical exon 4, and different species can share the same gene, resulting
in identical peptides. The peptides ranged in size from 15 to 62 amino
acids (Table S5), predominantly exhibiting cationic character and an
a-helical secondary structure. This article proposes a classification of the
peptides based on sequence, structure, and charge, extending the
framework established by Koehbach and Craik, 2019 (Tables 6 and 7,
S5).

Peptides were classified based on their structure, as a-helices, helical
hairpins (pairs of o-helices linked by a p-turn), or extended forms.
Within these categories, cationic peptides (charge 1-9) and super-
cationic peptides (charge >9) were distinguished. Some peptide se-
quences were noted for specific amino acid enrichments, leading to
classifications such as lysine-arginine rich, proline-arginine rich, argi-
nine rich, lysine-proline rich, or lysine rich (Tables 6 and 7, S5).

The classification of cathelicidins is closely associated with their
respective peptide types. In Testudines, THEDA-type cathelicidins were
predicted to form cationic a-helical peptides of three distinct categories:
type I, characterised by cationic a-helices; type II, consisting of cationic
hairpin a-helices; and type III, which encompasses super-cationic
hairpin a-helices. In contrast, YEKAI-type cathelicidins consistently
yielded cationic a-helices, representative of type I peptides. AATNET-
type cathelicidins were notable for producing o-helices that are
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Table 5

Summary of the organisation of cathelicidin clusters from the order Testudines. The analysed turtle species are presented, along with the NCBI assembly code of the genome employed for the mining, the chro-
mosome in which the cluster was found, and the total number of cathelicidin genes that were identified. Genes that are apparently capable of giving rise to complete and functional cathelicidins are listed in the ‘complete
cathelicidins' column. In contrast, genes that exhibit some form of error that may lead to a loss of expression, structure, or function of the cathelicidin are listed in the ‘defective cathelicidins' column. Finally, for the species
Trachemys scripta, it was not possible to accurately identify a gene due to sequencing errors in that genome (presence of gaps), and it was thus annotated in the ‘partial cathelicidins' column. Flanking genes on both sides of
the cluster are also indicated. The abbreviation TBRG4 corresponds to Transforming growth factor p-regulator 4, KLHL18 to Kelch-like Protein 18 and CDC25 to Cell Division Cycle 25.

Species Genome assembly Chromosome  Complete Partial Defective Total Upstream flanking gene Downstream flanking gene
cathelicidins cathelicidins cathelicidins genes

Order Testudines

Testudinidae

Aldabrachelys gigantea  AldGig_1.0 2 16 - 3 19 TBRG4 KLHL18

Gopherus evgoodei rGopEvgl v1.p 2 9 - 6 15 TBRG4 KLHL18

Gopherus rGopFla2.mat.asm 2 6 - 3 9 TBRG4 KLHL18

flavomarginatus

Geoemydidae

Mauremys mutica ASM2049712v1 2 7 - 4 11 KLHL18 TBRG4

Mauremys reevesii ASM1616193v1 2 6 - 2 8 TBRG4 KLHL18

Emydidae

Emys orbicularis rEmyOrb1.hapl 2 6 - 5 11 KLHL18 Seven-transmembrane G protein-coupled receptor
(7TM-GPCR)

Malaclemys terrapin rMalTerl.hapl 2 7 - 6 13 KLHL18 Class III nucleotidyl cyclase (Nucleotidyl_cyc_III)

Trachemys scripta CAS_Tse_1.0 2 3 1 4 8 TBRG4 KLHL18

Dermochelyidae

Dermochelys coriacea rDerCor1.pri.v4 2 7 - 2 9 KLHL18 Transforming growth factor beta regulator 4
(TBRG4)

Cheloniidae

Caretta caretta GSC_CCare_1.0 2 7 - 2 9 TBRG4 KLHL18

Chelonia mydas rCheMyd1.pri.v2 2 12 - 2 14 KLHL18 TBRG4

Trionychidae

Order Squamata

Rafetus swinhoei ASM1942577v1 1 5 - 0 5 KLHL18 TBRG4

Eublepharidae

Eublepharis macularius ~ MPM_Emac v1.0 11 7 - 1 8 KLHL18 CDC25

Sphaerodactylidae

Euleptes europaea rEulEurl.hapl 11 7 - - 7 KLHL18 CDC25

Gekkonidae

Heteronotia binoei APGP_CSIRO_Hbin_vl 10 6 - 1 7 TBRG4 KLHL18

Scincidae

Tliqua scincoides 1TilScil.hap2 5 6 - - 6 KLHL18 CDC25

Cordylidae

Hemicordylus capensis rHemCapl.1.pri 6 5 - - 5 KLHL18 CDC25

Lacertidae

Lacerta agilis rLacAgil.pri 12 5 - - 5 KLHL18 CDC25

Zootoca vivipara 1ZooVivl.1 12 5 - - 5 KLHL18 CDC25

(continued on next page)

‘ID 12 22.49d-02D10 Y

09SS0I (920Z) 941 A8ojounuuy aaup.pdwio) pup piuawdojadq



Table 5 (continued)

‘ID 12 22.49d-02D10 Y

91

Species Genome assembly Chromosome  Complete Partial Defective Total Upstream flanking gene Downstream flanking gene
cathelicidins cathelicidins cathelicidins genes
Podarcis lilfordi rPodLil1.2 12 4 - - 4 KLHL18 CDC25
Podarcis cretensis rPodCre2.1 12 4 - - 4 CDC25 KLHL18
Podarcis muralis PodMur_1.0 12 5 - 6 CDC25 KLHL18
Podarcis raffonei rPodRafl.pri 12 4 - - 4 KLHL18 CDC25
Rhineuridae
Rhineura floridana rRhiFlo1.hap2 10 4 - - 4 KLHL18 CDC25
Anguidae
Elgaria multicarinata rElgMull.1.pri 1 5 - 2 7 Blood Coagulation Factor Nucleoside Triphosphate Hydrolase
FA58C
Phrynosomatidae
Sceloporus undulatus SceUnd_v1.1 6 4 1 - 5 Thioredoxin 11 104 kDa Microneme/rhoptry antigen
Sceloporus tristichus ASM1680106v1 6 4 - 1 5 Thioredoxin 11 104 kDa Microneme/rhoptry antigen
Phrynosoma MUOH_PhPlat 1.1 6 3 - 2 5 104 kDa Microneme/rhoptry Thioredoxin 11
platyrhinos antigen
Chamaeleonidae
Furcifer pardalis ASM3044067v1 8 2 - 2 4 KLHL18 CDC25
Pythonidae
Liasis olivaceus rLiaOlil.hapl 4 8 - 1 9 CDC25 KLHL18
Viperidae
Vipera latastei rVipLatl.pri Z 3 - 3 6 CDC25 KLHL18
Colubridae
Erythrolamprus reginae  rEryRegl.hapl z 9 - 3 12 CDC25 KLHL18
Thamnophis elegans rThaElel.pri Z/4 7 - - 7 CDC25 KLHL18
Elapidae
Bungarus multicinctus ASM2365372v1 4 5 - 2 7 CDC25 KLHL18
Hydrophis curtus HCur_v2 z 4 - 3 7 KLHL18 CDC25
Hydrophis HCya_v2 Z 6 - 2 8 CDC25 KLHL18
cyanocinctus
Hydrophis major HMAJ_1.0 z 5 - 4 9 KLHL18 CDC25
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Cathelicidin gene cluster in Testudines

—D——D—N—

(N
=

Dl

7 t
1 200000

B Flanking gene TBRG4
B Cathelicidin DMTS
[@ Defective cathelicidin THEDA

@ Cathelicidin THEDA
B Cathelicidin DENSQ
[ Cathelicidin YEKAI

+ +
250000 300000

B Cathelicidin VARSA
O Cathelicidin AATNET
O Flanking gene KLHL18

Fig. 10. Cathelicidin cluster organization in the order Testudines. This figure presents a comprehensive representation of the organization of the cathelicidin
cluster in the order Testudines. It includes all cathelicidin types, as well as the modal number of copies of each type, the average size of each cathelicidin gene and its
flanking genes, and the average distance between genes. Genes are represented by arrowheads, indicating their orientation within the DNA. Flanking genes are
shaded with squares, and each type of cathelicidin is represented by a solid colour. Putatively defective genes are depicted with stripes, with the colour corresponding
to their specific type. Figure was generated using the ‘ggplot2' and ‘gggenes' packages in R software version 4.4.1 (Wilkins and Kurtz, 2023).
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Fig. 11. Cathelicidin cluster organization in the order Squamata. This figure presents a comprehensive representation of the organization of the cathelicidin
cluster in three suborders of Squamata: (A) Gekkota, (B) Laterata, and (C) Serpentes. It includes all cathelicidin types, as well as the modal number of copies of each
type, the average size of each cathelicidin gene and its flanking genes, and the average distance between genes. Genes are represented by arrowheads, indicating their
orientation within the DNA. Flanking genes are shaded with squares, and each type of cathelicidin is represented by a solid colour. Putatively defective genes are
depicted with stripes, with the colour corresponding to their specific type. Figure generated using the ‘ggplot2' and ‘gggenes' packages in R software version 4.4.1

(Wilkins and Kurtz, 2023).

enriched in lysine and arginine, classified as type IV peptides. Moreover,
DENSQ-type cathelicidins were characterised by their arginine-rich
a-helical structures, classified as type V peptides. Conversely, both
DMTS-type and VARSA-type cathelicidins produced extended structure
peptides, with DMTS-type peptides being rich in proline and arginine
(type VI), and VARSA-type peptides are rich in proline and lysine (type
VII) (Table 6, S5).

In the order Squamata, YEQ-type cathelicidins were predicted to
generate peptides type I, II, and III. In contrast, QEAL-type cathelicidins
exclusively yield peptides type I, while YEEA and GALSA-type cath-
elicidins are associated with the production of type IV peptides and can
also lead to the formation of arginine-lysine-rich super cationic helices
(type VIII) peptides (Table 7, S5).
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Finally, VARMA-type cathelicidins display a peptide structure (type
IX) that is markedly distinct from those identified in other reptiles,
characterised by an extended structure with a slight anionic charge
(Table 7). Moreover, these peptides are particularly enriched in polar
uncharged amino acid residues, especially serine and asparagine.

In summary, reptiles may exhibit nine distinct types of peptides
based on their sequence, charge, and structure. Types I, I, III, and IV
peptides are common to both orders of reptiles, while types V, VI, and
VII are exclusive to Testudines, and types VIII and IX are exclusive to
Squamata (Tables 6 and 7). It is noteworthy that cationic peptides Type
V (Testudines) and Type VIII (Squamata) are structurally similar,
differing primarily in their predominant cationic amino acid residue-
s—arginine and lysine, respectively. This similarity may indicate that
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Description of the main types of cathelicidin-derived peptides present in Testudines. Each proposed type of peptide is
assigned a number as follows: (I) Cationic helix, (II) Cationic hairpin, (III) Super cationic hairpin, (IV) Arginine-lysine rich super
cationic helix, (V) Arginine rich super cationic helix, (VI) Proline-arginine rich extended structure, and (VII) Proline-lysine rich
extended structure. The consensus sequence for each type of peptide is also presented, with the region forming an a-helix in
bold and underlined. Finally, the charge of each of these sequences and their three-dimensional structures is displayed. In the
latter, the most abundant apolar amino acid residues in this type of peptide (leucine, isoleucine, phenylalanine, alanine, and
valine) are marked in blue, while proline, lysine, and arginine residues in the peptides rich in these amino acids are indicated in
pink. Three-dimensional models of peptides were generated using AlphaFold 3 (Abramson et al., 2024) and visualized with
UCSF ChimeraX software version 1.7.1 (Pettersen et al., 2020).
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both types share a common target and were evolutionarily selected in
these suborders. Hb_PR34 from Heteronotia binoei exhibits a unique
structure that does not correspond to any of the previously established
groups, characterized by an extended structure rich in glycine and
arginine (Table S5). Due to putatively defective genes escaping evolu-
tionary pressure when they cease to be expressed (Miyata and Hay-
ashida, 1981), the peptides that we predicted from these genes have
often exhibit certain variations, such as reduced or excessive size, or the
addition of anomalous sequences in comparison to other peptides of the
same type (for example, Fp_FA28 from Furcifer pardalis).

This peptide diversity likely reflects multiple immune functions; for
instance, proline and arginine-rich peptides may inhibit protein trans-
lation by binding to and inhibiting bacterial ribosomes (Gagnon et al.,
2016), while a-helical peptides mostly interact with biological mem-
branes (Sun et al., 2016).
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3.8. Evolutionary and functional insights from reptilian cathelicidin
diversity

This study provides the most comprehensive genomic overview of
reptilian cathelicidins to date, revealing an unexpectedly high diversity
of gene types, copy numbers and genomic organisations in Testudines
and Squamata. The identification of twelve conserved types, each
defined by short diagnostic motifs within the cathelin domain and
supported by exon structure and synteny, highlights that reptile cath-
elicidins have undergone substantial lineage-specific diversification.
This contrasts with the more reduced repertoires reported in birds
(Gonzalez-Acosta et al., 2025) and mammals (Kosciuczuk et al., 2012),
suggesting that the common sauropsid ancestor may have possessed a
broader cathelicidin set that was subsequently streamlined in the avian
lineage.

Differences across reptilian lineages provide insight into the evolu-
tionary pressures acting on this gene family. Turtles retain multiple
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Table 7
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Description of the main types of cathelicidin-derived peptides present in Squamata. Each proposed type of
peptide is assigned a number as follows: (I) Cationic helix, (II) Cationic hairpin, (III) Super cationic hairpin, (IV)
Arginine-lysine rich super cationic helix, (VIII) Lysine rich super cationic helix and (IX) Polar uncharged amino acids
rich anionic extended structure. The consensus sequence for each type of peptide is also presented, with the region
forming an o-helix in bold and underlined. Finally, the charge of each of these sequences and their three-dimensional
structures is displayed. In the latter, the most abundant apolar amino acid residues in this type of peptide (leucine,
isoleucine, phenylalanine, alanine, and valine) are marked in blue, while proline, lysine, and arginine residues in the
peptides rich in these amino acids are indicated in pink. Polar uncharged amino acids are also marked in pink in
peptide type IX. Three-dimensional models of peptides were generated using AlphaFold 3 (Abramson et al., 2024) and
visualized with UCSF ChimeraX software version 1.7.1 (Pettersen et al., 2020).
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types—such as DENSQ and AATNET—that are absent in squamates and
multiple copies of THEDA type, whereas snakes show exclusive presence
of GALSA-type cathelicidins and a loss of VARSA/VARMA types. These
contrasting patterns may reflect ecological specialization, differences in
pathogen exposure, or distinct immunophysiological demands. For
example, GALSA-type peptides, previously associated with venom
glands and strong antimicrobial activity (Falcao et al., 2014), are present
exclusively in snakes, consistent with the unique microbial and tissue
environments linked to venom systems. Conversely, turtles exhibit high
copy numbers and frequent gene duplications, which may reflect
long-term conservation of multiple paralogues in stable ecological
niches (Nash and Ryan, 2023).

The genomic organisation also reveals shared structural themes
across reptiles. In both Testudines and Squamata, cathelicidin genes
form clusters flanked by conserved regulatory genes such as KLHL18,
TBRG4 and CDC25, a pattern also observed in birds (Cheng et al., 2015).
This conserved synteny suggests deep evolutionary stability in the
genomic positioning of the cluster, despite considerable turnover in gene
number and composition. Evidence for frequent insertions of retroele-
ments and transposons within and around clusters—especially in tur-
tles—may further contribute to the birth-and-death dynamics
characteristic of antimicrobial peptide families (Hanson et al., 2019).

The presence of numerous defective or truncated copies, particularly
in Testudines, is consistent with this model. However, only copies that
are unlikely to be expressed or properly processed should be considered
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potential pseudogenes (Miyata and Hayashida, 1981). Some defects may
instead reflect assembly limitations typical of reptile genomes
(Mongiardino Koch and Gauthier, 2018), highlighting the need for
improved sequencing quality and transcriptomic validation.

The classification of mature peptides into nine groups reveals addi-
tional functional diversity. Variation in net charge, hydrophobicity and
structural predictions—especially the distinctive exon-3 extension
found in GALSA-type genes—points to a wide spectrum of antimicrobial,
immunomodulatory or context-specific activities (Gallo and Hooper,
2012; Steinstraesser et al., 2011). This framework provides a basis for
future structure-function studies, comparative immunology and
biochemical characterisation.

4. Conclusions

Our genome mining approach, combined with manual refinement of
exon predictions, enabled the identification of 287 putative cathelicidin
genes, most of which were previously unreported. This manual curation
was essential in cases where splicing signals diverged from the common
GTGAG or GTAAG motifs, a pattern particularly frequent in Squamata.

This study proposes the first classification of reptilian cathelicidins
into distinct types, each defined by a characteristic motif within the
cathelin domain and supported by exon size and genomic context. This
framework provides a practical basis for future investigations of tissue-
specific expression, functional diversification and lineage-specific
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patterns, such as the apparent restriction of AATNET and DENSQ types
to sea turtles and the exclusive occurrence of GALSA in snakes.

We also examined their genomic organisation and found that cath-
elicidin genes occur in clusters with substantial variation in copy num-
ber and arrangement across species. In addition, the diversity of
reptilian cathelicidins enabled the classification of their predicted pep-
tides into nine groups, which may support future structure-activity
analyses and help determine whether these types play distinct roles in
innate immune defence.

Since all results are based on bioinformatic predictions from single
genome assemblies, experimental validation of gene expression, pro-
teolytic processing and antimicrobial activity will be essential in future
studies. Although the classification system defined here is robust across
Testudines and Squamata, extending it to other reptilian orders (e.g.,
Crocodylia or Sphenodontia) will require additional high-quality ge-
nomes. Such comparative analyses will clarify whether the twelve types
identified here reflect the ancestral reptile repertoire or whether addi-
tional lineage-specific variants remain to be discovered.
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