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Abstract. A notable challenge in modern biomedicine is the development of
innovative therapies that mitigate resistance to conventional antibiotics. Antimi-
crobial peptides (AMPs), represent a promising source of new antibiotics due to
their broad-spectrum activity and low incidence of resistance development, even
against new infectious diseases. In nature, anuran amphibians (such as frogs and
toads) are the largest source of recorded AMPs. However, salamanders and newts
(such as the Mexican axolotl) have received less attention despite the fact that
some promising bioactive peptides have been detected in their skin secretions.
The axolotl is a critically endangered caudate amphibian endemic from Xochim-
ilco’s Lake in Mexico, which is considered a biological model par excellence for
genomic studies related to salamanders. In the present study, the wide availability
of genomic resources of the axolotl was used to investigate the presence of possi-
ble new AMPs with biomedical potential, whose findings could be also extensive
to other salamander species unexplored. In the axolotl, seventeen different coding
transcripts for presumptive antimicrobial peptides, such as Leap2, Cathelicidins,
β-Defensin, Hepcidins, Transferrins, and Cystatin-C were identified, whose tran-
scriptional expression is mainly concentrated in the liver and spleen. This could
potentially foster the development of newpharmacological treatments in the future.
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1 Introduction

Antimicrobial peptides (AMPs) are organic polymers of amino acids that are produced
endogenously by numerous multicellular metazoans in order to protect the host from
pathogenic microorganisms [1]. Therefore, AMPs are also known as defense peptides
due to their involvement in innate immunity [1]. Among the various characteristics
described for AMPs, there is a relatively short length (∼12 to 100 residues), a net posi-
tive charge ranging from+2 to+9, as well as a certain amphipathicity that enables them
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to dissolve in aqueous environments [1]. By exhibiting antimicrobial and immunomod-
ulatory activities, AMPs are humoral factors able to activate immune response mecha-
nisms such as phagocytosis, prostaglandin release, neutralization of lipopolysaccharide
effects, immune cells recruitment at inflammatory sites, wound healing, and promo-
tion of angiogenesis, between others [1]. The largest source of AMPs found in litera-
ture records are anuran amphibians, which account for ∼30% (mainly frogs followed
by toads), being some typical classes described of amphibian AMPs the β-Defensins,
Cathelicidins, Hepcidins, Cystatins, Bombinins, Magainins, Dermaseptins, Esculentins,
among many others [1, 2]. In fact, some classes of AMPs are characterized by contain-
ing disulfide bridges in their structure, being commonly expressed in epithelial cells and
leukocytes. In addition, many AMPs also give to a prepropetide consisting of a secretion
signal peptide, a linker proregion or protease inhibitor domain, as well as a highly vari-
able mature peptide segment that is responsible for the antimicrobial biological function
[2]. Particularly, most of scientific attention for the identification and characterization of
novel bioactive peptides have been directed towards the anuran families of Pipidae and
Bombinatoridae, given their global distribution and degree of diversification [3]. Mean-
while, genera from the orders Caudata and Apoda, which include tailed and limbless
amphibians respectively, have been largely overlooked in this regard [3].

The axolotl (Ambystoma mexicanum) is a representative specie of salamander (cau-
date amphibian) that has garnered significant attention as an emergent biological model
organism [4]. Native from Mexico, the axolotl exhibits interesting characteristics, such
as its regenerative ability, neoteny, scar-free healing, and robust immune system, which
has led to the availability of extensive genomic resources, make it an invaluable bio-
logical model [4]. These features impact multiple disciplines, including regenerative
biomedicine, developmental biology, wound healing, immunology, biomedical engi-
neering, and genomic sciences [4]. Indeed, the axolotl genome has been sequenced,
being one of the few complete sequenced genomes of salamanders to date, provid-
ing comprehensive resources to study the genes and regulatory elements involved in
regeneration, and immunity related to AMPs [5]. While several countries regulate and
protect certain amphibian species, such as the axolotl (by NOM-059-SEMARNAT-2010
inMexico), it is now possible to obtain antimicrobial peptides (AMPs) through genomic
information implementing heterologous expression or similar biotechnological systems
[6]. This allows sustainability and bioavailability to be guaranteed without endanger-
ing amphibian biodiversity, which is already threatened. Thus, the rich genomic dataset
offers an unprecedented opportunity to discover new representative antimicrobial pep-
tides in salamanders and potentially translate them into therapeutic strategies for human
health to future.

Given the evident increase in resistance to conventional drugs by pathogens, the
scientific community has been forced to develop and improve new anti-infective agents.
Since AMPs are one of the best alternatives to address this problem, the search and
characterization of new AMPs has become imperative, with amphibians being a promis-
ing source of these peptides, as previously mentioned [7]. The role of antimicrobial
peptides in the fight against antibiotic-resistant bacterial infections seems set to be a
turning point in the coming decades [7]. Therefore, the present study aims to identify
new antimicrobial peptides present in the Mexican axolotl, through in silico screenings
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with bioinformatics tools and taking advantage of available genomic resources, which
could represent a great alternativewith biomedical potential in the pharmacological field,
currently threatened due to increasing resistance to conventional drugs available.

2 Materials and Methods

2.1 Screening of Coding Transcripts for Bioactive Peptides in the Axolotl
Transcriptome

We used online data from the UniProt repository to create a non-redundant reference
database of bioactive antimicrobial peptides from amphibians. This database helped us to
detect AMP-encoding axolotl transcripts via BLAST v2.12with the options “task blastp-
short -evalue 1e-3 -max_target_seqs 1” (bitscore ∼28). The axolotl transcriptomes used
in this study were obtained from the NCBI GenBank database with the following TSA
(transcriptome shotgun assembly) accessions: GFBM010000000, and GFZP01000000.
All axolotl transcripts were merged and redundancy reduced with CD-HIT-EST v4.8.1
under the parameters “-c 0.95 -g 1 -b 50 -n 10 -A 0.95” before being employed for AMPs
screening.We then used the EMBOSS v6.6 package to identify and translate all possible
six-frame open reading frames (ORFs) in the axolotl transcripts, by running getorf with
the parameters “-table 1 -minsize 30 -find 3”. After, we applied transeq to convert the
ORFs into protein sequences for BLAST searches, first discarding any sequences with
non-standard undefined amino acids.

2.2 Annotation and Domain Architecture Analysis of Candidate Sequences
with Potential Antimicrobial Activity

The annotation of the selected axolotl transcripts was done with Trinotate v4.0. The
annotated amphibian protein sequences were classified according to their gene family
with InterProScan v5, SMARTv9.0, and ScanProsite v20.0 to determine the composition
and structural organization of the characteristic protein domains. In addition, Cyscon
was used for the inference of disulfide bridges and PeptideCutter for cleavage sites.
The results of domain architecture identification for the determined AMP classes were
plottedwith IBS v2.0. The prediction of antimicrobial properties was donewithAMPlify
v1.1 (which is an attentive deep learning model), and AmpGram v1.1 (based on n-gram
encoding and random forests), using the default parameters.

2.3 Transcript Expression Analysis with Axolotl Transcriptomic Data

Raw mRNA-seq data publicly available at NCBI was acquired to study the gene expres-
sion patterns of previously identified axolotl AMPs in different organs and excised
segments of structures. The corresponding accessions of the SRA studies used were
SRP093628 and SRP065567. Quality profiling was done with FastQC v0.12.1. For
adapter trimming and readfiltering, theBBTools v37.62BBDuckwas usedwith “ktrim=r
k=23mink=11 hdist=1 tpe=t tbo=t qtrim=rl trimq=20minlen=15 forcetrimleft=14”, and
BBMap with “maxindel=1 minid=0.95”. RiboDetector v0.2.7 was employed to discard
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rRNA reads from data set. Then, sequencing reads were mapped to the axolotl transcrip-
tome with Bowtie2 v2.5 using the parameters “--sensitive --dpad 0 --gbar 99999999
--mp 1,1 --score-min L,0,-0.1 --no-mixed --no-discordant -k 200 -I 1 -X 1000”. RSEM
v1.3.1 was after assessed for estimating gene expression levels by expected counts with
EM algorithm to mapped reads. Subsequently, abundance analysis was performed with
EdgeR obtaining the counts per million (CPM) for axolotl AMP transcripts, and cal-
culating the Fold Change based on housekeeping transcript abundance of amx-odc-1.
Results were graphed in a bar plot and a heatmap with the libraries gplots v3.1.3 and
RColorBrewer v1.1 of R v4.1.2.

3 Results and Discussion

In the Mexican axolotl transcriptome, seventeen transcripts were identified encoding for
at least 3 different classes of Transferrins (oneMelanotransferrin, one Saxiphilin and one
Serotransferrin), four Hepcidins, two Leap2 (Liver-Enriched Antimicrobial Peptide 2),
six Cathelicidins, one Cystatin-C, and one β-Defensin. Through a domain architecture
analysis (see Fig. 1), it was possible to verify the presence of characteristic functional
peptide domains, as well as the presence of signal peptides. In this sense, it was observed
that the vastmajority of the axolotl bioactive peptides analyzed have a clear signal peptide
of the Sec/SPI type, a standard secretory signal through the Sec pathway found in the
endoplasmic reticulum and which directs the insertion of membrane proteins; destined
in turn to the vesicle sorting pathway and which are cleaved by a signal peptidase I [8].

Fig. 1. Domains organization schemes for sequences translated of axolotl transcripts identi-
fied encoding antimicrobial peptides; where domains are distinguished with different colors and
names; predicted secretory signal in orange; red diamonds represent cleavage sites; yellow spheres
correspond to binding sites. (A) Transferrins. (B) Liver-Enriched Antimicrobial Peptide 2. (C)
β-Defensin. (D) Cystatin-C. (E) Cathelicidins. (F) Hepcidins.

Furthermore, the size range of the predicted axolotl antimicrobial proteins was
between approximately 5 and 20 kDa, with exception of Transferrin proteins of around
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∼80 kDa, all as expected [7]. Among the most outstanding findings, the presence of
multiple axolotl paralogs for the Leap2 and Hepcidin classes can be mentioned. These
are proteins intimately related to iron homeostasis (together with Transferrins), which
display a classical tripartite organization of a signal peptide, with a linker variable prore-
gion, and the functional peptide cleaved by a Furin during prepropeptide maturation [9,
10]. However, unlike what happened in mammals, there are at least two different par-
alogs for each class of Leap2 and Hepcidin (see Fig. 1, B and F panels), more similar
to what is observed in fish and reptile species [9, 10]. In the case of Transferrins, these
axolotl proteins showed two transferrin domains that are known to form two homologous
lobes called N-lobe and C-lobe (see Fig. 1, panel A), the latter domain being the most
important due to its high affinity for Fe3+ binding, as can be seen in Serotransferrin [11].
On the other hand, the axolotl β-Defensin and Cystatin-C identified (see Fig. 1, C and D
panels) had three and two predicted disulfide bridges respectively, as reported in other
studies [12, 13]. For axolotl Cathelicidins (see Fig. 1, panel E), these proteins presented a
classical architecture with a secretory signal, followed by a Cathelin-like domain related
to Cathepsin-L-like inhibition, commonly cleaved by Elastase or Proteinase-3 proteases
to give rise a mature peptide highly variable in length [14].

Table 1. Antimicrobial activity prediction for protein sequences identified in axolotl.

Sequence ID Probability score (AMPlify) Probability score (AmpGram)

amx-b-Defensin 0.4764318 0.987373016

amx-Cathelicidin-B2-1 0.6586954 0.403123016

amx-Cathelicidin-B2-3 0.7404948 0.872134127

amx-Cathelicidin-B3-1 0.37388664 0.944224603

amx-Cathelicidin-B3-2 0.9541861 0.976533622

amx-Cathelicidin-B3-3 0.34033796 0.950809524

amx-Cathelicidin-B3-4 0.9080199 0.909112698

amx-Cystatin-C 0.23207442 0.513125397

amx-Hepcidin3-A 0.98758775 0.99975

amx-Hepcidin-A 0.8232733 1

amx-Hepcidin-B 0.8644066 1

amx-Hepcidin-C 0.84842086 0.9995

amx-Leap2 0.987711 0.21107619

amx-Leap2AB 0.99623394 0.989477778

Sequences with a cut-off value equal to or greater than 0.5 for both cases were highlighted with
bold letters. The probability scores given by the prediction algorithms range from 0 to 1 only. Due
to limitations of the AMPlify algorithm, Transferrins were omitted in the table.
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When carrying out the prediction of antimicrobial activity with AMPlify and Amp-
Gram [15, 16] for the annotated protein sequences of the axolotl, a high probability
score was denoted for the mature forms of Hepcidins, as well as for some Cathelicidins
and Leap2 (see Table 1). In other studies, some in vitro antibacterial activity has also

Fig. 2. Transcript expression profiling of axolotl sequences identified as presumptive AMPs.
(A) Relative abundance in counts per million (CPM) for transcripts expressed in different organs,
including biological structure segments. (B) FoldChange normalizedwith housekeeping amx-odc-
1 abundance of axolotl transcripts and evidencing their similarities to each other. Fold changes
(above 2) that were significant were highlighted in bold.
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been reported for similar amphibian Hepcidins, Cathelicidins, and Leap2, which is also
consistent with our predictions shown [17].

The axolotl organs and structure portions that revealed a high abundance of tran-
scribed AMPs were the liver and spleen, followed by the tail (see Fig. 2, A and B
panels). It has been documented in previous works that the vast majority of the reg-
ulatory factors of iron homeostasis in mammals are mainly produced by the liver, as
was also evidenced by the abundance of messenger RNAs coding for axolotl leap-2,
and several of hepcidins and transferrins [9–11]. Likewise, an organ that drew partic-
ular attention is the spleen. This organ, being histologically made up of red and white
pulp, the latter abundant in leukocytes, was expected to show a high abundance of tran-
scripts for several cathelicidins in the axolotl (see Fig. 2, panel A), since cathelicidin
transcripts are usually expressed in epithelium and white cells of the immune system
[14]. This transcriptional expression profiling, referring to the two previously contrasted
conditions, allows us to note that the same trend is evolutionarily conserved even up to
amphibians. Particularly, a significant change in abundance of the transcripts encoding
hepcidin-b and leap-2ab is observed (see Fig. 2, panel B). More additional analyzes
would be needed to unravel functional differences to the canonical ones described for
the different paralogs identified in the present study.

4 Conclusion

Through a conservative comparative approach, using only public genomic resources, the
identification of seventeen potential antimicrobial bioactive peptides in the axolotl was
achieved. Furthermore, the structural organization of domains for the vast majority of
the proteins encoded in the identified axolotl transcripts was observed to be highly con-
served with respect to their counterparts reported in other species. Although predictions
of antimicrobial activity are promising for many of the axolotl peptide sequences found,
further exploratory analyzes are required to confirm this finding. Finally, the abundance
of the axolotl transcripts coding AMPs analyzed in the transcriptional expression pro-
filing, allowed the liver and spleen to be highlighted as important biological sources,
information that could contribute to the isolation of such sequences or their products for
future assays.
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