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A B S T R A C T   

Xenopus is a genus of African clawed frogs including two species, X. tropicalis and X. laevis that are extensively 
used in experimental biology, immunology, and biomedical studies. The availability of fully sequenced and 
annotated Xenopus genomes is strengthening genome-wide analyses of gene families and transgenesis to model 
human diseases. However, inaccuracies in genome annotation for genes involved in the immune system (i.e., 
immunome) hamper immunogenetic studies. Furthermore, advanced genome technologies (e.g., single-cell and 
RNA-Seq) rely on well-annotated genomes. The annotation problems of Xenopus immunome include a lack of 
established orthology across taxa, merged gene models, poor representation in gene pages on Xenbase, mis
annotated genes and missing gene IDs. The Xenopus Research Resource for Immunobiology in collaboration with 
Xenbase and a group of investigators are working to resolve these issues in the latest versions of genome 
browsers. In this review, we summarize the current problems of previously misannotated gene families that we 
have recently resolved. We also highlight the expansion, contraction, and diversification of previously mis
annotated gene families.   

1. Introduction 

1.1. Xenopus species as model organisms 

Xenopus, commonly known as African clawed frogs, is a genus of 
aquatic frogs that are native to sub-Saharan Africa (Blackburn et al., 
2019). The two best-known species of this genus are Xenopus laevis and 
X. tropicalis, which are commonly used as model organisms to study 
human diseases and their potential treatments, fundamental biological 
processes, small molecule screens to develop novel therapies, embryo
genesis, developmental biology, cell biology, toxicology, neuroscience 

and immunology (Harland and Grainger, 2011; Nenni et al., 2019; 
Wallingford et al., 2010). Xenopus offers a variety of experimental ad
vantages over other amphibians, including the abundance of large and 
robust eggs and embryos that are easily accessible at all developmental 
stages. This is important especially in the study of embryogenesis and 
developmental biology. X. tropicalis was introduced as a model system in 
the early 1990’s for genetics, and then genomic research. This com
plemented the work on the widely used model organism X. laevis, for 
which the immune system is extensively characterized (reviewed in Du 
Pasquier et al., 1989). Comparing the two species, X. tropicalis’ shorter 
generation time (growing to adult in 4–6 months) and its diploid 
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genome (10 diploid chromosomes) has enabled many multigenerational 
experiments such as the generation and preparation of transgenic and 
mutant lines (Chesneau et al., 2008; Grainger, 2012a; Horb et al., 2019; 
Hirsch et al., 2002; Offield et al., 2000) as compared to X. laevis, which 
has a longer generation time (averaging between 6 and 12 months to 
sexual maturity for males, and over 12 months for females). Further
more, cytogenetic mapping of the allotetraploid X. laevis genome has 
identified 9 quartets of homologous chromosomes in two sub-genomes, 
whose genetic linkage has been highly conserved in X. tropicalis (Mat
suda et al., 2015). These X. laevis chromosomes co-orthologous to the 
corresponding X. tropicalis chromosomes are defined as pair of homeo
logs that are distinguished based on their size into a long (L) and a short 
(S) homeolog (Matsuda et al., 2015; Session et al., 2016). Thus, an 
additional challenge in working with X. laevis lies in the four copy 
numbers for many genes, requiring a more laborious procedure to 
analyze potential gene-multiplication of most gene families. At the same 
time, the duplicated genome in X. laevis affords a unique opportunity to 
study genome evolution and sub-functionalization of duplicated genes 
(Session et al., 2016). Sequencing technology has contributed to dis
secting the evolutionary events in the genome. However, the timeline of 
genome annotation and the recurring challenges (see Section 1.2) 
merely enabled the partial analysis of some gene families, especially 
those that are involved in immune functions, using readily available 
tools such as those on Xenbase (www.xenbase.org), the NCBI and other 
servers. Despite the inaccuracies in Xenopus sequenced genomes, many 
labs have been able to dissect comparative and developmental aspects of 
Xenopus immune system (Ohta et al., 2006; Flajnik et al., 1993; Edholm 
et al., 2014). The release of new genome browsers for Xenopus, has 
motivated us to establish a community-driven genome annotation pro
cess, the ‘‘Xenopus annotation jamboree’‘, which was initiated by the 
Xenopus laevis Research Resource for Immunobiology in collaboration 
with Xenbase and multiple investigators. Our goal is to update, 
re-evaluate, refine, and expand the curation of Xenopus genome mostly 
focusing on immune genes. This coordinated project will in turn 
improve representation of Xenbase, the Xenopus genomics and bio
informatic database that collates this information for the research 
community. The aim of manually annotating Xenopus genomes is to 
correctly identify and characterize functional and regulatory elements 
across the Xenopus genomes, which is particularly important to char
acterize Xenopus immune gene families, hence enhancing the efficient 
use of Xenopus as an animal model in immunology research. The current 
review goal is to: 1) Clarify recent advances pertaining the Xenopus 
immunome; 2) Update, re-evaluate, refine, and expand the curation of 
the Xenopus immunome; 3) Focus on the diversification, expansion, and 
contraction of the Xenopus immunome. Here, we have chosen to discuss 
a few examples of problematic gene families that we have resolved to a 
sufficient degree and should be useful for comparative immunologists. 

1.2. Timeline, progress, and current challenges in Xenopus genome 
annotation 

The progress of genetic studies in Xenopus and the generation of 
disease models are linked to the availability of reliable genome 
sequencing and post-genomic analysis. Each genome annotation release 
is a major step towards a more accurate representation of the vastly 
complex genetic code packed onto this organism’s chromosomes. We 
fully understand that this is a laborious and complex task, and that the 
end results represent a hypothetical version of the encoded DNA, which 
is subject to change with future genome assemblies. The X. tropicalis 
genome sequencing was completed in 2010 (Hellsten et al., 2010) fol
lowed in 2016 by the sequencing and assembly of the related allote
traploid X. laevis species (Session et al., 2016). Annotation of the 
X. tropicalis (v7.0) and X. laevis (v7.1, v8.1) genome assemblies resulted 
into considerable coverage of the genomes (almost 50%). However, 
information regarding potential gene inversions were sometimes inac
curate, since these assembly releases were not contiguous (Riadi et al., 

2016). In general, draft genomes impeded software abilities to connect 
adjacent genes, implying that the number of identified genes was 
underestimated (Salzberg, 2019). The reliability of each of these two 
genomes has been improved by multiple rounds of sequence assemblies 
at the chromosomal level and the construction of genome maps, and 
thus, new genome versions for both X. tropicalis (v7.1, v8.0, v9.0, v9.1) 
and X. laevis (v9.1, v9.2) were released. The contribution of RNA-Seq 
and other next-generation sequencing (NGS) techniques facilitated the 
construction of new genetic maps. Many genes that presented high ho
mology with human counterparts were sequenced, and disease pheno
types were generated and analyzed in Xenopus (Blum et al., 2009; 
Grainger, 2012; Naert and Vleminckx, 2018). Despite the progress of 
sequencing, previous genome assemblies still contained scaffolds that 
were incomplete or inaccurate, particularly for immune genes. Session 
et al. (Session et al. (2016) analyzed many developmental genes and 
some key immune genes such as antigen receptors, antigen receptor 
signaling, major histocompatibility complex (MHC), cytokines, and 
innate immune genes (Session et al., 2016). The innate pattern recog
nition receptors (PRRs) for both X. laevis and X. tropicalis were partic
ularly challenging. Many of PRRs were not identified in one or both 
species and, thus, their homology inference was not possible. Further
more, some genes that encode short transcripts were poorly detected in 
these assemblies (e.g., many cytokines and tlr4) or were in scaffolds 
unnamed and/or uncharacterized, rendering it difficult to identify po
tential orthologous genes. Many genes that were designated “unchar
acterized gene” could be annotated manually. One characteristic 
example is mhc1b-uba10.2.L (formerly XCN10.2) (Edholm et al., 2015). 
Even though mhc1b-uba10.2.L and the respective amino acid sequences 
were published (Edholm et al., 2014), the respective gene in X. laevis 
v9.2 assembly did not include information regarding the protein 
sequence. In 2021 a new genome version was released for X. tropicalis 
(v10) followed by X. laevis (v10.1) in 2022 at NCBI (www.ncbi.nlm.nih. 
gov). We decided to assess the annotations and database representation 
of a range of immune gene families by following an in silico procedure, as 
summarized in (Fig. 1). The new v10 genome assemblies have resolved 
many issues encountered in previous annotations. For example, many 
gene models thought to be pseudogenes are now identified as bona fide 
protein coding genes, and new models have been identified on the short 
(S) chromosomes of X. laevis. Subsequently, we were able to identify new 
gene models that existed in the latest genome assemblies, or were 
identified by examining the genome sequence as well as, to create or 
update gene pages on Xenbase (see Section 2). The Xenopus nomencla
ture convention, introduced by Session (Session et al., 2016), states that 
X. laevis homoeologous chromosomes that are co-orthologous to the 
corresponding X. tropicalis chromosomes are distinguished by appending 
an “L” or “S”, referring to the long and short chromosomes respectively, 
and respective genes should carry an “.L” or “.S” suffix. In our annota
tion, we were able to discern if a gene is duplicated or previously existed 
but not identified (e.g., mhc1-uba6.1.L - mhc1-uba6.3.L, intronless inte
ferons ifnx1-36, and three interleukins il17a genes) (Matsuda et al., 
2015). Most of the genes with annotation inaccuracies that we resolved 
are summarized in Supplementary Table S1. Nevertheless, there are 
still some problems that will need to be addressed, thus a multi-faceted 
bioinformatic approach was used throughout this review. Our approach 
included assessing synteny (GENOMICUS, JBrowse), sequence align
ment (BLAST), multi-species sequence alignment and phylogenetic trees 
(NCBI/COBALT, MEGA), and/or searching protein sequence in homol
ogy groups (DIOPT, EggNog, HomoloGene). Details of these bio
informatic tools/analyses are given in Supplementary Table S2. For 
example, in the new assembly there are some genes that overlap each 
other and create a ‘merged’ model in JBrowse (e.g., mhc1-uba10.1.L and 
mhc1-uba10.2.L), although we are well aware that these are two separate 
protein coding genes (Edholm et al., 2014). We also identified unchar
acterized sequences that need further bioinformatic and syntenic anal
ysis. In addition, there are still a few genes that need identification 
numbers (gene ID), or their nomenclature needs to be updated in both 
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Xenopus species (e.g., mhc1-uba homologs/paralogs in X. tropicalis and 
X. laevis, see Section 2.2). Our team’s work is ongoing, and part of this 
work is involved in this publication. 

Comparative immunology combined with expanded sequencing data 
has revealed the evolutionary forces that shaped Xenopus genome by 
gene expansion or contractions as well as gene silencing Flajnik et al. 
(2001). Multiple Xenopus gene families that are involved in innate and 
adaptive immunity have undergone expansion, contraction or differen
tial silencing in expression compared to their mammalian counterparts 
(see Section 2. Updates in immune genes annotation). Furthermore, some 
immune genes and their role in immune responses has been extensively 
investigated in X. laevis leading to interesting connections between 
innate and adaptive immunity (Edholm et al., 2014; Banach et al., 2017; 
Flajnik et al., 1993). It is noteworthy that genome editing tools 
(CRISPR/Cas9) were successfully used to generate transgenic models for 
several diseases, malignancies, and immune defenses against pathogens 
based on previous genome assemblies (Grainger, 2012; Naert et al., 
2017; Van Nieuwenhuysen et al., 2015; Blum and Ott, 2018). In recent 
years, NGS-based sequencing technologies were expanded to boost the 
release of new genome assemblies. Thus, a new era is rising for Xenopus 
due to easier and detailed analysis of immune genes during early 
ontogeny, as well as their importance for experimental and biomedical 
research. 

2. Xenopus immune gene families 

2.1. Toll-like receptors (TLRs) 

During evolution, amphibians had to develop an effective immunity 
against a wide variety of pathogens in both aquatic and terrestrial 
habitats (Zhang et al., 2022; Roach et al., 2005). The evolved complex of 
amphibian Toll-like receptor (tlr) genes has likely contributed to the 
survival of ancestral species that were first exposed to land-based 
ecosystems. 

TLRs are a group of pattern recognition receptors (PRRs) that 
recognize molecular patterns of microbial components (e.g., microbial 
nucleic acids, proteins, glycans, etc.) and play important roles in innate 
immunity (Nie et al., 2018; Liu et al., 2019). Most TLR structures con
sists of one or many leucine-rich repeat (LRR) domains, a short trans
membrane domain, and an intracellular Toll/interleukin-1 receptor 
(TIR) domain (Ishii et al., 2007; Liu et al., 2019). Overall, six TLR 
families have been identified across vertebrates (Supplementary 
Fig. S1): TLR1 (TLR1,2,14), TLR3 (TLR3), TLR4 (TLR4), TLR5 (TLR5), 
TLR7 (TLR7,8,9), and TLR11 (TLR11,12,13,19,21,22) (Roach et al., 
2005; Liu et al., 2019; Nie et al., 2018). The respective TLR ligands and 
TLR genes for humans, Xenopus, and several representative bony fish 
species (Danio rerio, Oncorhynchus mykiss, Fugu rubripes, Ictalurus punc
tatus) are depicted in Table 1. The number of TLRs vary considerably 
across species, from 10 in human to 16 genes in bony fish and Xenopus 
(Chen et al., 2021; Liu et al., 2019; Nie et al., 2018; Roach et al., 2005). 
The expansion of tlr genes in Xenopus involves tandem gene duplication 
within some subfamilies (e.g., TLR1 subfamily: tlr14.2 and tlr14.3) or 
emergence of additional novel subfamilies (e.g., TLR11). Even though 
TLRs have been annotated in the previous genome assemblies, the latest 
version indicated some inaccuracies and mis-annotations. In the new 
genome assemblies (v10/v10.1), we verified and re-evaluated which 
genes have been expanded between Xenopus and humans and we sum
marized them in Table 1, as well as in Supplementary Table S1 and 
Fig. S1 (Ishii et al., 2007; Roach et al., 2005; Zhang et al., 2022). Among 
all TLRs, tlr4 was an important gene to annotate accurately. Although 
tlr4 was initially identified in the X. tropicalis genome (Roach et al., 
2005), it was not accurately annotated in previous assemblies (lack of 
protein sequence) or was identified in non-coding areas and possibly 
truncated (Ishii et al., 2007). Furthermore, tlr4 could not be retrieved in 
the latest X. tropicalis genome assembly (v10). However, a tlr4 gene 
model is now present in the updated X. laevis v10 genome assembly 
(Supplementary Fig. S2), which underlines the significant improvement 
of this assembly (see Supplementary Table S1). Notably, tlr4 has been 

Fig. 1. Schematic of the methodology used by the jamboree team to identify, correct, and validate gene annotation in new genome browser (v.10). MSA: multi
sequence alignments. 
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identified only in Anuran amphibians to date and appears to be absent in 
Caudata (newts and salamanders), suggesting gene loss in a common 
ancestor (Zhang et al., 2022). In the bony fish, tlr4 has been identified 
only in a few species (e.g., Danio rerio, Cyprinus carpio, Astyanax mex
icanus) (Supplementary Fig. S2) (Palti, 2011). TLR4 ligands in mammals 
including LPS and the TLR4- CD14-myeloid differentiation protein 2 
(MD2)-LPS complex recruits MyD88 and MyD88-adapter-like (MAL) 
adaptors and sequentially activate NF-κB and mitogen-activated protein 
kinase (MAPK) (Kawasaki and Kawai, 2014; Sakai et al., 2017). Alter
natively, endocytosis of TLR4-MD2–LPS complex and sequential binding 
to the TRIF and TIR domain-containing adapter molecule 2 (TRAM) 
adaptors triggers production of IFN1, IRF7 and NF-κB resulting in the 
activation or suppression of inflammatory cytokines genes (Kawasaki 
and Kawai, 2014). Interestingly for both fish and amphibians, there is no 
clear evidence that LPS ligand is recognized by TLR4, and molecules like 
MD2 and CD14 have not been identified in bony fish and Xenopus (Nie 
et al., 2018). Thus, the exact role of tlr4 gene in Xenopus immunity needs 
to be further evaluated. The expansion of TLR genes in aquatic verte
brates is thought to represent an evolutionary adjustment to 
pathogen-rich habitats. 

2.2. Major histocompatibility class I (mhcI) 

The Major Histocompatibility Complex (MHC) genomic region con
sists of a plethora of genes (around 500) (Klein et al., 1993). MHC 
molecules are categorized into 2 groups based on their structural and 
functional features, MHC class I that interact CD8+ T-cells, and MHC 
class II that interact with CD4+ T-cells (Flajnik et al., 1993; Iwabuchi 
and Van Kaer, 2019). Both MHC class I and MCH class II encoding genes 

are highly polymorphic genes (Rodgers and Cook, 2005). Besides the 
classical MHC class I, there is a group of nonclassical MHC class I genes 
that are located either inside or outside the MHC locus, are typically 
oligomorphic, and bind to different conserved types of ligands from 
peptides to lipids or other small molecules (Allen et al., 2013). 
Non-classical MHC class I molecules interact with a subset of T cells that 
express invariant or semi-invariant T Cell Receptor (TCR) 
re-arrangement, the innate-like T-cells (iT) (Iwabuchi and Van Kaer, 
2019; Allen et al., 2018; Edholm et al., 2014). In human and mice, 
nonclassical MHC class I molecules including the cluster of differentia
tion 1d (CD1d) and MHC related protein 1 (MR1), bind non-protein li
gands such as glycolipids and vitamin B products, respectively, and 
present these ligands to iT cells such as invariant natural killer cells 
(iNKT) for CD1d and mucosal-associated invariant T-cells (MAIT) for 
MR1 (Edholm et al., 2014; Iwabuchi and Van Kaer, 2019; Rodgers and 
Cook, 2005). While CD1d orthologs are present across jawed verte
brates, MR1 appears to be evolutionary more recent, although both 
genes have been lost in different taxa including in mammals (Harly 
et al., 2022). There are other nonclassical MHC class I genes in mammals 
(e.g., HLA-E, HFE, HLA-G, FcRn) whose evolutionary origins are 
currently unknown. These mammalian nonclassical MHC class I genes 
could be located outside of the MHC locus (Banach et al., 2017; Edholm 
et al., 2014; Goyos et al., 2011; Ohtsuka et al., 2008). Even though the 
role of iT cells has been investigated in inflammatory responses and 
several malignancies (Gleimer and Parham, 2003), the exact role of iT 
cells in aquatic vertebrates like amphibians, especially for the innate and 
adaptive immunity, needs further research. 

X. laevis and X. tropicalis contain a quite a large number of nonclas
sical MHC class I genes compared to mammals, which are located 
outside the MHC locus in the telomeric region of chromosome 8 (Du 
Pasquier and Flajnik, 1990). These genes, initially named XNCs in 
X. laevis and SNCs in X. tropicalis, are clustered in close proximity to 
SLAM (signaling lymphocyte activation molecule) family members 
(Edholm et al., 2014; Goyos et al., 2011). Because no true orthologs of 
these genes could be identified in the human genome or other mammals, 
we assigned them a new name, mhc1-uba, following the nomenclature 
system for non-mammalian MHC genes, and in consultation with MHC 
nomenclature experts (Ballingall et al., 2018) (Supplementary 
Table S1). We specifically used the “u lineage as for MHC class I” 
following the nomenclature used for ectothermic vertebrates: having 
classical MHC class I alpha chain referred as “uaa”, sequentially fol
lowed by other families or groups: uba, uca, uda, uea, etc. Therefore, for 
Xenopus “uba” stands for MHC class I (u), family or group (b), alpha 
chain (a). In total, we have confirmed the presence 29 mhc1-uba genes 
for X. tropicalis and 23 mhc1-uba genes and 3 pseudogenes for X. laevis 
(Edholm et al., 2014, 2018; Goyos et al., 2011; Banach et al., 2017; 
Flajnik et al., 1993, 2001). Xenopus nonclassical MHC class I or uba 
genes share some similarities with the respective mammalian genes 
including restricted tissue expression and limited to no polymorphism 
(Goyos et al., 2011; Rodgers and Cook 2005). Interestingly, the 
mhc1-uba genes are highly conserved between X. laevis and X. tropicalis, 
as well as across the other Xenopoidae species, and they have been 
categorized into subfamilies based on the amino acid sequences of the α1 
and α2 domains (Goyos et al., 2011; Flajnik et al., 1993, 2001; Edholm 
et al., 2014). Annotation for the mhc1-uba genes (formerly XNCs/SNCs) 
was initially conducted in v9.0/v9.1 genomes assemblies. Thus, to 
ensure accuracy for future research, we re-assessed the annotation, 
nomenclature, and representation of these genes in the latest release 
(v10.1 and v10). A major task was, and still is, for us to ensure that as 
many immune genes as possible are represented on Xenbase gene pages 
with informative and stable gene symbols and gene names, and with as 
much supporting data as possible. (i.e., gene ID, mRNA and protein 
accessions, literature, synonyms). Applying gene nomenclature guide
lines, we have proposed new gene symbols to replace generic 
LOC-identifiers (e.g., mhc1-uba3.L for LOC108699128), which we have 
submitted to the HGNC (human gene nomenclature committee) and 

Table 1 
TLRs genes in vertebrates and their ligands.  

Ligand Human X. tropicalis X. laevis Bony 
fisha 

triacylated lipopeptide TLR1 tlr1 tlr1.L tlr1 
lipopeptides, peptidoglycan, 

and lipoteichoic acids 
TLR2 tlr2 tlr2.L, tlr2.S tlr2 

dsRNA molecules TLR3 tlr3 tlr3.L tlr3 
LPS, cd14 TLR4 tlr4 tlr4.S tlr4b 

Flagelin TLR5 tlr5 tlr5.L tlr5 
Lipoteichoic acid, MALP2, TLR6 tlr6 tlr6.L tlr6a 

ssRNA TLR7 tlr7 tlr7.L tlr7 
GU-rich single-stranded RNA, 

G-rich oligonucleotides 
TLR8 tlr8 tlr8.L tlr8 

Unmethylated CpG motifs TLR9 tlr9 tlr9.L tlr9 
Pam3Cys and FSL-1, TLR10 Not present Not present Not 

present 
Uropathogenic bacteria- 

derived protein (e.g., T. 
gondii profilin) 

Not 
present 

Not present Not present tlr11a 

Apicomplexan profilin Not 
present 

tlr12 tlr12.L Not 
present 

23S rRNA Not 
present 

tlr13 tlr13.L Not 
present 

Undefined  tlr14.2, 
tlr14.3 

tlr14.2.L 
tlr14.3.L 

tlr14a 

CpG oligos in bony fish and 
chicken only, undefined for 
the rest 

Not 
present 

Not present Not present tlr19 

CpG oligos in zebrafish only. Not 
present 

Undefined Undefined tlr21 

TLR22 (bacterial RNA) Not 
present 

tlr22 tlr22.L tlr22 

TLR23 MyD88 and TRIF Not 
present 

Not present Not present Not 
present 

→As a general comment here we mention that this Table is subject to changes in 
the future due to new entries in NCBI gene pages of bony fish. 

a (zebrafish (Danio rerio), fugu (Takifugu rubripes), rainbow trout (Onco
rhynchus mykiss), catfish (Ictalurus punctatus). 

b tlr4 is present only in Ictalurus punctutatus and Danio rerio. 
c not present in fugu (Takifugu rubripes) rainbow trout (Oncorhynchus mykiss). 
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others for approval. We are currently generating these new pages as well 
as applying new nomenclature with proper aliases. The updated anno
tation for most of these genes is summarized in Supplementary Table 1 
and information about expanded subfamilies members and their po
tential function is summarized in Table 2. 

In addition to mhc1-uba genes, there are three additional Non- 
classical MHC class I genes located elsewhere in the Xenopus genomes 
(Ohta et al., 2019): mhc1-uca (class I 145), mhc1-uda (class I 16004), 
mhc1-uea (class I112). Based on a phylogenetic analysis, mhc1-uca is 
most closely related to the MHC class Ia and mhc1-uba (Ohta et al., 
2019). Indeed, the mhc1-uca gene maps between the MHC locus and the 
mhc1-uba cluster in Chr8 of the diploid X. tropicalis. In X. laevis, mhc1-uca 
was mapped in the corresponding region of Chr8L but was lost from 
Chr8S. The genomic region containing mhc1-uba genes is predicted to be 
originally duplicated and translocated from the ancestral MHC locus 
found across jawed vertebrates (Ohta et al., 2019). Thus, mhc1-uca may 
have moved out of the MHC locus during the duplication of the mhc1-uba 
cluster from MHC locus. We predict that mhc1-uca fulfils functions 
similar to some mhc1-uba genes. The mhc1-uda gene (class I 16,004) is 
found in the X. tropicalis Chr3 in the vicinity of genes that were mapped 
to the human chromosome 19p13. This human chromosomal region has 
been identified as one of the MHC paralogs regions that were generated 
by genome-wide duplication during vertebrate evolution (Ohno et al., 
1968; Simakov et al., 2020). The presence of nonclassical MHC class I 
genes in this MHC paralogs region in Xenopus suggests that MHC class I 
may have been present prior to the genome duplications in a vertebrate 
ancestor. BLAST searches using mhc1-uda as query against vertebrates 
“refseq_protein” database matched at one time with the mammalian 
Nonclassical class I Fcgrt (gene encodes FcRn), which maps to the human 
chromosome 19q12. However, phylogenetic analysis did not support the 
orthology of mhc1-uda to Fcgrt (Ohta et al., 2019) and the search result 
could not be repeated. Unlike mhc1-uca, the mhc1-uda genes are not 
diploidized in the allotetraploid X. laevis genome as it is present on both 

the Long (L) and Short (S) chromosomes. Finally, mhc1-uea (class I 112) 
is the most evolutionarily conserved gene among all Xenopus nonclas
sical MHC class I genes. Orthologs of mhc1-uea are present in reptiles 
such as alligators and turtles. The mhc1-uea was mapped near immu
noglobulin heavy (IgH) and TCRαβ loci on Xenopus chromosome Chr1. 
This synteny is presumably ancestral and reflects the close linkage of 
antigen receptor genes to the MHC in the primordial genome. 

2.3. Major histocompatibility complex class II (mhc II) 

Three MHC class II beta (DAB, DBB, & DCB) sequences were previ
ously published (Sato et al., 1993; Liu et al., 2002), but only two MHC 
class II alpha (DAA & DBA) sequences were identified (Liu et al., 2002). 
Although Liu et al. predicted the presence of the third alpha gene (DCA), 
they were not able to sequence it and thus, the status of DCA remained 
unconfirmed. Similar to MHC, these names are consistent with the 
nomenclature (Ballingall et al., 2018). Here, the first letter D designates 
MHC class II, followed by different gene (A, B, or C), then alpha or beta 
chain (A or B). During the examination of v10 Xenopus genomes, we 
found all three genes for both MHC class II alpha and beta chains in the 
X. laevis genome. All alpha and beta gene sets are syntenic in a 
head-to-head (DAA/DAB; DBA/DBB) or head-to-tail (DCA/DCB) 
orientation. 

DBA and DBB are somewhat separated with non-coding RNA and 
other hypothetical protein gene models. Interestingly, all three gene sets 
are mapped to Chr8L, but none are mapped to Chr8S. This is consistent 
with early studies showing diploidization of the MHC class II genes 
(Session et al., 2016). In the X. tropicalis genome, there is only one set of 
alpha and beta genes, which we have provisionally named mhc2-daa and 
mhc2a-dab. We infer that the MHC class II genes in X. laevis and X. tro
picalis are related and likely paralogues derived from a common ancestor 
by duplication. However, we were not able to establish immediate 
orthology between three X. laevis genes and one X. tropicalis gene. Thus, 
mhc2-daa.L from X. laevis and mhc2-daa from X. tropicalis are not 
orthologues. A similar case is also true for mhc2-dab from both species. 
We also assessed the non-classical MHC class II genes, which we pro
visionally named mhc2-dma and mhc2-dmb. Although we have previ
ously identified these genes in the earlier versions of genome assemblies 
(Ohta et al., 2006; Session et al., 2016), we found that the gene models 
for mhc2-dma.S and mhc2-dmb.S are erroneously fused into a single gene 
model in the v10 X. laevis genome annotation (Supplementary Table S1). 

3. Example of immune genes duplication 

3.1. IL-2 and IL-2R 

In mice and humans, IL-2 is an αα-helical bundle cytokine (Taniguchi 
et al., 1983; Shaw et al., 1978), which is a key regulator of T cell pro
liferation, development, helper and cytotoxic activities (Reviewed in 
Malek, 2008; Ross and Cantrell, 2018). IL-2 activity is mediated through 
binding to its high affinity cytokine receptor expressed at the membrane 
of activated T cells (Cantrell and Smith, 1983). The high affinity IL-2 
receptor (IL-2R) is formed by three transmembrane subunits referred 
as IL-2Rαα, β, γγ chains also known as CD25, CD122 and CD132, 
respectively (Sharon et al., 1986; Stauber et al., 2006; Sugamura et al., 
1992; Wang et al., 2005). CD122 and CD132 confer the IL-2 cell signal 
transduction (Malek, 2008; Ross and Cantrell, 2018). CD122 is shared 
with IL-15, and that CD132 is shared with other αα-helical bundle cy
tokines including: IL-4, 7, 9, 15 and 21 (Reviewed in (Leonard et al., 
2019; Rochman et al., 2009). CD122 and CD132 have β-sheet structure 
and are prototypical members of the class I cytokine receptor super
family (Wang et al., 2005). In contrast, CD25 contains two ‘‘sushi’’ do
mains (Wang et al., 2005; Stauber et al., 2006). Importantly, IL-15 also 
use a receptor with “sushi” domain. CD25 and IL-15Rαα chain genes are 
closely associated in gene tandem in humans and mice (Anderson et al., 
1995; Olsen et al., 2007). 

Table 2 
mhc1-uba genes and their known role.  

mhc1b- 
uba 

X. tropicalis X. laevis (Known or 
putative function) 

References 

1 mhc1-uba1.1-1.2 mhc1-uba1.L (Putative 
role during larval 
development) 

Banach et al. (2017) 

2 mhc1-uba2.1-2.2 mhc1-uba2.S  
3 mhc1-uba3 mhc1-uba3.L  
4 mhc1-uba4 mhc1-uba4.L (Anti- 

mycobacterial immunity) 
(E. S. Edholm et al., 
2018; Rhoo et al., 
2019) 

5 mhc1-uba5 mhc1-uba5.L  
6 mhc1-uba6.1-6.2 mhc1-uba6.1-6.3L, 

mhc1b-uba6.4S  
7 mhc1-uba7.1-7.6 

(Ubiquitous 
expression) 

mhc1-uba7.L (Ubiquitous 
expression including 
thymic stroma) 

Goyos et al. 
(unpublished data) 
Goyos et al. (2011) 

8 unidentified mhc1-uba8.1-8.4L (Strict 
expression in lungs - 
mucosal immunity? 

Goyos unpublished data 

9 mhc1-uba9 mhc1-uba9.L  
10 mhc1-uba10 mhc1-uba10.1 (Anti- 

ranaviral immunity) 
mhc1-uba10.2 

(E.-S. Edholm et al., 
2015) 

11 mhc1-uba11 mhc1-uba11.L (Cancer 
biology) 

(Haynes-Gilmore 
et al., 2014) 

12 mhc1-uba12 unidentified  
13 mhc1-uba13.1- 

13.5 
mhc1-uba13.1, mhc1b- 
uba13.5.L  

14 mhc1-uba14 mhc1-uba14 (Strict 
expression in the intestine 
- mucosal immunity?) 

Edholm et al. 
(unpublished data) 

16 mhc1-uba16.1- 
16.4L 

unidentified  

17 mhc1-uba17.L unidentified   
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In non-mammalian vertebrates including X. laevis, IL2-like factor has 
been functionally characterized upon in in vitro T cell proliferation 
(Haynes and Cohen 1993; Watkins and Cohen 1987). Accordingly, il2 
genes, distinct from il-15 genes were found on both homolog chromo
somes 1 in X. laevis (Supplementary Table S1). Similarly, highly 
conserved il2 gene synteny across all jawed vertebrates has allowed the 
identification of il2 gene orthologs (Wang et al., 2021; Venkatesh et al., 
2014). In different ray-fined fish species il2 orthologs have been shown 
to stimulate in vitro and in vivo T cell differentiation, proliferation, and 
effector function as in mammals (Buonocore et al., 2020; Díaz-Rosales 
et al., 2009; Mu et al., 2018; Wang et al., 2021). Considering the IL-2R in 
X. laevis, gene orthologs encoding CD132 and CD25 chains (distinct from 
IL-15Rαα) were found as singleton on the chromosome 8L and 3S, 
respectively (Supplementary Table S1). In contrast, gene orthologs 
encoding CD122 and IL-15Rαα chains were found on both homoeolog 
chromosomes (Supplementary Table S1). Interestingly, lobe-finned, 
ray-finned and cartilaginous fish have a single copy of the structurally 
closely related IL-15Rαα and CD25 genes, which were referred to as 
IL-2/15Rαα (Mu et al., 2021; Wang et al., 2021). It is postulated that fish 
IL2-transduction is mediated by the heterotrimer composed of 
IL-2/15Rαα, CD122 and CD123 (Mu et al., 2022; Wang et al., 2021). 
Together, these data suggest that IL2/IL2R signaling and function are 
evolutionarily conserved in jawed vertebrates. Nevertheless, the signif
icance of a tetrapod specific CD25 and the tandem duplication of 
IL-2Rαα remain to be investigated. 

3.2. Interleukin 9 (il9) 

First identified in mice as P40, stimulator for T cell growth (Van 
Snick et al., 1989), and as a hematopoietic growth factor in humans (Van 
Snick et al., 1989; Yang et al., 1989), interleukin 9 (il9) is involved in 
regulation of hematopoietic cells through the activation of the JAK/
STAT pathway (Noelle and Nowak, 2010). Despite having a gene page in 
NCBI for X. tropicalis, and a page for a X. laevis il9-like gene, Xenbase 
lacked pages for any il9-related gene. A comparative analysis of the 
synteny, as well as protein blast (BLASTp) searches using the RefSeq 
X. tropicalis sequences confirmed the X. tropicalis gene model as an il9 
ortholog. A Xenbase page was generated for this gene using the NCBI 
gene data. 

The X. laevis interleukin-9-like gene found in NCBI (LOC121401224) 
is a singleton on the 3L chromosome and despite being highly syntenic 
with the il9 genes in X. tropicalis, Homo sapiens and other amniotes, the 
five-exon structure of il9, found in all other species examined, was not 
observed in X. laevis. Instead, the first two exons appear to have been 
lost, and the gene begins with an extended version of the third exon. The 
loss of these exons was confirmed by nucleotide blast (BLASTn) searches 
of the X. laevis genome using the RefSeq X. tropicalis mRNA sequences, as 
well as by using the RefSeq X. tropicalis protein sequences to search a 
translated X. laevis genome nucleotide database (tBLASTn). These 
searches found no similarity in the X. laevis genome to the first two exons 
of the X. tropicalis gene at either the nucleotide or amino acid level. 
Despite these differences, the X. laevis gene is considered the ortholog of 
X. tropicalis il9, and was included on the il9 Xenbase gene page XB- 
GENEPAGE-25874677, with its former gene symbol il9l recorded as a 
synonym. 

3.3. Interleukin 18 (il18) 

The interleukin 18 gene is found on chromosome 7 in X. tropicalis and 
both chromosome 7L and chromosome 7S in X. laevis. The il18.L 
homeolog (GeneID: 121,395,553) is most similar to X. tropicalis il18, 
however, was named interleukin 18–like. On chromosome 7S we found 
tandem gene models for two versions of the gene, both named ‘inter
leukin 18’. These two ‘il18.S’ genes are very similar to each other, 
suggesting a recent duplication on this chromosome, and interestingly, 
show greater divergence from the X. tropicalis gene than the X. laevis il18. 

L gene (Supplemental Fig. S3). Our phylogenetic analysis also supports 
this. Applying Xenopus gene nomenclature rules, the longest gene model 
(GeneID: 108697612) was placed on the il18 gene page (XB-GENEPAGE- 
876700), and the shorter duplicated gene (GeneID: 108697611) will be 
provisionally named ‘interleukin18, gene 2S homeolog’ with gene 
symbol il18.2.S and placed on a unique Xenbase gene page. 

4. Example of immune gene sub-functionalization 

4.1. CXCL8 of chemokines 

CXCL8 (interleukin-8, IL-8) is an important inflammatory CXC che
mokine, first discovered in mammals for its role in the chemotaxis of 
neutrophils (Baggiolini et al., 1989). CXCL8-mediated neutrophil 
recruitment is conferred through CXCL8 binding to the G 
protein-coupled CXC chemokine receptor 1 (CXCR1, CXCL8Rα) or 
CXCR2 (CXCL8Rβ) (Kulbe et al., 2004). Most mammals encode single 
CXCL8 (IL-8) chemokine genes, which belong to a group of chemokines 
possessing the Glu-Leu-Arg (ELR) motif (Rot and Von Andrian, 2004). 
Like CXCL8, the other members of this chemokine group also facilitate 
the recruitment of neutrophils through binding to the CXCR1 (IL-8 and 
CXCL6/GCP-2) and/or CXCR2 (all ELR + chemokines) chemokine re
ceptors (Rot and Von Andrian, 2004). Notably, rodents lack a direct 
homolog of CXCL8, but encode CXCL1/KC, CXCL2/MIP-2 and 
CXCL5-6/LIX, which are thought to be functional paralogs to CXCL8 
(Souza et al., 2004; Sekido et al., 1993; Belperio et al., 2005). While 
none of these rodent chemokines are direct homologs of CXCL8, they 
belong to the same cluster of closely related chemokines associated with 
neutrophil recruitment (Zlotnik and Yoshie, 2000). Conversely, except 
for Gadiformes (cod, haddock), bony fish CXC chemokines generally 
lack an ELR motif, instead possessing X (other residue)-Leu-Arg (XLR, 
DLR in salmonids) motifs (Hebert et al., 1991). CXCL8 genes have been 
identified across a range of bony fish species, with many species 
encoding multiple CXCL8 isoforms (de Oliveira et al., 2013). 

X. laevis encodes multiple CXCL8 isoforms (Supplementary 
Table S1), with one/some forms possessing an ELR motif (cxcl8a), while 
others (cxcl8b) lacking it (Hauser et al., 2020; Koubourli et al., 2018) 
(see CXCL8 alignment in Fig. 2). Functional studies suggest that while 
the X. laevis CXCL8a is involved in inflammatory responses, the CXCL8b 
may have additional roles in the recruitment of neutrophil/granulocyte 
subset(s) with immunosuppressive/repairing functions (Hauser et al., 
2020; Koubourli et al., 2018). Both the X. laevis CXCL8a and CXCL8b 
appear to utilize the CXCR1/2 receptors, although the CXCR8b may 
depend more heavily on CXCR2, at least for some of its functions 
(Koubourli et al., 2018). It appears that in addition to the functionally 
characterized CXCL8a and CXCL8b chemokines, X. laevis encodes mul
tiple forms of what are presently denoted as cxcl8a (cxcl8a1 and cxcl8a2) 
and cxcl8b (cxcl81 and cxcl8b2) (Fukui and Matsunami, 2021). We 
anticipate that these respective X. laevis cxcl8 gene products are func
tionally reminiscent of the mammalian CXCR1/CXCR2 ligands, wherein 
they may each have distinct receptor binding preference and potentially 
have at least partially non-overlapping roles in amphibian immunity and 
physiology. 

A detailed annotation of cxcl8 Xenopus genes and further research 
into the functional roles of these different isoforms will grant new per
spectives into the evolution of vertebrate neutrophil biology and 
leukocyte chemotaxis. 

4.2. Interferons (IFNs) among cytokines 

The interferon (IFN) system is one of the cytokine complexes that has 
evolved and diversified in tetrapod when compared to bony and carti
laginous fishes. The functional and molecular diversity in the amphibian 
IFN system makes it an ideal model to study its role in immunity, 
especially in terms of immune regulation against intracellular pathogens 
such as viruses. Previous analyses of the Xenopus genomes revealed that 
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the Xenopus IFN complex has 37 intronless IFN-like genes (including 4 
near intronless IFN-like genes retaining a single <50 bp short intron) 
and 3 pseudogenes in X. tropicalis, while 26 intronless IFN-I genes 
(including 8 with a short remaining intron and 4 pseudogenes) were 
identified in the X. laevis genome. The v10 Xenopus genome assemblies 
contain intronless IFNs as well as four types of novel intron-containing 
ifn genes (IFN-I to -IV) not revealed in previous studies (Sang et al., 
2016). The current repertoire of ifn gene loci in X. tropicalis has been 
updated including the co-existence of 14 intron-containing IFNs (7 ifn-I, 
1 ifn-II, and 6 ifn-III) and the expansion of 37 intronless ifn-like genes (36 
ifn-I and 1 ifn-III). In X. laevis, the system includes 18 intron-containing 
(7 ifn-I, 1 ifn-II, 9 ifn-III and 1 ifn-VI) and 24 intronless ifn-coding genes 
(22 ifn-I and 2 ifn-III) (Tian et al., 2019). 

A recent comparison of IFN gene families across 120 vertebrate ge
nomes demonstrated that after originating in fish, IFN genes diversified, 
including the emergence and deletion of specific IFN subtypes across 
distinct vertebrate classes and species (Sang et al., 2016; Shields et al., 
2019). Our analysis supports the hypothesis that there was an early 
emergence of intronless IFN-I and IFN-III genes in amphibian species but 
not reptiles (Tian et al., 2019) s. Mammals have well-characterized IFN-I 
gene subtypes, which includes ifn-α, ifn-β, ifn-δ, ifn-ε,-κ, IFN-τ, ifn-ω, and 
ζ, of which ifn-α, ifn-β, ifn-ε and ifn-κ are encoded by all mammals, while 
ifn-δ, ifn- κ, ifn-τ, ifn-ω, and ifn-ζ occur in a species-specific manner 
(Ivashkiv and Donlin, 2014; Levy et al., 2011; Tian et al., 2019). Even 
greater inf diversity is found in some amphibians. Our analyses of 19 
amphibian species indicate that more than half carry encoding intron
less ifn-coding genes of either ifn-I and/or ifn-III types (Supplementary 
Table S1). Moreover, 10 species harbor as many as 36 intronless inf-I 
genes, and up to 14 ifn-III genes (Gan et al. ,2017, 2018; Sang et al., 
2016; Tian et al., 2019; Adeyemi et al., 2022 and this issue). 

Previous phylogenetic analysis of 10 intronless Xenopus ifn-I genes 
supported the hypothesis that amphibian IFN genes are closely related to 
intronless ifn-I genes of tetrapod, yet represent the earliest intronless 
genes of tetrapod ifn-I/III genes that have been identified since they 
clustered close to mammals and reptiles. The other Xenopus intronless 
ifn-I genes clustered close to fish intron-containing ifn genes, high
lighting their phylogenetic proximity to these primitive ancestor genes 
(Sang et al., 2016; Shields et al., 2019; Tian et al., 2019). These analyses 
also revealed several Xenopus ifn-I genes that were found to contain a 
single short intron (<50 bp). These genes are predicted to be potential 

intermediates as ifn genes in the process of becoming intronless (Shields 
et al., 2019; Tian et al., 2019). In this annotation jamboree, we found 
that the X. laevis v10.1 genome harbors 18 intron-containing gene 
models (7 ifn-I, 1 ifn-II, 9 ifn-III, and 1 ifn-IV) and 18 intronless ifn-coding 
gene models (16 ifn- I and 2 ifn-III). 

4.3. IFN regulatory factors (IRFs) 

Interferon regulatory factors (IRFs) are a family of transcription 
factors that regulate several facets of innate and adaptive immune re
sponses, hematopoietic differentiation, and immunomodulation. Verte
brate IRFs play vital roles in the regulation of IFNs and IFN-stimulated 
gene expression (Harada et al., 1989). As revealed in studies of humans 
and mice, IRFs are critical in mediation of IFN signaling and other im
mune responses. However, the molecular function of most of the IRFs 
has not been well established in non-mammalian vertebrates such as 
fish, amphibians, and reptiles (Hu et al., 2022). Structurally, IRFs 
contain a conserved N-terminal region of about 120 amino acids, which 
when folded binds specifically to the IRF-element (IRF-E) motifs within 
the promoter region of IFN responsive genes (Weisz et al., 1992). 

There is a total of eleven IRF genes/proteins in Xenopus (irf1 to irf11), 
which fall into four subfamilies based on molecular architecture and 
phylogenetic relationships: the IRF1 group (irf1, 2, and 11); the IRF3 
group (irf3 and 7); the IRF4 group (irf4, 8, 9, and 10); and the IRF5 group 
(irf5 and 6). In the human genome, nine IRF genes/proteins (IRF1 to 
IRF9) have been identified, and orthology between Xenopus and human 
was assessed in this study. 

Previous genomic and phylogenetic analyses suggest that the IRF 
transcription factors appeared and rapidly diversified early in vertebrate 
evolution, with all IRF subfamilies present in X. laevis and X. tropicalis 
(Huang et al., 2010). Our syntenic and phylogenetic analyses support 
the orthology between human and Xenopus irf1-irf9 genes. Our annota
tion updates to the Xenopus irfs include new Xenbase gene pages with 
corresponding gene IDs provided by NCBI (Supplementary Table S1). 

4.4. FLT3 and its ligand FLT3LG 

The fms related tyrosine kinase (FLT3), also referred as CD135 or 
Fltk2, is a class III receptor tyrosine kinases (RTK-III). RTK-III members 
include KIT - KIT proto-oncogene, receptor tyrosine kinase, colony- 

Fig. 2. CXCL8 protein alignment. The protein alignment was performed using ClustalW2 server. Fully conserved residues are indicated by an asterisk (*), partially 
conserved and semi-conserved substitutions are represented by “:” and “.“, respectively. Putative signal peptides are highlighted in beige, the ELR motif is boxed in 
blue and the conserved CXC motif is highlighted in light green. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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stimulating factor-1 receptor (CSF1R), and platelet-derived growth 
factor receptors (PDGFR) alpha and beta (Verstraete and Savvides, 
2012). RTK-III molecules are characterized by an extracellular, 
ligand-binding region that is divided into 5 Ig-like domains, a single 
transmembrane domain, and a cytoplasmic region formed by the regu
latory juxtamembrane, and the tyrosine kinase domains (Verstraete and 
Savvides, 2012). CSF1R, KIT, and their ligands (which are dimeric 
short-chain α-helical bundles) are all critically involved in hematopoi
esis. FLT3 activation by the binding of its ligand FLT3lg (also known as 
FL, which is recognized as the only known ligand for FLT3) regulates the 
proliferation, differentiation, and survival of lymphoid and myeloid 
progenitors (Kazi and Rönnstrand, 2019; Tsapogas et al., 2017). FLT3 
and FLT3lg also control the development and homeostasis of dendritic 
cells (DC), which are major innate immune cells in mammals (Liu et al., 
2021). In addition to the importance of FLT3 in pro-B cell maturation, 
FLT3 has been shown to be involved in B-cell activation including 
class-switch recombination (Svensson et al., 2015). 

RTK-III members arose from the two round of whole genome du
plications that occurred after the lamprey/Gnathostomata split (Brunet 
et al., 2016). Flt3 orthologs are, therefore, found across all jawed ver
tebrates. In a recent study (Paiola et al., 2022), we have shown that in 
X. laevis both gene homologs have been conserved; whereas, Teleostei 
conserved only one flt3 gene ortholog despite a third whole genome 
duplication. Flt3lg gene orthologs, based on blast-, and synteny-based 
searches were found across all jawed vertebrates except Actinopterygii. 
The two flt3lg genes were also conserved on X. laevis homolog chromo
somes. Predicted 3D structure and tissue expression during ontogenesis 
suggest that flt3/flt3lg gene homologs have sub-functionalized. We 
produced tagged recombinant FLT3lg.S and.L, demonstrating that these 
ligands bind to FLT3.S and.L in vitro and can trigger a transient phos
phorylation of Erk1/2. Notably, we found that FLT3 is expressed at the 
surface of DC-like cells and IgM + B-cells in the spleen of X. laevis. This is 
similar with the DC-like cells of chickens, the Atlantic cod, and human 
cDC (Guslund et al., 2020; Wu et al., 2022). Investigating flt3/flt3lg 
homologs sub-functionalization in primordial X. laevis dendritic cells 
will contribute to untangle the complex biological role of FLT3/FLT3lg. 

5. Concluding remarks and future perspectives 

Xenopus immunogenomics analysis is important for comparative 
immunology as well as for modelling human diseases linked to muta
tions of those genes. In this review, we summarized the results of com
bined work from different research laboratories that are working on the 
field of comparative immunology. Furthermore, to date we managed to 
improve the representation for hundreds of immune genes on Xenbase 
(Supplementary Table S1). Even though sequencing technology has 
rapidly grown, hindrances are still encountered. Indeed, there are still 
immune gene models that need to be validated by a more detailed 
bioinformatic analysis. Newly developed sequencing technology known 
as direct RNA-Seq has the ability to sequence RNA sequences, especially 
transcripts without the need to convert them to DNA as former tech
nologies (Alfonzo et al., 2021). Sequencing of RNA will give us infor
mation regarding alternative splice sites, isoforms as well as some 
transcriptional modifications that either promote or inhibit translation 
of transcripts. This approach will assist comparative immunology 
studies as well as disease phenotype analysis linked to mutated genes 
whose transcript sequences are not available or incomplete. Besides the 
genomic analysis of Xenopus species and its importance in dissecting 
evolutionary events, immune genes analyses could contribute to pres
ervation and well-being of amphibians. Amphibian populations world
wide are undergoing major declines and infectious diseases such as 
chytridiomycosis and ranavirosis are critically contributing to this 
decline (Lips et al., 2006; Robert et al., 2017). Immunogenomics holds 
promise to be elucidating why frogs are particularly sensitive to these 
pathogens. 
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Data will be made available on request. 

Acknowledgements 

Funding: We would like to thank Elspeth Bruford, HGNC, and Jim 
Kauffmann, University of Edinburgh for their assistance with MHC 
nomenclature. This work was in part supported by NSF-IOS-1831988 to 
YS, and NSF-IOS-1456213 to JR. The Xenopus laevis research resource for 
immunobiology is supported by NIH R24AI059830. Major funding for 
Xenbase is provided by grant P41 HD064556 from the Eunice Kennedy 
Shiver National Institute of Child Health and Human Development. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.dci.2023.104734. 

References 

Adeyemi, O.D., Tian, Y., Khwatenge, C.N., Grayfer, L., Sang, Y., 2022. Molecular 
diversity and functional implication of amphibian interferon complex: Remarking 
immune adaptation in vertebrate evolution. Dev Comp Immunol. 140, 104624. 
https://doi.org/10.1016/j.dci.2022.104624. Epub 2022 Dec 28. PMID: 36586430.  

Alfonzo, J.D., Brown, J.A., Byers, P.H., Cheung, V.G., Maraia, R.J., Ross, R.L., 2021. 
A call for direct sequencing of full-length RNAs to identify all modifications. Nat. 
Genet. https://doi.org/10.1038/s41588-021-00903-1. 

Allen, F., Crepaldi, L., Alsinet, C., Strong, A.J., Kleshchevnikov, V., De Angeli, P., 
Palenikova, P., et al., 2018. Predicting the mutations generated by Repair of cas9- 
induced double-strand breaks. Nat. Biotechnol. https://doi.org/10.1038/nbt.4317. 

Allen, F., Rachel, L., Hogan, L., 2013. ‘ non-classical MHC class I molecules (MHC -Ib) ’. 
ELS. https://doi.org/10.1002/9780470015902.a0024246. 

Anderson, D.M., Kumaki, S., Ahdieh, M., Bertles, J., Tometsko, M., Loomis, A., Giri, J., 
et al., 1995. ‘Functional characterization of the human interleukin-15 receptor α 
chain and close linkage chain and close linkage of IL15RA and IL2RA genes’. J. Biol. 
Chem. 270 (50) https://doi.org/10.1074/jbc.270.50.29862. 

Baggiolini, M., Walz, A., Kunkel, S.L., 1989. ‘Neutrophil-Activating peptide-1/interleukin 
8, a novel cytokine that activates neutrophils’. J. Clin. Invest. https://doi.org/ 
10.1172/JCI114265. 

Ballingall, K.T., Bontrop, R.E., Ellis, S.A., Grimholt, U., Hammond, J.A., Ho, C.S., 
Kaufman, J., et al., 2018. Comparative MHC nomenclature: Report from the ISAG/ 
IUIS-VIC committee 2018. Immunogenetics 70 (10). https://doi.org/10.1007/ 
s00251-018-1073-3. 

Banach, M., Edholm, E.S., Robert, J., 2017. Exploring the functions of nonclassical MHC 
class Ib genes in Xenopus laevis by the CRISPR/Cas9 system. Dev. Biol. 426 (2) 
https://doi.org/10.1016/j.ydbio.2016.05.023. 

Belperio, J.A., Keane, M.P., Burdick, M.D., Gomperts, B.N., Xue, Y.Y., Hong, K., 
Mestas, J., et al., 2005. CXCR2/CXCR2 ligand biology during lung transplant 
ischemia-Reperfusion injury. J. Immunol. 175 (10) https://doi.org/10.4049/ 
jimmunol.175.10.6931. 

Blackburn, D.C., Paluh, D.J., Krone, I., Roberts, E.M., Stanley, E.L., Stevens, N.J., 2019. 
The earliest fossil of the african clawed frog (genus Xenopus) from sub-saharan 
Africa. J. Herpetol. 53 (2) https://doi.org/10.1670/18-139. 

Blum, M., Beyer, T., Weber, T., Vick, P., Andre, P., Bitzer, E., Schweickert, A., 2009. 
‘Xenopus, an ideal model system to study vertebrate left-Right asymmetry’. 
Developmental dynamics. An Official Publication of the American Association of 
Anatomists 238 (6), 1215–1225. https://doi.org/10.1002/dvdy.21855. 

Blum, M., Ott, T., 2018. Xenopus: an undervalued model organism to study and model 
human genetic disease. Cells Tissues Organs 205 (5–6), 303–313. https://doi.org/ 
10.1159/000490898. 

Brunet, Frédéric G., Volff, J.N., Schartl, M., 2016. Whole genome duplications shaped the 
receptor tyrosine kinase repertoire of jawed vertebrates. Genome Biology and 
Evolution 8 (5). https://doi.org/10.1093/gbe/evw103. 

Buonocore, F., Gerdol, M., Pallavicini, A., Stocchi, V., Randelli, E., Belardinelli, M.C., 
Miccoli, A., et al., 2020. Identification, molecular characterization and functional 
analysis of interleukin(IL)-2 and IL-2like (IL-2L) cytokines in sea bass (Dicentrarchus 
labrax L.). Cytokine 126. https://doi.org/10.1016/j.cyto.2019.154898. 

Cantrell, D.A., Smith, K.A., 1983. Transient expression of interleukin 2 receptors: 
consequences for T cell growth. J. Exp. Med. 158 (6) https://doi.org/10.1084/ 
jem.158.6.1895. 

Chen, H., Liang, Y., Han, Y., Liu, T., Shulin Chen, S., 2021. Genome-wide analysis of toll- 
like receptors receptors in zebrafish and the effect of Rearing temperature on the 
receptors in response to stimulated pathogen infection. J. Fish. Dis. 44 (3) https:// 
doi.org/10.1111/jfd.13287 https://doi.org/10.1111/jfd.13287.  

Chesneau, A., Sachs, L.M., Chai, N., Chen, Y., Du Pasquier, L., Loeber, J., Pollet, N., 
Reilly, M., Weeks, D.L., Bronchain, O.J., 2008. Transgenesis procedures in Xenopus. 
Biol. Cell. 100 (9) https://doi.org/10.1042/bc20070148. 

D. Dimitrakopoulou et al.                                                                                                                                                                                                                     

https://doi.org/10.1016/j.dci.2023.104734
https://doi.org/10.1016/j.dci.2023.104734
https://doi.org/10.1016/j.dci.2022.104624
https://doi.org/10.1038/s41588-021-00903-1
https://doi.org/10.1038/nbt.4317
https://doi.org/10.1002/9780470015902.a0024246
https://doi.org/10.1074/jbc.270.50.29862
https://doi.org/10.1172/JCI114265
https://doi.org/10.1172/JCI114265
https://doi.org/10.1007/s00251-018-1073-3
https://doi.org/10.1007/s00251-018-1073-3
https://doi.org/10.1016/j.ydbio.2016.05.023
https://doi.org/10.4049/jimmunol.175.10.6931
https://doi.org/10.4049/jimmunol.175.10.6931
https://doi.org/10.1670/18-139
https://doi.org/10.1002/dvdy.21855
https://doi.org/10.1159/000490898
https://doi.org/10.1159/000490898
https://doi.org/10.1093/gbe/evw103
https://doi.org/10.1016/j.cyto.2019.154898
https://doi.org/10.1084/jem.158.6.1895
https://doi.org/10.1084/jem.158.6.1895
https://doi.org/10.1111/jfd.13287
https://doi.org/10.1111/jfd.13287
https://doi.org/10.1042/bc20070148


Developmental and Comparative Immunology 145 (2023) 104734

9

Díaz-Rosales, P., Bird, S., Wang, T.H., Fujiki, K., Davidson, W.S., Zou, J., Secombes, C.J., 
2009. Rainbow trout interleukin-2: cloning, expression and bioactivity analysis. Fish 
Shellfish Immunol. 27 (3) https://doi.org/10.1016/j.fsi.2009.06.008. 

Edholm, E.S., Banach, M., Rhoo, K.H., Pavelka Jr., M.S., Robert, J., 2018. Distinct MHC 
class I-like interacting invariant T cell lineage at the forefront of mycobacterial 
immunity uncovered in Xenopus. Proc. Natl. Acad. Sci. U. S. A. 115 (17), 
E4023–E4031. https://doi.org/10.1073/pnas.1722129115. 

Edholm, E.S., Goyos, A., Taran, J., De Jesús Andino, F., Ohta, Y., Robert, J., 2014. 
Unusual evolutionary conservation and further species-specific adaptations of a large 
family of nonclassical MHC class Ib genes across different degrees of genome ploidy 
in Amphibian subfamily xenopodinae. Immunogenetics 66 (6). https://doi.org/ 
10.1007/s00251-014-0774-5. 

Edholm, E.S., Grayfer, L., De Jesús Andino, F., Robert, J., 2015. ‘ nonclassical MHC- 
restricted invariant vα6 T cells are critical for efficient early innate antiviral 
immunity in the Amphibian Xenopus laevis ’. J. Immunol. 195 (2) https://doi.org/ 
10.4049/jimmunol.1500458. 

Flajnik, M.F., Kasahara, M., West, Baltimore Street, 2001. Comparative genomics of the 
MHC: glimpses into the evolution review university of Maryland at baltimore. 
Immunity 15. 

Flajnik, M.F., Kasahara, M., Shum, B.P., Salter-Cid, L., Taylor, E., Du Pasquier, L., 1993. 
A novel type of class I gene organization in vertebrates: a large family of non-MHC- 
linked class I genes is expressed at the RNA level in the Amphibian Xenopus. EMBO 
J. 12 (11), 4385–4396. https://doi.org/10.1002/j.1460-2075.1993.tb06123.x. 

Fukui, A., Matsunami, M., 2021. Gene structure analysis of chemokines and their 
receptors in allotetraploid frog, Xenopus laevis. Front. Genet. 12, 787979 https:// 
doi.org/10.3389/fgene.2021.787979. 

Gan, Z., Chen, S.N., Huang, B., Hou, J., Nie, P., 2017. Intronless and intron-containing 
type I IFN genes coexist in Amphibian Xenopus tropicalis: insights into the origin and 
evolution of type I IFNs in vertebrates. Dev. Comp. Immunol. 67 https://doi.org/ 
10.1016/j.dci.2016.10.007. 

Gan, Z., Yang, Y.C., Chen, S.N., Hou, J., Laghari, Z.A., Huang, B., Li, N., Nie, P., 2018. ‘ 
unique composition of intronless and intron-containing type I IFNs in the Tibetan 
frog nanorana parkeri provides new evidence to support independent Retroposition 
hypothesis for type I IFN genes in Amphibians ’. J. Immunol. 201 (11) https://doi. 
org/10.4049/jimmunol.1800553. 

Gleimer, M., Parham, P., 2003. Stress management: MHC class I and class I-like 
molecules as Reporters of cellular stress. Immunity. https://doi.org/10.1016/S1074- 
7613(03)00272-3. 

Goyos, A., Sowa, J., Ohta, Y., Robert, J., 2011. Remarkable conservation of distinct 
nonclassical MHC class I lineages in divergent Amphibian species. J. Immunol. 186 
(1) https://doi.org/10.4049/jimmunol.1001467. 

Grainger, R.M., 2012. Xenopus tropicalis as a model organism for genetics and genomics: 
past, present, and future. Methods Mol. Biol. 917, 3–15. https://doi.org/10.1007/ 
978-1-61779-992-1_1. 

Guslund, N.C., Solbakken, M.H., Brieuc, M.S.O., Jentoft, S., Jakobsen, K.S., Qiao, S.W., 
2020. Single-cell transcriptome profiling of immune cell repertoire of the atlantic 
cod which naturally lacks the major histocompatibility class II system. Front. 
Immunol. 11 https://doi.org/10.3389/fimmu.2020.559555. 

Harada, H., Fujita, T., Miyamoto, M., Kimura, Y., Maruyama, M., Furia, A., Miyata, T., 
Tanigushi, T., 1989. Structurally similar but functionally distinct factors, IRF-1 and 
IRF-2, bind to the same regulatory elements of IFN and IFN-inducible genes. Cell 58 
(4), 729–739. https://doi.org/10.1016/0092-8674(89)90107-4. 

Harland, R.M., Grainger, R.M., 2011. Xenopus research: metamorphosed by genetics and 
genomics. Trends Genet. https://doi.org/10.1016/j.tig.2011.08.003. 

Harly, C., Robert, J., Legoux, F., Lantz, O., 2022. Γδ T, NKT, and MAIT cells during 
evolution: Redundancy or specialized functions? J. Immunol. 209 (2), 217–225. 

Hauser, K., Popovic, M., Yaparla, A., Koubourli, D.V., Reeves, P., Batheja, A., Webb, R., 
Forzán, M.J., Grayfer, L., 2020. Discovery of granulocyte-lineage cells in the skin of 
the Amphibian Xenopus laevis. Facets 5 (1). https://doi.org/10.1139/FACETS-2020- 
0010. 

Haynes, L., Cohen, N., 1993. Further characterization of an interleukin-2-like cytokine 
produced by Xenopus laevis T lymphocytes. Dev. Immunol. 3 (3) https://doi.org/ 
10.1155/1993/68197. 

Haynes-Gilmore, N., Banach, M., Edholm, E.S., Lord, E., Robert, J., 2014. A critical role 
of non-classical MHC in tumor immune evasion in the amphibian Xenopus model. 
Carcinogenesis 35 (8), 1807–1813.doi. https://doi.org/10.1093/carcin/bgu100. 
Epub 2014 Apr 28. PMID: 24776220; PMCID: PMC4123649.  

Hebert, C.A., Vitangcol, R.V., Baker, J.B., 1991. Scanning mutagenesis of interleukin-8 
identifies a cluster of residues required for receptor binding. J. Biol. Chem. 266 (28) 
https://doi.org/10.1016/s0021-9258(18)55160-7. 

Hellsten, U., Harland, R.M., Gilchrist, M.J., Hendrix, D., Jurka, J., Kapitonov, V., 
Ovcharenko, I., et al., 2010. The genome of the western clawed frog Xenopus 
tropicalis. Science 328 (5978), 633–636. https://doi.org/10.1126/science.1183670. 

Hirsch, N., Zimmerman, L.B., Gray, J., Chae, J., Curran, K.L., Fisher, M., Ogino, H., 
Grainer, R.M., 2002. Xenopus tropicalis transgenic lines and TheirUse in the study of 
embryonic induction. Dev. Dynam. 225 (4) https://doi.org/10.1002/dvdy.10188. 

Horb, M., Wlizla, M., Abu-Daya, A., McNamara, S., Gajdasik, D., Igawa, T., Suzuki, A., 
et al., 2019. Xenopus resources: transgenic, inbred and mutant Animals,Training 
opportunities, and web-based support. Front. Physiol. https://doi.org/10.3389/ 
fphys.2019.00387. 

Hu, N., Lian, S., Zhu, X., Chen, X., Sun, F., Zhang, L., Wang, S., Bao, Z., Hu, J., 2022. 
’Interferon Regulatory factors functioned as activators of the interferon pathway in 
the Scallop Chlamys farreri’. Front. Mar. Sci. 9 https://doi.org/10.3389/ 
fmars.2022.865707. 

Huang, B., Qi, Z.T., Xu, Z., Nie, P., 2010. Global characterization of interferon regulatory 
factor (IRF) genes in vertebrates: glimpse of the diversification in evolution. BMC 
Immunol. 11 https://doi.org/10.1186/1471-2172-11-22. 

Ishii, A., Kawasaki, M., Matsumoto, M., Tochinai, S., Seya, T., 2007. Phylogenetic and 
expression analysis of Amphibian Xenopus toll-like receptors. Immunogenetics 59 
(4). https://doi.org/10.1007/s00251-007-0193-y. 

Ivashkiv, L.B., Donlin, L.T., 2014. Regulation of type i interferon responses. Nat. Rev. 
Immunol. https://doi.org/10.1038/nri3581. 

Iwabuchi, K., Van Kaer, L., 2019. Editorial: role of CD1-and MR1-restricted T cells in 
immunity and disease. Front. Immunol. https://doi.org/10.3389/ 
fimmu.2019.01837. 

Kawasaki, T., Kawai, T., 2014. Toll-like receptor signaling pathways. Front. Immunol. 
https://doi.org/10.3389/fimmu.2014.00461. 
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