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Abstract

Treacher Collins syndrome (TCS) is a genetic disorder affecting facial development, primarily caused by mutations in the
TCOF1 gene. TCOF1, along with NOLC1, play important roles in ribosomal RNA transcription and processing. Previously,
a zebrafish model of TCS successfully recapitulated the main characteristics of the syndrome by knocking down the expres-
sion of a gene on chromosome 13 (coding for Uniprot ID B8JIY?2), which was identified as the TCOF I orthologue. However,
database updates renamed this gene as nolcl and the zebrafish database (ZFIN) identified a different gene on chromosome
14 as the TCOFI orthologue (coding for Uniprot ID E7F9D9). NOLC1 and TCOF1 are large proteins with unstructured
regions and repetitive sequences that complicate alignments and comparisons. Also, the additional whole genome duplica-
tion of teleosts sets further difficulty. In this study, we present evidence that endorses that NOLC1 and TCOF1 are paralogs,
and that the zebrafish gene on chromosome 14 is a low-complexity LisH domain-containing factor that displays homology
to NOLC1 but lacks essential sequence features to accomplish TCOF1 nucleolar functions. Our analysis also supports the
idea that zebrafish, as has been suggested for other non-tetrapod vertebrates, lack the TCOFI gene that is associated with
tripartite nucleolus. Using BLAST searches in a group of teleost genomes, we identified fish-specific sequences similar to
E7F9D9 zebrafish protein. We propose naming them “LisH-containing Low Complexity Proteins” (LLCP). Interestingly, the
gene on chromosome 13 (nolcl) displays the sequence features, developmental expression patterns, and phenotypic impact
of depletion that are characteristic of TCOFI functions. These findings suggest that in teleost fish, the nucleolar functions
described for both NOLCI and TCOFI mediated by their repeated motifs, are carried out by a single gene, nolcl. Our study,
which is mainly based on computational tools available as free web-based algorithms, could help to solve similar conflicts
regarding gene orthology in zebrafish.

Keywords Treacher-Collins syndrome - Nucleolus - Craniofacial development - Zebrafish - Intrinsically disordered
proteins - Gene annotation - ZFIN

Introduction

Biomedical researchers have used the favorable character-
istics of the zebrafish, Danio rerio, to study a wide range
of topics including its development, natural biology, and
behavior (Parichy 2015). Additionally, the zebrafish has
been an invaluable model for understanding gene func-
tion in humans, particularly in regards to disease-related
genes. The ability to perform gene ablation, to study
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mutant and morphant phenotypes, and to efficiently char-
acterize gene expression and function in zebrafish has
greatly enhanced our understanding of human gene func-
tion (Santoriello and Zon 2012; Bradford et al. 2017; Col-
lin and Martin 2017). To evaluate gene functions across
species, distinguishing between orthologs (genes derived
from a common ancestor) and paralogs (genes arising from
duplication events) is crucial. Various methods have been
proposed to determine orthologies, such as the recipro-
cal best hits (RBH), phylogenetic analysis, and conserved
synteny analysis (Postlethwait 2006; Nichio et al. 2017).
While these approaches have proven valuable, they can
pose challenges in situations with uneven or rapid rates of
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evolution, concerted evolution, partial sequences, inser-
tions, deletions, translocations, and duplications, including
whole genome duplications (WGD) as observed in teleosts
(Locascio et al. 2002; Wall et al. 2003). Furthermore, pro-
teins without well-defined structures, such as intrinsically
disordered proteins (IDPs), raise difficulties in sequence
similarity and phylogenetic studies due to their higher
evolutionary rates and compositional biases (Midic et al.
2009; Lange et al. 2016).

The biogenesis of ribosomes is one of the most important
processes in the cell. It is responsible for as much as 95% of
total transcription and consumes more than 60% of cellular
energy (Grzanka and Piekietko-Witkowska 2021). NOLCl1
(Nucleolar and Coiled-body phosphoprotein 1, also known
as Nopp140, nucleolar protein, 130-KD, p-130) and TCOF1
(Treacle ribosome biogenesis factor, also known as treacle)
are believed to function as molecular chaperones, deliver-
ing small nucleolar ribonucleoprotein complexes (snoRNPs)
to the nucleolus where pre-ribosomal RNA is synthesized,
cleaved, chemically modified, and assembled into large and
small ribosomal subunits (He and DiMario 2011). These
proteins have been related as paralogs (He and DiMario
2011; Werner et al. 2015; Sochacka et al. 2022) although
no systematic study has been published yet. Orthologues of
NOLC1 have been identified in an evolutionarily wide range
of eukaryotes from yeast to human, but TCOF1I appears to
be more restricted (He and DiMario 2011).

Proteins containing stretches of amino acids that lack a
stable tertiary structure and provide relative motional free-
dom are known as IDPs or natively unstructured protein
(Van Der Lee et al. 2014). These regions are considered to
be an inherent characteristic of the protein, and are found in
many different types of proteins. Two examples of IDPs are
NOLCI1 and TCOF1 (Na et al. 2018), which contain exten-
sive unstructured regions (IDRs, intrinsically disordered
regions) spanning more than 80% of their sequences. Both
proteins share an amino-terminal Lissencephaly Type-1
homology (LisH) motif in their amino termini, and a large
unstructured central repeat domain consisting of alternating
acidic and basic motifs (He and DiMario 2011). NOLC1 and
TCOF1 may be multifunctional: the large central domains of
these proteins serve as scaffolds for delivering and position-
ing snoRNPs within nucleoli. NOLC1 and TCOF1 interact
with Pol I transcription machinery (He and DiMario 2011,
Werner et al. 2015). Nolcl is required for normal develop-
ment in Drosophila, while TCOF I is critical for mamma-
lian neural crest cell development (He and DiMario 2011).
Loss of TCOF 1 function causes a nucleolar stress response
that initiates p5S3-mediated apoptosis in embryonic neural
epithelial and neural crest cells leading to the Treacher Col-
lins—Franceschetti Syndrome (TCS) in humans, a collection
of craniofacial malformations (Dixon et al. 1997). Beyond
the roles described above for TCOF1 and NOLCl, it is likely
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that, taking into account their size and modular nature, their
biological functions have not yet been fully described.
Recently, we modeled TCS in zebrafish inducing ZDB-
GENE-030131-6349 knock-down by translation-blocking
Morpholino injection (De Peralta et al. 2016; Rosas et al.
2019). This zebrafish TCS model recapitulated all the patho-
logical hallmarks described for the human syndrome and
the murine model. However, lately, in genomic databases
including The Zebrafish Information Network (ZFIN), ZDB-
GENE-030131-6349 was annotated as a NOLC1 orthologue
and not as a TCOFI orthologue as stated by Weiner et al.
(Weiner et al. 2012). Moreover, in ZFIN and other data-
bases (e.g., NCBI), there is a gene annotated as TCOF'1
orthologue, ZDB-GENE-141219-12 (coding for Uniprot ID
E7F9D09). In this study, utilizing freely available computa-
tional tools as web-based algorithms, we present evidence
that confirms the paralogy between NOLC1 and TCOF1
and challenges the classification of ZDB-GENE-141219-12
(ENSDARGO00000087555) as a ortholog of TCOF1, at least
at the functional level. Additionally, we demonstrate that
Uniprot ID B8JIY2 coded by ZDB-GENE-030131-6349
(ENSDARGO00000024561) possesses the appropriate struc-
tural characteristics to fulfill both NOLC1 and TCOF I nucle-
olar functions, and exhibits a compatible expression profile
during embryonic development in zebrafish. Considering
the significance of accurate gene annotation in biomedical
research, along with the challenges posed by IDPs and dupli-
cated genomes in zebrafish, we consider that our analysis
can provide valuable insights to the scientific community.

Materials and Methods
Sequences and Alignments

Protein sequences were mostly obtained from the Uni-
prot database (https://www.uniprot.org/) [Last accessed:
2/15/2024]. The IDs of the TCOF1 and NOLC1 pro-
teins selected for this work were, respectively: Q13428
and Q14978 (human), O08784 and E9Q5C9 (mouse),
AOA6I8SC14 and F6EXPNG6 (Xenopus tropicalis), Q5G8Z4
and Q91803 (Xenopus laevis). IDs selected for Danio rerio
proteins were B8JIY2 (product of ENSDARG00000024561
gene) and E7F9D9 (product of ENSDARG00000087555
gene). Additional sequences included in the phylogenetic
analysis are detailed below [Last accessed: 6/15/2024].
RBH analysis were performed manually using the
TBLASTN and BLASTP algorithms in Ensembl (https://
www.ensembl.org/Tools/Blast, human genome assembly
GRCh38.p14 (GCA_000001405.29) and zebrafish assem-
bly GRCz11 (GCA_000002035.4)) and in NCBI (https://
blast.ncbi.nlm.nih.gov/Blast.cgi, human GRCh38.p14
reference assembly RS_2023_10 and zebrafish GRCz11
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reference Annotation Release 106). Uniprot ID E7F9D9
(current zebrafish Tcofl according ZFIN) and human
TCOF1 (Q13428) were the queries.

Protein Uniprot sequences were aligned using the Align
tool (https://www.uniprot.org/align) under default settings
(program: clustalo; version: 1.2.4; guidetreeout: true, add-
formats: true; iterations: 0, Outfmt: clustal num, order:
input) and the results were downloaded as the percent iden-
tity matrix. Similarity values among these proteins were
obtained using the Pairwise alignment tool from the Protein
Information Resource (PIR) webpage (https://proteininf
ormationresource.org/pirwww/search/pairwise.shtml) and
the UniprotKB identifiers taken in pairs (Smith and Water-
man 1981).

Multiple sequence alignments (MSA) for the molecu-
lar phylogenetic tree construction were obtained using the
COBALT (COnstraint Based ALignment Tool) algorithm
(Papadopoulos and Agarwala 2007) available at the NCBI
site. Highly variable sites were removed using BMGE
software (Criscuolo and Gribaldo 2010) with the follow-
ing parameters: Estimated BLOSUM matrix = 62, sliding
windows size = 3; Maximum entropy threshold = 0.5; Gap
rate cut-off = 0.5; Minimum block size = 3 (see Suppl. Fig
1 for de MSAs). Amino Acid substitution model prediction
was conducted using Aminosan (Tanabe 2011), and sub-
sequent Bayesian phylogenetic inference analysis was per-
formed with the software MrBayes 5D, a modified variant
of MrBayes (Ronquist and Huelsenbeck 2003) which allows
a wider range of amino acid substitution models (available
at https://www.fifthdimension.jp/products/mrbayes5d/). The
specified model was VIT + G + F (Yang 1994; Miiller and
Vingron 2001; Wang et al. 2008) for amino acid substitu-
tion. Two independent runs with four Markov Chain Monte
Carlo simulations were performed for 5 million iterations,
and trees were sampled every 1000th generation. The first
25% of trees were discarded as burn-in. Mixing and conver-
gence were visually assessed by examining likelihood scores
and estimated sample sizes of MCMC runs using the soft-
ware Tracer (Rambaut et al. 2018). Finally, phylogenetic tree
editing was conducted using FigTree-version 1.4.3 (http://
tree.bio.ed.ac.uk/software/figtree/). This analysis involved
50 protein sequences. Additional protein sequences were
downloaded from Ensembl and NCBI databases. See Suppl.
Table 1 for more details. Tree rooting was performed using
NOTUNG 2.9 (Chen et al. 2000) using a species tree gener-
ated by PhyloT (https://phylot.biobyte.de/). The tree graphic
was created using the open-source vector graphics editor
Inkscape (https://inkscape.org/).

Identification of Homologous Sequences

TBLASTX, which is a bioinformatic tool on Ensembl,
was used for identifying homologous proteins in different

species, even if the genes for those proteins have diverged
significantly at the DNA sequence level. TBLASTX com-
pares a genomic DNA sequence query translated to protein
in all six possible reading frames to a translated nucleo-
tide database using the BLAST algorithm (finds similar
sequences by looking for short regions of high sequence
identity). The query sequences, used to analyze NOLCI1
and TCOF1 homologs in tetrapods, were nolcl.L 10.1 (XB-
GENE-6252171) and tcof1.S 10.1 (XB-GENE-6253275)
from Xenopus laevis. Configurations: Maximum E-value for
reported alignments le-1. Options: with filters for low-com-
plexity regions. In our quest to identify zebrafish E7TF9D9
homologs (see below), we conducted additional BLASTP
searches in both the NCBI and Ensembl (https://www.ensem
bl.org/Tools/Blast) databases, using E7F9D?9 as a reference,
against the available fish genomes. The proteins codified by
the hits obtained in this way were further analyzed and spe-
cifically selected in terms of (i) presence of a LisH motif in
the amino terminal, (ii) presence of intrinsically disordered
low-complexity regions (identified by MOBI-DB) and (iii)
the position of each hit's coding gene located near the “arsi”
gene (mirroring the zebrafish E7TF9D9 coding gene's loca-
tion in the reference genome).

Selection Analyses

The ratio of non-synonymous (f§) to synonymous (o) sub-
stitutions (dN/dS) was calculated using MrBayes (Ronquist
and Huelsenbeck 2003) and several algorithms provided
by the Datamonkey web server (Weaver et al. 2018) within
the HyPhy software package (http://www.datamonkey.org)
(Kosakovsky Pond et al. 2020). For MrBayes selection stud-
ies, we constructed three distinct protein alignments for each
family under investigation by means of the COBALT algo-
rithm. These alignments were then used to perform three
codon-aware MSAs, integrating the corresponding coding
sequences. This step was carried out using a custom-built
program developed with Biopython (https://biopython.org/).
The same codon-aware alignments were employed for the
Fixed Effects Likelihood (FEL) (Kosakovsky Pond and Frost
2005), Branch-site Unrestricted Statistical Test for Episodic
Diversification (BUSTED) (Murrell et al. 2015) and Fast
Unconstrained Bayesian Approximation (FUBAR) (Murrell
et al. 2013) algorithms of the Datamonkey server. Addi-
tionally, Contrast-FEL (Kosakovsky Pond et al. 2021) was
applied using a full codon-wise MSA that included all three
genes of interest. Significance level or posterior probability
thresholds were set as default by each algorithm.

LisH Domain Detection

To evaluate the presence of LisH domains within the pro-
tein structures studied in this work we used the ScanProsite
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bioinformatic tool (https://prosite.expasy.org/scanprosite/)
(de Castro et al. 2006). Protein sequences (in FASTA format)
and the LisH motif (as the PROSITE accession PS50896)
were provided and scanned them against each other.
All the other options were left as default [Last accessed:
12/23/2022]. A match with a normalized score of 9.0 or
higher is expected to occur about once in a database of
one billion residues. A normalized score of 8.5 is typically
defined as the default cut-off value in PROSITE profiles.

Syntenic Analysis

Visualization and analysis of the genomic context and evo-
lutionary conservation of TCOF1 and NOLC1 genes were
first done on Genomicus (Muffato et al. 2010; Thi et al.
2021), a freely available web-based tool at Genomicus
v110.01-Gene Search. The genomic data used in Genomi-
cus is obtained from the Ensembl database and the search
for this data was conducted using gene names. The refer-
ence genes human NOLCI (ENSG00000166197) and
TCOF1 (ENSG00000070814) were compared to the root
species “Vertebrata” that includes rhesus, mouse, chicken,
frog, and the zebrafish genomic context. The AlignView
tool was utilized to display an alignment between the genes
contained within the genomic region of the reference gene
and their respective orthologues in other species. The online
tool displays a graphical representation of the reference gene
in the center with 15 neighboring genes on both sides, as
well as orthologs and paralogs of the query genes in their
own respective genomic regions, also with 15 neighboring
genes. To improve the readability of the figure, the image
was cropped to show 3 of the syntenic blocks surrounding
each gene of interest. The synteny results obtained from
Genomicus, particularly the genes surrounding the LLCPs
(that includes zebrafish E7F9D9, see below), were manu-
ally validated and cross-checked using genomic browsers
(NCBI and Ensembl) for a more accurate examination of
the chromosomal region housing the genes of interest. This
meticulous process was undertaken to confirm the presence
of genes in each contiguous chromosomal region that could
not result properly rendered by Genomicus. Therefore, it was
important not to depend exclusively on this computational
resource.

Intrinsic Protein Disorder Analysis

MobiDB 5.0 database (Piovesan et al. 2023) (https://mobidb.
bio.unipd.it/) was searched using the Uniprot IDs of D.
rerio and human proteins. MobiDB disorder predictions
are generated with MobiDB-lite. MobiDB-lite executes up
to 9 different disorder predictors, collects the outputs and
calculates a consensus. At least 62.5% of predictors must
agree to assign disorder state to a residue. MobiDB provides
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extra information from various sources and prediction tools
(https://mobidb.bio.unipd.it/about/vocabulary#publicatio
nslist).

Repetitive Domain Analysis

Detection and alignment of internal repeats in TCOF1 and
NOLCI1 orthologues was performed using the web interface
for RADAR (Rapid Automatic Detection and Alignment of
Repeats) available at https://www.ebi.ac.uk/jdispatcher/pfa/
radar (Heger and Holm 2000) and following the two steps
indicated on the server.

Expression Analysis During D. rerio Developmental
Stages

Baseline expression of ENSDARGO00000024561 (cur-
rently annotated as nolc/) and ENSDARGO00000087555
(si:ch73-308114.2) from transcriptional profiling of
zebrafish developmental stages (RNA-Seq mRNA base-
line expression in TPM, transcripts per kilobase mil-
lion) (White et al. 2017) was downloaded from Expres-
sion Atlas [Last accessed: 12/20/2022] (https://www.
ebi.ac.uk/gxa/home) and presented as a line plot versus
embryological stage. For demonstration purposes, we
also include in this analysis two other ribosomal biogen-
esis factors: utp4 (ENSDARGO00000017675) and rbm28
(ENSDARG00000025332).

Single-cell RNA sequencing expression data from
zebrafish embryos during the first day of development
was also obtained from Wagner et al. (2018) for nolcl,
LOC100329277 (previous gene symbol of E7FID9 coding
locus) and sox10 (as a neural crest marker). The single cell
expression data was explored using the SPRING tool (Dr.
Allon Klein lab, Harvard University, (Weinreb et al. 2018)).
SPRING plots of single-cell expression data were gener-
ated for different genes of interest at https://kleintools.hms.
harvard.edu/tools/springViewer_1_6_dev.html?cgi-bin/cli-
ent_datasets/fish_embryo_timecourse/full. For comparison,
a similar analysis was performed for frog embryos span-
ning zygotic genome activation through early organogen-
esis using the single cell expression data from Briggs et al.
(Briggs et al. 2018) also available in SPRING-based inter-
face (https://kleintools.hms.harvard.edu/tools/spring View
er_1_6_dev.html?cgi-bin/client_datasets/xenopus_embryo_
timecourse_v2/full). Also, spatial and temporal transcrip-
tomic data from microdissections taken from Xenopus laevis
embryos in the course of neurulation was obtained using the
EctoMap expression datasets available from Monsoro-Burq
lab resources (https://monsoro-lab-ectomap.shinyapps.io/
EctoMAP/, (Plouhinec et al. 2017). The expression counts
data (in RPKM units) obtained for nolcl, tcofl, snai2 and
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pax3 genes were extracted from the original datasets and
plotted against tissue origin at stage 12 and 14.

Results and Discussion

TCS is an autosomal dominant disorder of craniofacial
development, and mutations in the TCOF I gene are respon-
sible for about 90% of TCS cases (Vincent et al. 2016).
Although it is acknowledged that TCS is a ribosomopathy
because TCOF I mutations affect ribosome production (Rob-
son et al. 2016; Falcon et al. 2022), the molecular mecha-
nisms underlying the TCS are not well understood (Calo
et al. 2018; Fitriasari and Trainor 2021; Falcon et al. 2022).
To gain insight into the disease, and having in mind the
advantages of zebrafish models in biomedical research,
efforts were performed to identify and study Danio rerio
putative TCOF1 ortholog by Weiner et al. (2012). After
several in silico and in vivo studies the authors arrived
at the conclusion that Uniprot B8JIY2 encoded by ZDB-
GENE-030131-6349 in chromosome 13 might be the
TCOF1 ortholog in zebrafish. However, later, this gene was
re-named as nolcl and a different gene, on chromosome 14
(ZDB-GENE-141219-12 encoding E7TF9D9), was annotated
as the TCOFI orthologue in D. rerio.

To decipher these annotations, we conducted RBH analy-
sis on the NCBI and Ensembl databases (Suppl. Fig. 2) using
TBLASTN and BLASTP algorithms. Our queries were
the zebrafish E7TFOD9 and human TCOF1 proteins. While
TBLASTN algorithm did not generate hits in any database,
BLASTP results provided some reciprocity but the align-
ments were between 47 and 52 amino acid residues long
(with 34-40% of identity). Taking into account that these
proteins are large (628 to 1488 residues) and the alignments
were only 40 to 50 residues long, that not all the algorithms
and databases agreed, and that the NCBI database provided

both E7DI9F9 and NOLC1 (B8JIY2) proteins as significant
alignments for human TCOF1, we decided to deepen our
analysis on this ortholog/paralog conundrum. So, we con-
ducted MSAs of the zebrafish proteins designated as ortho-
logues of TCOF1 and NOLC1 (Uniprot identifiers E7TF9D9
and B8JIY2, respectively) together with the NOLC1 and
TCOF]1 proteins from H. sapiens, M. musculus, X. laevis,
and X. tropicalis (see Table 1). Zebrafish B8JIY2 shows
more sequence identity to NOLC1 orthologues (40 to 50%)
than to TCOF1 orthologues (26 to 30 %). E7TF9F9 shows
about 23 to 28% of identity to NOLC1 proteins and even
less to TCOF1 proteins (19 to 23%). It is worth noting both
B8JIY2 and E7E9F9 proteins show higher identity per-
centages to human NOLCI than to TCOFI. Finally, it is
worth mentioning that the original findings from Weiner
et al. (2012) based on similarity (not identity) among these
proteins indicated higher similarity of B8JTY2 with TCOF1
than with NOLCI1 proteins. Via pairwise alignments we
analyzed similarity among these proteins (Table 1). Using
this algorithm, B8JIY2 exhibited more similarity to NOLC1
(63-65%) than to TCOF1 (52-54.5%) orthologues while
E7F9D9 showed equivalent similarity values to both types
of proteins (approx. 52%). Sequence homology is assigned
based on the definition of a similarity matrix that allo-
cates scores and over the years these matrices evolved and
employed different approximations to compute similarity
and to calculate scores. Also, as previously mentioned,
NOLCI1 and TCOF1 are IDPs, meaning they lack well-
defined structural domains and a stable tertiary structure.
Algorithms underlying existing MSA software are directly
or indirectly based on knowledge obtained from studying
3D protein structures (Lange et al. 2016), and so, these
procedures may not be fully reliable when performed on
IDPs. Altogether, these results indicated that deeper analysis
were necessary to disentangle these protein orthologies in
zebrafish.

Table 1 Identity and similarity of the putative zebrafish Nolcl and Tcof1 proteins compared with human, mouse and amphibian orthologues

PROTEIN Uniprot TCOF1 orthologues NOLC1 orthologues

(species) ID I il
TCOF1 (H. sapiens) Q13428 26.80 25.86 26.96 20.86 24.43 2598 27.37 2875
TCOF1 (M. musculus) 008784 69.8 26.65 27.20 21.34 2453 2496 2780 27.62
TCOF1 (X. tropicalis) ADA6I8SC14 52.9 53.2 29.68 2232 2422 2459 27.61 28.02
TCOF1 (X. laevis) Q5G8z4 55.3 54.1 68.0 19.58  22.00 22.46 25.88 26.44
D. rerio B8JIY2 52.6 53.3 52.4 52.4 4210 4167 47.71  48.03
D. rerio E7F9D9 52.1 54.6 52.6 52.4 54.3 25.89  27.34  27.24
NOLCL1 (H. sapiens Q14978 49.6 53.8 54.3 52.1 63.2 50.7 7281 4473 4451
NOLC1 (M. musculus) E9Q5C9 51.7 54.4 53.8 51.4 63.6 55.4 86.6 4455  43.60
NOLCL1 (X. tropicalis) F6EXPN6 55.5 55.5 51.3 52.2 64.0 53.1 56.5 56.7 84.80
NOLC1 (X. laevis) Q91803 56.1 54.1 55.7 51.5 65.1 52.7 61.9 64.2 84.8

Values are expressed as percentage of sequence identity, and were obtained from the protein multiple alignment with Clustal 2.1. Similarity per-
centages were obtained from pairwise alignment on PIR (shaded in gray). Zebrafish percentages are in red
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The unique structured motif that has been consistently
identified in both NOLC1 and TCOF1 proteins is the
LisH domain, predicted to be two a-helices (Emes 2001).
The 33-residue LisH motif (see Logo in Suppl. Fig. 3) is
found in eukaryotic intracellular proteins and is involved
in microtubule dynamics, cell migration, nucleokinesis,
and chromosome segregation (Gerlitz et al. 2005). There-
fore, to investigate this motif in the zebrafish orthologues
of these proteins, we searched for the LisH domain using
the ScanPROSITE engine in the versions of TCOF1 and
NOLCI proteins from zebrafish (D. rerio), human (H.
sapiens), mouse (M. musculus), X. tropicalis and X. lae-
vis. The results (shown in Suppl. Fig. 3) indicate that all
of the proteins have LisH motifs with similar good scores
(all above 8).

In view of the previous results and beyond the limitations
of MSAs with IDPs, we constructed a molecular phyloge-
netic tree based on COBALT alignment (MSA available in
Suppl Fig. 1) and using Bayesian inference, incorporating
statistical support such as posterior probabilities of branches.
Before this, we verified the presence of orthologues in sev-
eral vertebrates using the TBLASTX tool as described in
Material and Methods. During this analysis, we noticed a
significant finding concerning the #cofI gene: the presence of
a TCOF1 orthologue in coelacanths (Latimeria chalumnae)
whose genome has been sequenced (Nikaido et al. 2013).
The results confirmed that NOLC1I and TCOF'I have ortho-
logues in a variety of vertebrates (He and DiMario 2011). In
particular, results for TBLASTX on the Danio rerio genomic
sequences endorsed that BSJIY?2 has a good sequence iden-
tity to the Xenopus laevis query sequence (nolcl.L) as shown
by Clustal alignment (Table 1). However, the percentage of
identity for X. laevis tcofl1.S hits in the zebrafish genome
was low, raising again doubts regarding the phylogenetic
relationships between these proteins. In order to gather
more homologous sequences to calculate the phylogenetic
tree, we conducted additional BLAST searches in both the
NCBI and Ensembl databases, using zebrafish E7TF9D9 as
a reference, against the available fish genomes. Our search
strategy identified proteins that mainly aligned with the
LisH motif region. Since these proteins lack the S/E-rich
repeats characteristic of NOLC1 and TCOF1 (See below
and Suppl. Fig. 4), we suggest naming them LisH-containing
Low-Complexity Proteins (LLCPs). We analyzed NOLCI,
TCOF1 and LLCP protein sequences from a range of ver-
tebrates, including mammals (human and mouse), reptiles
(lizards and turtles), amphibians (X. laevis, X. tropicalis and
spiny toad), a lobe-finned fish (coelacanth), cartilaginous
fishes (elephant shark and great white shark), teleost fishes
(zebrafish, cod, fugu, medaka, carp, barbel, tilapia, etc.) and
non-teleost fishes (spotted gar and sea lamprey). We also
included an invertebrate, Caenorhabditis elegans, in our
analysis (refer to Suppl. Table 1 for gene names and IDs).
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The calculated tree is displayed in Fig. 1. While the phy-
logeny demonstrates clear separation between these protein
families, resolution is hampered within the NOLC1 clus-
ter, particularly in fish species. Polytomies observed in this
region might be due to difficulties in aligning the protein
sequences, errors in the sequence data, or the absence of
information from certain fish species. Coelacanth and chan-
nel catfish NOLCI are closely related but also contribute to
the complex branching pattern in this part of the tree. On the
other side, TCOF1 and LLCP proteins form distinct clusters
but share a common ancestral lineage that branches from a
node shared by a subset of NOLCI1 proteins (fish NOLC1).
LLCP appears to have undergone more rapid evolutionary
changes compared to TCOF]1. In this context, a dN/dS analy-
sis using several algorithms (Suppl. Fig. 5) suggests that
NOLC]I genes are under stronger purifying selection, while
LLCP genes are experiencing more diversifying selection,
with TCOF1 genes in an intermediate position. Since diver-
gence under positive selection is one of the key models by
which duplicate genes contribute to new functions (Rosello
and Kondrashov 2014), these dN/dS studies suggest that
LLCP genes may be undergoing such a process.

While it has been previously suggested in the literature
(He and DiMario 2011; Calo et al. 2018; Jaberi-lashkari
et al. 2022) that TCOFI may have originated from a dupli-
cation event of NOLCI, this is the first phylogenetic study
confirming this paralogy. Even though phylogenetic relation-
ships among coelacanths, lungfishes and tetrapods are still
debated (Irisarri and Meyer 2016), previous reports have
placed both sarcopterygians in a close evolutionary asso-
ciation with tetrapods. Lungfish is, at the date, the closest
living relative to tetrapods (Meyer et al. 2021), but coela-
canths were considered transitional species between fish and
tetrapods and its genome has provided insights into tetra-
pod evolution (Amemiya et al. 2013; Nikaido et al. 2013).
Unfortunately, our attempts to identify NOLCI and TCOF1
orthologs in lungfish were unsuccessful. Lungfishes are sar-
copterygian fish with notably large genomes (Meyer et al.
2021) so the absence of a BLAST hit could be attributed to
a problem with the current assembly of its genome or the
depth of sequencing coverage. Nonetheless, the presence of
a TCOF1 ortholog in coelacanths suggests that it could have
played a role in the evolution of unique morphological and
physiological characteristics in tetrapods, potentially con-
tributing to their transition from water to land. Referring to
previous research (Jaberi-lashkari et al. 2022), the presence
of TCOF1 orthologs correlates with the presence of a nucle-
olar fibrillar center (FC) in species that span the transition
to amniotes. According to this study, the authors noted that
Xenopus, which is not an amniote, has a TCOF'I ortholog
and the ability to form a FC. Our findings suggest that the
emergence of TCOFI may have played a role in evolution
of tetrapods rather than specifically in amniotes. Given the
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Fig. 1 Bayesian phylogenetic
tree inferred from an align-
ment of 49 vertebrate protein
sequences plus C. elegans
(invertebrate) NOLC1 (See
Suppl. Table 1 for full details).
The tree displays species names
and protein names are indicated
to the right TCOF1 (red),
NOLCI1 (purple) and LLCP
(blue). C. elegans NOLC1 was
used as an outgroup for rooting
the phylogenetic tree. Arrows
highlight specific zebrafish
proteins: LLCP (E7F9D9) and
NOLCI1 (B8J1Y2). The scale
bar represents the number of
expected substitutions per site.
Bayesian posterior probability
values are indicated above the
branches. The black arrows
indicate zebrafish proteins
(Color figure online)
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unique features observed in the tree, stemming from poten-
tially unreliable protein alignments, we explored alternative
approaches in our study in order to refine the results.
Conserved blocks of genomic sequences among species
play a crucial role in identifying orthologous genes and
support gene function annotation as well as understanding
evolutionary relationships (Barbazuk et al. 2000). In line
with this, we first conducted a synteny analysis using the
Genomicus database (Thi et al. 2021). Genomicus is a con-
served synteny browser that includes all genomes available
at Ensembl in a phylogenetic context and it has the use-
ful feature that it can reconstruct ancestral gene organiza-
tions (Thi et al. 2021). According to the results obtained
from Genomicus, Rhesus nolcl on chromosome (chr) 9 and
mouse nolcl on chr 19 show conserved synteny regarding
human NOLC1 on chr 10. Similarly, chicken nolcl exhibits
conserved syntenic blocks on chr 6. Despite ongoing updates
to the Genomicus database reflecting improvements in ref-
erence genomes and serving as a valuable resource for the
molecular evolution community, challenges arose due to
unplaced scaffolds in several species. Furthermore, upon
conducting manual local synteny searches in data browsers
for Danio rerio, frogs (Xenopus and Bufo bufo), and Coe-
lacanth, we observed discrepancies between the genome
browsers synteny and the synteny displayed in Genomicus
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(Genomicus). Upon manually examining the genomes of
various bonny fish species (including zebrafish, common
carp, indian medaka, zebra mbuna, spotted gar, and chan-
nel catfish), we identified a consistent pattern across these
species. Specifically, we noted that two genes (mrps6 and
psap) were consistently located to the left of nolcI (Fig. 2),
while two other genes (micul and mcu) were consistently
located to the right, indicating a conservation of local syn-
teny among them but showing a weakly conserved synteny
with sharks, coelacanth, and tetrapods. According to data-
bases, human gene TCOF is located on chr 5 (GRCh38 5:
150,357,629-150,400,308 [+]). The AlignView option of
Genomicus revealed a strong conservation of TCOF [ -asso-
ciated syntenic blocks among humans, primates and rodents.
In Genomicus, the chicken genome showed a high degree of
synteny with the human genome in the regions associated
with chr 5 (Hsa5) and chr 13 (not shown). The presence
of unplaced scaffolds imposed the use of manual searches
in the NCBI and Ensembl databases to identify the genes
flanking TcofI in frogs (X. tropicalis chr 3, X. laevis chr 3.S)
and Coelacanth (chr unknown) in order to establish synteny.
Overall, we observed that the Tcof1 gene is located between
arsi and cd74 genes and shares conserved local syntenies to
Hsa5 in tetrapods. We also conducted manual searches on
zebrafish chr 14, particularly the chromosome region of the
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Fig.2 Local synteny analysis of NOLC1, TCOF1 and LLCP-coding
gene (fish homologs of E7F9D9). The alignment and visualization
of the genomic sequences are shown in a schematic scale (image
adapted from Genomicus Database). The reference genes are human
NOLCI (orange) and TCOF1 (green), with the zebrafish E7TF9D9
(blue) as the reference gene in fishes. All their putative orthologs
are centered. Chromosome segments show gene order, gene orienta-
tion, and gene loss or undefined gene (uncharacterized gene within
conserved regions in the diverse vertebrates. Arsi (cyan), camk2a
(purple) and ndst2 (blue) genes are highlighted to emphasize their
positions. Arrows show zebrafish chromosomes. abcg2c, ATP-bind-
ing cassette sub-family G, member 2c; acsllb, acyl-CoA synthetase
long chain family member 1b; adadl, adenosine deaminase domain
containing 1 (testis-specific); arhgapl2, Rho GTPase activating pro-
tein 12; ARSI, arylsulfatase family member I; CAMK2A, calcium/
calmodulin dependent protein kinase II alpha; CAMK2G, calcium/
calmodulin dependent protein kinase II gamma; CD74, CD74 mol-
ecule; CDX1, caudal type homeobox 1; cetn4, centrin 4; cntnap3,
contactin-associated protein-like 4; CSL2, L-rhamnose-binding lec-
tin; ELOVL3, Very long chain fatty acid elongase 3; epclb, enhancer
of polycomb homolog 1; etfl, eukaryotic translation termination fac-
tor 1; 8, coagulation factor VIII, procoagulant component; GBF1,
golgi brefeldin A resistant guanine nucleotide exchange factor 1;
HPS6, biogenesis of lysosomal organelles complex 2 subunit 3; ik,

D. rerio genome containing the gene coding for E7TF9D9 (or
zebrafish LLCP, as mentioned above). LLCP coding gene is
adjacent to “acslib” (acyl-CoA synthetase long chain fam-
ily member 1b) and “arsia” (arylsulfatase family, member
ITa) to the left, followed by “f8” (coagulation factor VIII,
procoagulant component) and “slc/6a2” (solute carrier
family 16 member 2) to the right. This region of zebrafish
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IK cytokine; ik17B, interleukin-17B; il21, interleukin 21; itgblb.1,
integrin beta 1b.1; LDB1, LIM domain binding 1; LOC103181598,
annexin All (elephant shark); lrrndcl LRRN4 C-terminal like;
mcu, mitochondrial calcium uniporter; micul, mitochondrial cal-
cium uptake 1; mrps6, mitochondrial ribosomal protein S6; ms4a4d,
membrane-spanning 4-domains subfamily A member 4D; MYOZ1,
myozenin 1; myoz3a, myozenin 3a; NDST1, N-deacetylase and
N-sulfotransferase 1; NDST2A. N-deacetylase/N-sulfotransferase
(heparan glucosaminyl) 2a; NDST2, N-deacetylase and N-sul-
fotransferase 2; ndufa2, NADH:ubiquinone oxidoreductase subunit
A2; NSTI, stress response protein NST1; oit3, oncoprotein induced
transcript 3; PITX3, paired like homeodomain 3; polr3a, polymerase
(RNA) III (DNA directed) polypeptide A; PPRC1, PPARG related
coactivator 1; ZBED8-like—LOC121005645 Bufo bufo; psap, prosa-
posin; rapgef6, Rap guanine nucleotide exchange factor 6; rnf20, ring
finger protein 20, E3 ubiquitin protein ligase; rpl26, ribosomal protein
L26; RPS14, ribosomal protein S14; SEC24 homolog C, COPII coat
complex component; SLC16A2, solute carrier family 16 member 2;
slc29a3,solute carrier family 29 member 3; SLC6A7, solute carrier
family 6 member 7; SYNPO2L, synaptopodin 2 like; tmco6, trans-
membrane and coiled-coil domains 6; ugt8 2-hydroxyacyl sphingo-
sine 1-beta-galactosyltransferase; Unch: uncharacterized; vsir, V-set
immunoregulatory receptor (Color figure online)

chr 14 does not share conserved synteny with Hsa5. Simi-
larly, upon searching for NCBI orthologs of zebrafish LLCP
(E7F9D9) coding genes (some of them are named “fcof1”)
89 fish genes are shown. Just by looking at a few of them,
the LLCP-coding genes in fish species like common carp,
indian medaka, zebra mbuna, channel catfish and the non-
teleost fish spotted gar are located next to an orthologue of
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“arsia” but does not share a conserved synteny with Hsa5
nor with D. rerio chr 14.

Intriguingly, we were unable to detect a shark sequence
coding for either TCOF1 or LLCP. Moreover, the elephant
shark (also the white shark, not shown) displays local syn-
teny around nolcl (ndst2a/camk2g2a/arsi/nolcl) that is
reminiscent of the local synteny detected for coelacanth”s
nolcl and tetrapod’s genes coding for TCOF1, as well as
partially similar to the spotted gar’s gene coding for LLCP
(see highlighted genes in Fig. 2 and Suppl. Fig 6 for MSAs
of the proteins coded by camk2g and ndst2). Shark nolcl
local synteny contrasts with that presented by the NOLC1
genes of tetrapods (except B. bufo) and teleost fish. These
findings suggest a possible evolutionary divergence in the
region surrounding the NOLC1 gene in bony vertebrates.

Collectively, this data suggests that the current naming
system for genes in zebrafish and other fish species may not
accurately represent their relationships with genes in other
species, particularly in terms of their genomic organization.
In order to maintain caution in the annotation of these genes
(which often impacts multiple databases and is difficult to
reverse) we suggest the name LLCP for E7F9DO-like pro-
teins until more information is available to support their
homology relationships.

Given that synteny analysis alone is not conclusive,
and taking into account that low sequencing coverage of
genomes might impact the accuracy of the analysis (Liu
et al. 2018), to further investigate the orthology of the
zebrafish LLCP, we explored other tools available.

The functional specificity of proteins is expected to be
conserved among orthologs and to be different among para-
logs (Mirny and Gelfand 2002). So, amino acid sequences,
particularly those that are related to the protein's function
(e.g., the active site, regulatory/interacting regions) can pro-
vide valuable information in distinguishing orthologs from
paralogs, even in IDPs. Given the assumption of specific-
ity conservation among orthologs and differing specificity
among paralogs, we directed our focus towards the disor-
dered regions of these proteins. To explore the presence
of IDRs in the zebrafish orthologues of these proteins, we
used the MobiDB database (He and DiMario 2011; Piove-
san et al. 2023). MobiDB elucidates the structural proper-
ties and amino acid composition of disordered interacting
interfaces, revealing alternative binding modes distinct from
the conventional lock-and-key mechanism observed in well-
structured partners.

We studied the disorder and mobility predictions for
these proteins from D. rerio and used the information of the
human counterparts for comparison. As shown in Fig. 3,
all four proteins exhibit a long, almost complete (more than
95% of the sequences) disordered region (tracts shaded in
pink in the figure). MobiDB also provides an additional
characterization of the predicted regions related to their

functional role. A feature displayed by MobiDB-lite are LIPs
(Lineal Interacting Peptides). IDRs that are involved in bind-
ing interactions are called LIPs and are classified according
to different levels of evidence and features related to their
binding modes (Piovesan et al. 2023). Numerous LIPs were
identified throughout the sequences of both D. rerio and
H. sapiens TCOF1 and NOLCI1 proteins, indicating exten-
sive available sequences for interaction with other proteins.
This observation aligns with previous findings for proteins
functionally linked to the nucleolus (Kastano et al. 2020).
Another feature displayed by MobiDB highlights amino acid
residue composition. Different types of disordered regions
are classified according to the fraction of charged residues
and net charge (Comp. biased, in Fig. 3). Q13428 (human
TCOF1), Q14978 (human NOLC1) and B8JIY2 (zebrafish
Nolcl) exhibit predominant low-complexity tracts with
few negative or positive polyelectrolyte areas. In contrast,
E7F9D9 (D. rerio LLCP) displays more polar tracts and
positive regions distributed along the center of its sequence
(see arrows in Fig. 3D). Based on these MobiDB results,
and the known feature of these proteins to possess repeated
alternating motifs that act as scaffolds for delivering and
positioning snoRNPs (He and DiMario 2011), we further
investigated whether the putative zebrafish orthologs of
TCOF1 and NOLCI1 contain internal repeats.

The RADAR algorithm (Heger and Holm 2000) was used
to detect and align repeats within the sequences of four pro-
teins: Q13428 (human TCOF1), Q14978 (human NOLC1),
BS8IIY2 (D. rerio nolcl) and ETF9D9 (D. rerio LLCP in this
work) (Fig. 4 and Supp. Fig. 4). Q13428, human TCOF1,
presented 14 repeats of a sequence of 62 amino acid resi-
dues. These repeats exhibit a lysine/proline-rich basic area
followed by a serine/glutamic-rich acidic region (S/E-rich).
The RADAR tool also detected two other kinds of repeats
of lower level and fewer repetitions (Fig. 4B). On the other
hand, Q14978, human NOLC1, shows 10 repeats of a length
of 47 amino acid residues, once again characterized with
S/E-rich and proline-rich stretches. An additional type of
repeat was identified, although it repeated only 3 times and
had a low score. Similarly, to human TCOF1 and NOLC1,
the RADAR algorithm detected 17 S/E-rich and proline-
rich repeats in zebrafish Nolc1, along with two additional
low score repeat types (Fig. 4A and B, and Suppl. Fig. 4).
Lastly, zebrafish LLCP presented 3 types of repeats, each
repeated 3-5 times in the sequence. Interestingly, none
of these repeats exhibited the characteristic S/E-rich and
proline-rich motifs. We applied the RADAR algorithm to
all proteins depicted in the phylogenetic tree in Fig. 1. All
of them, except for LLCPs proteins, presented the S/E-rich
motifs repeated several times, including Tcofl from coela-
canth (Suppl. Fig. 4). Altogether, these results indicate that
all the fish LLCPs included in the tree have a disordered
low-complexity central domain but lacks the abundance of
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Fig.3 Structural disorder and composition analysis of NOLC1 and
TCOF1 proteins. MobiDB results for A human TCOF1 (Uniprot
Q13428), B human NOLC1 (Uniprot Q14978), C zebrafish Nolcl
(Uniprot B8J1Y2) and D zebrafish Uniprot E7F9D9. The arrows
indicate the unusual composition of E7F9D9 compared with the
other proteins. The line below each graph indicates the amino acid
sequence coordinates of each protein. On the left of each graph, the

S/E-rich repeats, a characteristic feature of nucleolar pro-
teins like NOLC1 and TCOF1, linked to their nucleolar
function (He and DiMario 2011). In a recent work, Lee et al.,
showed the prevalence of glutamic (E)-rich LCR (low-com-
plexity region) sequences among human nucleolar proteins
and use LCR copy number analyses and LCR maps to iden-
tify E-rich LCR-containing proteins which act as scaffolds
or clients in the nucleolus (Lee et al. 2022). Notably, TCOF1
and NOLC1 are among the most representative proteins of
this group. In particular, Jaberi-lashkari et al. (2023) showed
that TCOF1 function seems to depend on the number of
repetitions of these LCRs, being 5 or less detrimental. Also,
Velichko et al. (2024) demonstrated that TCOF1 forms the
core of the nucleolus's fibrillar center through liquid-lig-
uid phase separation mediated by homotypic associations.
Both studies emphasize the critical role of TCOF1's central
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analyzed feature is indicated: disorder (pink) and structured (light
blue) regions, obtained by consensus, Composition biased (MobiDB-
lite, green: polar residues; light blue: positive polyelectrolyte, pink:
basic residues; pale orange: basic and acidic residues, polyampholyte)
and linear interacting peptides (LIP, purple). P, Predicted annotation
by a sequence-based method (Color figure online)

domain (which contains the repeated stretches of alternat-
ingly charged amino-acid residues) in maintaining nucleolar
structure and function. Given the bipartite nucleolus in fish
and LLCP's lack of sufficient LCR repetitions, it likely can-
not function as a nucleolar scaffold like TCOF1 or NOLCI

Orthologous genes committed to the same function
(e.g. ribosome biogenesis) should display similar tempo-
ral expression behavior during development. This sort of
approach has already been used for the identification of
functionally equivalent, orthologous genes in Arabidopsis
thaliana (Das et al. 2016) where the authors demonstrated
that even a small set of gene expression data in addition
to sequence homologies are instrumental in the assign-
ment of functional orthologs in the presence of multiple
orthologs. To understand ribosomopathies, researchers
have studied the transcriptional expression of ribosome
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teins. Each protein is represented by a sequence coordinate where
each motif or repeat is represented according to its position in the

biogenesis factors (including tcof1) in Xenopus laevis
embryos using ultra-high temporal resolution RNASeq
(Robson et al. 2016). Interestingly, biogenesis factors
(including fcof1) generally exhibited three, variably pro-
nounced, peaks of expression during development suggest-
ing increased biological demand at these stages (Robson
et al. 2016) emphasizing the critical role that these pro-
teins play in the development and survival of the embryo.
RNASeq mRNA baseline expression from transcriptional
profiling of zebrafish developmental stages (White et al.
2017) is available through Expression Atlas (Papatheo-
dorou et al. 2019). Figure 5 shows the expression level of
the transcripts corresponding to zebrafish LLCP (E7F9D9)
and Nolcl (B8JIY2) proteins. As shown in Fig. 5, the
B8JIY2-associated transcript shows three peaks in the
expression corresponding to blastula (128 cells), gastrula

the number of times that each repeat occurs. The repeat marked with
a pentagon represents the best-scored S/E-rich repeat with the highest
number of repetitions

and 20-25 somite stages. The inset of Fig. 5 shows the
transcriptional expression data (from the same profile in
Expression Atlas) of two well-known ribosome biogenesis
factors (utp4 and rbm28). These transcripts show two clear
peaks (at blastula and gastrula) and one less sharp peak,
similar to the Nolc1 coding transcripts. On the contrary,
the zebrafish LLCP-associated transcript shows low and
decreasing expression along early zebrafish development
without any clear peaking expression. Orthologues and
paralogs that have diverged recently are expected to share
similar functions, which requires them to have similar
expression patterns. Our results suggest that the Nolcl
(B8JIY2) coding gene has an expression profile compat-
ible with a ribosome biogenesis factor like TCOF1, but the
expression data for zebrafish LLCP (E7F9D9) during early
embryogenesis is flattened and inconclusive.
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Fig.5 Expression of zebrafish Nolcl (B8JIY2) and LLCP (E7F9D9)
transcripts during zebrafish early development. mRNA expression
data (in TPM, Transcripts Per kilobase Million) for transcripts cor-
responding to the proteins of interest was obtained from the Expres-
sion Atlas experiment named “Baseline expression from transcrip-

Following the same idea, but from the spatial perspec-
tive, we delved into single-cell transcriptomics data span-
ning zebrafish (Wagner et al. 2018) and Xenopus (as refer-
ence) embryos development (Briggs et al. 2018; Weinreb
et al. 2018), employing the computer-based analytical tool
SPRING. Supplementary Fig. 7 illustrates the expression
profiles of zebrafish coding genes for Nolcl (B8JIY2) and
LLCP (E7F9D9) alongside Xenopus genes nolcl and tcofl,
juxtaposed with the neural crest marker sox/0. Notably,
these biogenesis factors exhibit ubiquitous expression pat-
terns. A similar result can be observed (Suppl. Fig. 7) for
transcriptomic analysis performed in microdissections of X.
laevis embryos (Plouhinec et al. 2017). Despite the mutant’s
specific phenotypes, reminiscent of many ribosomopathies,
they do not result from localized expression within affected
tissues (Yelick and Trainor 2015; Farley-Barnes et al. 2019).
Consequently, discerning between tcof! and nolcl based on
definitive expression features remains elusive. Nonetheless,
it's noteworthy that in Xenopus, both genes exhibit robust
expression in neural crest territories, whereas in zebrafish,
only the Nolc1 coding gene displays pronounced expression
in these cells.

Conclusions

In silico tools, like algorithms that produce sequence align-
ments and synteny analysis, are useful to assign orthologies
and have been widely and successfully used (Mirny and Gel-
fand 2002; Postlethwait 2006; Nichio et al. 2017). However,
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14 16 18

18-larval day 5

tional profiling of zebrafish developmental stages”. Data is presented
according to the developmental stages (shown in the list to the right).
The arrows indicate three expression peaks and the corresponding
stages are underlined in the list (see text for further information)

in cases dealing with the presence of paralogs with IDRs
and LCRs, these tools may not be sufficient to univocally
assign and annotate orthologues and further examination is
required. This is especially true for D. rerio and possibly for
all teleost fish, which experienced an extra WGD. Recently,
several computational tools and databases (e.g., MobiDB
(Piovesan et al. 2023)) were developed and made public to
assist with IDP characterization and analysis. Also, data-
bases like Expression Atlas (Papatheodorou et al. 2019), a
public repository that provides basal gene expression pattern
data under different biological conditions, allow the in silico
analysis of expression. In particular, Expression Atlas offers,
at the moment, 17 different experiments of gene expression
in zebrafish under different conditions, including a high-res-
olution mRNA expression time course of embryonic devel-
opment (White et al. 2017). These new tools can be incor-
porated in the analysis to discriminate paralogs and annotate
genes with more confidence. Curation of annotated genes
in order to include these new data is essential to organisms
like D. rerio, adopted by the scientific community to study
and model human diseases. Figure 6 outlines our proposed
approach for integrating novel computational tools and data
from databases into the conventional analysis of alignments
and tree construction. This strategy aims to tackle homology
challenges encountered when studying proteins with intrinsi-
cally disordered regions and sequences of low-complexity
composition.

In this study, we gathered results from different data-
bases and employed web-based algorithms to disentan-
gle the annotation of TCOFI and NOLCI orthologues in
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Fig.6 Schematic diagram showing the suggested workflow for
analyzing homology relations among Intrinsically Disordered Pro-
teins (IDPs). Faced with a controversy regarding the homology
among sequences of interest, the suggested steps are (i) to obtain
the sequences and available information (identifiable domains, etc.)
accessible in databases such as Protein information Resource (PIR);
(ii) confirm and score identifiable domains (if present, they can also
help in MSA (Multiple Sequence Alignments)); (iii) execute clas-
sic evaluation strategies such as Reciprocal Best Hit and MSAs with
evaluation of identity (and similarity) percentages; (iv) an analysis
of local synteny and (v) calculate a phylogenetic tree. For these pur-
poses, it may be necessary to add further sequences from other spe-
cies (obtainable through BLAST searches in databases). In the case

zebrafish. Overall, our findings suggest that the currently
annotated TCOF1 orthologue in zebrafish, Uniprot ID
E7F9D9 (or now LLCP), does not possess the requisite
sequence characteristics or expression profile to fulfill the
functions of the nucleolar protein TCOFI.

Based on our findings, we recommend that the gene
ZDB-GENE-030131-6349 (ENSDARG00000024561),
which encodes the protein with the Uniprot ID B8JIY?2,
be more accurately referred to as “nolci” (for nucleolar
and coiled-body phosphoprotein 1). Finally, and more
importantly, we strongly discourage the annotation of
ZDB-GENE-141219-12 (ENSDARGO00000087555, coding

of IDPs, (vi) analysis of the percentage of disordered sequences,
the composition of amino acid residues and the presence of Linear
Interacting Peptides (LIPs) can help distinguish functionally relevant
sequences that can suggest a difference among them. The presence
of LIPs and the low sequence complexity are suggestive of the pres-
ence of internal repeats (identifiable by RADAR). This information
can also be used to revise MSAs. Finally, (vii) selection (dN/dS) can
be assessed to detect differential diversifying or purifying pressures.
Additionally, the expression of the genes of interest can be evaluated
both spatially and temporally and compared with existing data. Bib-
liography revision along all these stages is essential to interpret the
results and decide next steps. Eventually, the information generated
may be the input for other analysis

for E7TF9D9) as tcofl until more functional information
becomes available.

Although the primary aim of this article was to assess the
Tcofl nomenclature/annotation in zebrafish, the molecular
phylogenetic analysis allowed us to perform a comparative
study of the TCOFI and NOLCI genes in different spe-
cies and to infer their evolutionary relationships. Our find-
ings agree with existing literature proposing that TCOF1
and NOLC1 are paralogs and diverged from a common
ancestral gene through duplication during the course of
evolution. Rapidly evolving proteins present challenges in
accurately identifying homologous sequences and aligning
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them, particularly for sequences in highly repetitive, low-
complexity regions. Paralogs tend to diverge more rapidly
due to relaxed selective pressure and may retain or lose
function, leading to differential evolutionary rates among
sites within a protein (Nunez-Castilla and Siltberg-Liberles
2020). To gain further insights, we included in the molecular
phylogenetic tree sequences from the elephant shark (Cal-
lorhinchus milii), possessing the most slowly evolving verte-
brate genome identified to date (Holland and Ocampo Daza
2018; Sacerdot et al. 2018) and the sea lamprey (Petromyzon
marinus), which underwent the two WGDs at the base of
vertebrates. These species only present the NOLC1 protein,
lacking the presence of TCOF1 or LLCP. The spotted gar
(Lepisosteus oculatus), which evaded the Teleost genome
duplication event (TGD), intriguingly presents NOLC1 and
LLCPs. And the coelacanth, an accepted ancestor of tetra-
pods (also a species that did not experience an extra WGD),
presents NOLC1 and TCOF1. According to (Holland and
Ocampo Daza 2018; Sacerdot et al. 2018), when studying
the evolution of HOX genes, they found that during the evo-
lution of bony vertebrates (euteleostomi) and amniotes, their
lineages experienced additional chromosomal rearrange-
ments. These events included chromosome fusions, segmen-
tal duplications, and independent gene gains and losses. In
this connection, the observed synteny pattern surrounding
shark and coelacanth nolcl genes, more closely resembling
the genomic context of TCOF1 and LLCP coding sequences
than the other nolcl genes, could be evidence of similar
genomic rearrangements. These observations suggest a
potential paralogous relationship among NOLC1, TCOF1
and LLCP, being a NOLC1 coding sequence the ancestor.
However, due to gene duplications and losses, occurring
both in Tetrapoda and fishes, and until further information
becomes available, the homology relationships among these
genes are currently difficult to establish definitively. Moreo-
ver, we cannot disregard the possibility of additional hidden
paralogs influencing the phylogenetic landscape (Kuraku
2011; Holland and Ocampo Daza 2018). In this connec-
tion, it is intriguing that only one copy of the nolcl gene is
present in the teleost species analyzed, as they underwent
the TGD. Finally, another striking aspect in the phyloge-
netic tree is that the NOLC1 family forms two clusters, only
one of which has a common ancestor with the TCOF1 and
LLCP families. Further molecular evolutionary deep analy-
sis would be necessary to address these issues, but it would
surely provide valuable insights into the function and evolu-
tion of the NOLC1 and TCOF genes in vertebrates.

As a final comment, we propose that in order to under-
stand the phylogenetic relationships among these IDPs
(and others), it is necessary to put together the informa-
tion from multiple sources and look for details that clarify
the evolutionary path undergone. Currently, to our knowl-
edge there is no accessible tool alike BLAST that allows

@ Springer

biologists to effortlessly perform this type of search that
integrates not only sequence similarity but also synteny
data or expression data or other data (e.g. interactor net-
work, metabolic pathways) and then to correlate this infor-
mation with phenotypes or a particular evolutionary his-
tory. This information has to be manually compiled and
analyzed, which takes time and effort. Finally, in cases
where evidence from different sources does not converge
to a univocal solution, we recommend caution in the anno-
tation, since once assigned it is usually replicated by other
databases propagating the (mis)annotation and hindering
further any correction.
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