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Abstract 

Bac kgr ound: While w eb-based tools suc h as BLAST have made identifying conserved gene homologs appear easy, genes with v aria b le 
sequences pose significant challenges. Functionally important noncoding RNAs (ncRNA) often show low sequence conservation due 
to genetic variations, including insertions and deletions. Rather than conserved sequences, these RNAs possess highly conserved 

structural featur es acr oss a br oad phylog enetic rang e. Such features can be identified using the covariance models approac h, whic h 

combines sequence alignment with a secondar y RNA structur e consensus. Howev er, running standard implementation of that ap- 
proach (Infernal) requires advanced bioinformatics knowledge compared to user-friendly web services like BLAST. The issue is partially 
addressed by RN Acentr al, whic h can be used to sear c h for homologs across a broad range of ncRNA sequence collections from diverse 
organisms but not across the genome assemblies. 

Results: Here , w e present GERONIMO, whic h conducts evolutionary sear c hes across hundreds of genomes in a fully automated way. It 
pr ovides r esults extended with taxonomy context, as summar y ta b les and visualizations, to facilitate analysis for user convenience. 
Additionall y, GER ONIMO supplements homologous sequences with genomic regions to analyze promoter motifs or gene collinearity, 
enhancing the validation of results. 

Conclusion: GERONIMO, built using Snakemake, has undergone extensi v e testing on hundreds of genomes, esta b lishing itself as 
a v alua b le tool in the identification of ncRNA homologs acr oss di v erse taxonomic gr oups. Consequentl y, GER ONIMO facilitates the 
investigation of the ev olutionar y patterns of functionally significant ncRN A play ers, whose understanding has pr eviousl y been limited 

to individual organisms and close relatives. 

Ke yw ords: sequence homology searches, evolution, high-throughput pipeline, Snakemake 
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Introduction 

The c har acterization of noncoding RN As (ncRN As) has been an 

ongoing and exciting area of research since the 1950s. Research 

has shown that ncRNAs play a vital role in various cellular pro- 
cesses, suc h as pr oviding a decoding scaffold for transfer RNA 

(tRNA) [ 1 ] and building components of the translation machinery 
complex, such as ribosomal RNAs [ 2 ]. Additionally, small nuclear 
RN As (snRN As) are inv olved in splicing e v ents as constituent com- 
ponents of the spliceosome; examples of these include U1, U2,
U4, U5, and U6 (r e vie wed in [ 3 ]). Subsequentl y, the r oles of ncR-
NAs have been found to extend beyond translation, ribosomal ac- 
tivities, and splicing e v ents, encompassing div erse functions (r e- 
viewed in [ 4 ]). Despite much progress in understanding the role 
and function of ncRNAs, there is still much to discover regarding 
new ncRNA families and their functions [ 5 ]. 

Classes of ncRNAs significantl y v ary in terms of sequence 
length, functions , biological occurrence , structure , and distribu- 
tion across species [ 6 ]. A notable example of ncRNA with a highly 
heterogeneous sequence is telomerase RNA (TR), which acts as a 
template for the extension of c hr omosome ends by the telomerase 
complex. The lengths of TRs vary considerably, ranging from 159 
nucleotides in Tetrahymena to around 1,200 nucleotides in yeast,
Sacc harom yces cerevisiae [ 7 ]. The extr emel y high div ersity among 
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Rs in terms of their lengths , sequences , and biosynthesis path-
ays consider abl y complicates their identification. Consequently,
Rs have been elusive in the plant kingdom for over 30 years
ompared to those in other or ganisms, suc h as humans or yeast
 8 , 9 ]. 

When performing sequence similarity searches across differ- 
nt species, whether e volutionaril y r elated or not, BLAST is a pop-
lar tool and is often the first choice due to its widespread use [ 10 ].
o w e v er, BLAST is limited in identifying no vel ncRNAs , as they dif-

er fr om pr otein-coding genes and do not necessarily maintain a
r eserv ed r eading fr ame . T hus , ncRNAs often contain small in-
ertions or deletions that disrupt the exact seed match on which
LAST searc h r elies. Mor eov er, man y ncRNAs ar e often too short
or an effective BLAST search. The limitations of sequence ho-

ology search methods for identifying novel ncRNA sequences 
av e been addr essed by the emer gence of adv anced computa-
ional methods such as Infernal [ 11 ]. Infernal generates proba-
ilistic profiles of aligned ncRNA sequences and their secondary 
tructure consensus, known as covariance models. A statistically 
ignificant cov ariation (corr elated v ariation) suggests that 2 nu-
leotides in the alignment form a base pair that is important to
he function of the RNA because there has been selective pres-
ure to maintain it through compensatory base pair substitu- 
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ions. A homology search performed with Infernal produced re-
ults as good as a provided covariance model. Based on this,
ptimization strategies for alignment composition were pro-
osed [ 12 ]. Furthermore, Infernal has enabled the creation
f the Rfam database, which contains over 3,400 reliable
lignments for structural RNA families [ 13 ] and allows for
he identification of homologous ncRNA sequences in re-
ated species with the aid of man y pr ecalculated cov ariance

odels. 
In cases where existing covariance models cannot initiate ho-

ology sequence searches, it is necessary to create a new set
f alignments to identify novel ncRNAs. In this process, knowl-
dge of RNA secondary structure can be particularly helpful. Ad-
ances in affordable and precise RNA sequencing methods have
ignificantl y impr ov ed our understanding of RNA function [ 14 ].
o w e v er, a “sequence-structur e ga p” has emer ged, wher e man y
NA molecules have been sequenced, but their structures re-
ain unknown. To address this gap, computational tools have

een proposed that aim to predict RNA secondary structure . T hese
ools include those based on minimum free-energy calculations,
uch as RNAstructure or RNAfold [ 15 , 16 ], as well as those that
ntegrate thermodynamic parameters with comparative analy-
is based on alignments, such as RNAalifold or Turbofold II [ 17 ,
8 ]. The main limitations of these methods ar e accum ulating er-
ors in energy calculations and the tendency to “overfold” RNA
tructur es [ 19 ]. Se v er al mac hine learning methods ar e now be-
ng used to explore RNA structure [ 19 ]. Ho w ever, their learning
r ocess is primaril y based on existing databases of RNA struc-
ure and may be biased to w ar d certain RNA types (e.g., those
sed in the small training set during the learning pr ocess). Mor e-
v er, their learning pr ocess often lac ks biophysical or e volutionary
ignificance, making generalizing across different RNA families
hallenging [ 20 ]. 

RN Acentral, a w eb-based platform, has impr ov ed the accessi-
ility of homology searches [ 21 ]. This is primarily due to its abil-

ty to allow for searc hes acr oss a vast array of ncRNA databases
im ultaneousl y, using simple fasta queries. Ho w e v er, RNAcen-
ral is not equipped to facilitate searches within whole-genome
ata. In addition to this limitation, the platform also poses other
hallenges that can render the analysis process cumbersome.
ne of the principal obstacles is the indistinct evolutionary con-

ext, which necessitates time-consuming analysis of results. Of-
en, among the vast number of results returned, only the name
f the organism is given, without any information regarding the
roader taxonomy, making it difficult to draw meaningful con-
lusions. Another challenge is the difficulty in manipulating the
nal ysis r ange . T he searc h can r eturn an ov erwhelming number
f r esults, whic h can be unhelpful, especiall y when looking for
omologies in specific evolutionary lineages, particularly in the
bsence of a taxonomic context. The search results are presented
s a text file containing the aligned sequences, with limited op-
ions for data filtering. One possible a ppr oac h is to sort the re-
ults based on the similarity or significance le v el between the
uery and the targeted sequence. Ho w ever, this process can be
ime-consuming and r equir es manual inspection of the results.
astl y, lac king information on the neighboring genomic region
an hinder the validation process. Access to the genomic region
round the homologous sequence could enable r esearc hers to
earch for specific DNA motifs , for example , within the promoter
egion. 

In this w ork, w e present GER ONIMO (GEnomic RN A hOmol-
gy aNd evolutIonary MOdeling), a bioinformatics pipeline that
ses the Snak emak e fr ame work to conduct high-thr oughput ho-
ology searches of ncRNA genes using covariance models on
n y e v olutionary scale. GER ONIMO allo ws users to specify what
o search for by providing a covariance model or multiple align-

ents in Stockholm format and where to search by defining a tar-
eted database that can be easily set up at NCBI’s database ser-
ice and range in scale from order through family, clade to phy-
um or kingdom. The pipeline can be run with one command,

aking it easy to use without additional user intervention. Af-
er the homology search is complete, GERONIMO generates com-
r ehensiv e and accessible tables that present all essential infor-
ation regarding the query and target sequence similarity levels.

hese tables are enriched with a broad taxonomy context, which
nables effective data filtering and minimizes false-positive re-
ults through the assessment of evolutionary relationships. Fur-
hermor e, GERONIMO pr ovides visual r epr esentations of the table
 esults, whic h makes it easier to draw holistic conclusions and re-
ne novel covariance models. In addition to these advancements,
ERONIMO pr ovides eac h significant candidate sequence with ex-

ended genomic r egions, whic h might be searchable for specific
NA motifs, becoming handy in results validation. This makes
ERONIMO a recipe for conducting routine homology searches
n any taxonomy scale supported with results overview, enabling
ov el ncRNA explor ation mor e accessible with an e volutionary
ontext. 

mplementation 

ipeline o vervie w 

ERONIMO ( RRID: SCR_023899) is a high-throughput bioinformat-
cs pipeline that uses covariance models based on sequence align-

ent and secondary structure consensus to search for unknown
enetic elements. It is built with Snak emak e, a re producible work-
ow management tool that operates on multiple computational
latforms, like Windows 10 and Ubuntu. The pipeline assesses de-
endencies during its initial run to ensure compatibility with var-

ous platforms. 
One major adv anta ge of GERONIMO is its high le v el of par al-

elization, whic h acceler ates the anal ysis pr ocess by conducting
im ultaneous anal yses of single genomes and covariance mod-
ls. With access to 24 CPUs, for example, GERONIMO can analyze
t least 6 genomes sim ultaneousl y. Snak emak e’s parallelization
odule optimizes the distribution of computational resources

mong all pipeline components, with most components requiring
nly 1 CPU. 

The schematic view of GERONIMO is shown in Fig. 1 . 

nputs char acteriza tion 

ERONIMO accepts an NCBI database query as input, which
llows for identifying the genomes used in the analysis . T he
atabase query can be easily modified at NCBI to ensure control
ver the desired dataset. 

GERONIMO r equir es a cov ariance model to conduct evolution-
ry searc hes acr oss the genome database . T he co variance model
an be obtained from the Rfam database [ 13 ] or built with GERON-
MO using multiple sequence alignments and a consensus struc-
ure . T hese alignments can be generated through RNAalifold web
ervices [ 17 ]. 

atabase collection 

he specified database query provided by the user is used to
ownload the r ele v ant genomes fr om the NCBI Assembl y database
 22 ]. The Entrez (NCBI) tool [ 23 ] is used to generate a list of all

https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:


GERONIMO | 3 

Figur e 1: T he GER ONIMO w orkflo w r epr esenting the pipeline components. 



4 | GigaScience , 2023, Vol. 12, No. 1 

g  

“  

t  

w  

m  

t  

u

C
G  

q  

f  

u  

c  

a  

c  

n

E
T  

c  

D  

I
 

w  

o  

l  

c  

s  

a  

t  

I  

s  

t  

G

R
T  

c  

t  

T  

t  

f  

[  

c

A
O  

f  

w  

f  

a  

s  

i  

u  

o  

f  

b  

t  

f

E
G  

h  

b  

p  

i  

h
 

a  

s  

i  

s  

d  

a  

p  

a  

e  

t  

c

R
I  

c  

o  

B  

R  

a
 

m  

t  

v  

f  

s
 

v  

n  

w  

a  

o  

e

G
T  

u  

l  

f  

w  

w  

G  

i  

t

S
G  

i  

u  

o  

i  

I  

g  
enomes identified by the database query, which is exported to the
list_of_genomes.txt” file in the main GERONIMO folder. The links
o the specific genomes are then sent to the rsync BASH utility,
hic h downloads eac h genome and c hec ks its integrity using the
d5 hash . The downloaded genomes are in .fna.gz format. T hus ,

hey must be unzipped for further analysis using the gunzip BASH
tility. 

o v ariance model prepar a tion (optional) 
ER ONIMO allo ws creating a custom model using multiple se-
uence alignments with a secondary consensus structure in .stk
ormat. The model is built using the incor por ated Infernal mod-
le and the cmbuilt tool, follo w ed b y calibration with the cm-
alibrate tool [ 11 ]. To optimize the analysis flow, the user can
llocate the desired number of CPUs for the calibration pro-
ess in the config.yaml file, considering its r esource-intensiv e
ature. 

volutionary search 

he cmsearch (Infernal) tool conducts the search by comparing the
ovariance model to the genome sequence to identify similarities.
etailed information on the operation and output structures of

nfernal can be found in the tool manual [ 11 ]. 
Infernal produces 3 output files in space-delimited text format,

hich can be found in the GERONIMO/results/infernal_raw folder,
rganized by model and specific genome . T he results from the evo-
utionary searc h ar e categorized by Infernal based on the statisti-
al significance of the le v el of similarity—hit . A hit is considered
ignificant when its e-value is less than 0.01 and is marked with
 “!” symbol. A value between 0.01 and 10 is regarded as a poten-
ially compelling finding and is marked with a “?” symbol. GERON-
MO adheres to this convention throughout the analysis, labeling
ignificant hits as “HIT” and potential findings as “MAYBE.” Addi-
ionall y, an y v alue gr eater than 10 is classified as a “NO HIT” by
ERONIMO. 

eading Infernal results 

he output structure of Infernal’s files makes it challenging to
oncatenate the ov er all r esults, especiall y when conducting ex-
ensiv e anal ysis with m ultiple models and hundr eds of genomes.
o address this issue, a custom script was de v eloped to reformat
he output structure and present it in a more manageable table
ormat. The script written in R [ 24 ], using the tid yverse pac ka ge
 25 ], handles the space-delimited nature of Infernal’s output and
onverts it to an accessible .csv format. 

ttaching taxonomy context 
ne limitation of working with genome assemblies downloaded

rom the NCBI database is that they are often described only
ith a GCA id, which can complicate results analysis and lack in-

ormati ve context. GERONIMO ad dresses this issue by providing
 broad taxonomy context by extracting taxonomic information
uch as the organism name, family, order, class, and phylum. This
s ac hie v ed using a custom script in R [ 24 ] that uses the rentrez
tilities [ 26 ] to extract taxonomy information from the NCBI tax-
nomy database based on the unique GC A id. T he taxonomy in-
ormation is then r estructur ed into a table format, allowing it to
e easily joined with the processed Infernal results . T he individual
axonomy information can be found in the GERONIMO/taxonomy
older , named with the GCA id. 
xtending the genomic region 

ERONIMO offers extended genomic context for each significant
it by extracting the upstream and downstream region using the
lastcmd tool preceded by the makeblastdb tool, both of which are
art of the BLAST + pac ka ge [ 27 ]. This functionality allows search-

ng of specific DNA motifs whose presence or absence can aid in
it validation. 

If a significant hit is identified in the genome with the covari-
nce model, the coordinates of the hit are adjusted by adding or
ubtracting a specified length of the extracted region, depend-
ng on the location of the hit r elativ e to the forw ar d or r e v erse
trand. This length can be specified in the config.yaml file un-
er the extract_genomic_region-length parameter. We tested using
 distance of a ppr oximatel y 200 nucleotides in all runs. It is im-
ortant to note that genome assemblies are composed of contigs,
nd in some cases, the hit may be located near the beginning or
nd of a contig. If the region of interest exceeds the contig range,
he upstream sequence cannot be extracted and requires manual
uration. 

esults summarization 

n the final module of GERONIMO, all individual partial results are
oncatenated into the summary_table.xlsx file, which is the main
utput of the pipeline . J oining the results is achieved using the cat
ASH utility. The a ggr egated r esults ar e then passed to a custom
 script, which adds column names and arranges the results into
 widely used Excel table format. 

To facilitate the analysis of the results, a separate “sum-
ary_table_models.xlsx” table is gener ated, whic h separ ates

he pipeline results into spreadsheets according to the co-
ariance models applied. This feature proves especially use-
ul when e v aluating the performance of multiple models in a
ingle run. 

Based on the summary table, GERONIMO produces summary
isualizations in 2 plots . T he first plot is a bar chart showing the
umber of genomes per family in which at least 1 significant HIT
as found. The second plot presents the significance of the HITs in
 heatma p, wher e all individual genomes ar e gr ouped into taxon-
my families . T he v alue r epr esents the most significant HIT from
ach particular genome. 

ERONIMO applicability 

he tool was designed to address the limitations of commonly
sed tools for performing sequence homology searches in an evo-

utionary context across multiple taxonomy levels, ranging from
amilies to kingdoms . T he tool was de v eloped in collaboration
ith biology experts to ensure applicability and can be easily used
ith a single command line . T he GER ONIMO w ebsite, hosted on
itHub, includes compr ehensiv e guidelines on tool r equir ements,

nstallation, usage, and potential pitfalls described in the “Ques-
ions and Answers” section. 

tandard analysis 

ERONIMO is particularly useful in analyses that require test-
ng m ultiple cov ariance models, as it pr ovides par allelization
tilities and visual output, facilitating a better inter pr etation
f results. On a local machine equipped with an Intel Core
5-10400 CPU 2.90 GHz and 16 GB RAM, a standard GERON-
MO run that includes 8 covariance models of highly conserved
ene families, such as snRNAs, with around 50 genome assem-
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blies of the Rhodophyta phylum, takes a ppr oximatel y 2 to 3 
hours. 

Expanding the evolutionary context 
By providing a new database query, the scope of the analysis 
can be broadened. GERONIMO will generate additional results 
for pr e viousl y used cov ariance models, integr ate them with ear- 
lier r esults, and pr esent updated summary tables and visual- 
izations . T his is an efficient process as genomes that have al- 
ready been downloaded do not need to be r e-downloaded; onl y 
ne wl y added genomes will be obtained from the updated database 
query. This feature is important in reducing the ov er all time r e- 
quired for complex homology searches and allowing for them 

to be easily updated with rapidly expanding newly available 
data. 

Incorpor a ting different types of models 

GERONIMO offers a significant adv anta ge in that it enables easy 
integr ation of ne w models into a pr eexisting anal ysis . T he tool will 
perform additional homology searches and combine them with 

pr e vious anal yses using the same database, ther eby saving time 
and resources as existing results are not recalculated. This feature 
makes GERONIMO an efficient solution for adding and comparing 
new models. 

Model training 

GERONIMO offers the capability to create no vel co variance mod- 
els and optimize existing ones . T he tool pro vides the option to 
build new covariance models and test their performance com- 
pared to original models, including situations where no covari- 
ance models ar e av ailable in the Rfam database. This feature al- 
lo ws resear chers to create and fine-tune models to meet their spe- 
cific r esearc h needs. 

Testing 

Valida tion str a tegy 

The performance of GER ONIMO w as validated by comparing it 
to the widely used BLASTn tool. The transcribed region of Ara- 
bidopsis thaliana telomerase RN A (AtTR) w as used as the query se- 
quence for the BLASTn search, performed with standard parame- 
ters . Meanwhile , an alignment file with a secondary structure con- 
sensus was created from the same sequence using the RNAalifold 

web services [ 17 ]. The input files used in the comparison are de- 
tailed in Supplemental Material 1 . As the dataset, we used rep- 
r esentativ e genome assemblies of Tr ac heophytes av ailable in the 
NCBI database [ 22 ]. 

Results of GERONIMO with BLASTn and 

RN Acentr al comparison 

GERONIMO’s performance in homology sequence searches was 
compared to that of available services such as BLASTn and RNA- 
central. The TR gene of Arabidopsis thaliana from the Brassicales 
or der w as our sear ch query, and w e selected 1,101 r epr esen- 
tative genome assemblies from Tracheophytes available in the 
NCBI database as our r efer ence tar get database . T he comparison 

strategy is presented in Fig. 2 A, and the results are available in 

Supplementary Table S1 . 
BLASTn identified similar sequences in a ppr oximatel y 5% of 

the tar geted genomes. Specificall y, it pr ovided homologous se- 
quences in 55% of genome assemblies belonging to the same or- 
der as the query (Brassicales). Ho w ever, it failed to detect signifi- 
ant homologs e v en in closel y r elated orders, suc h as Malv ales or
apindales (see Fig. 2 B). 

The homology search conducted using RNAcentral produced 

 large number of results. Ho w ever, these w ere limited solely to
reexisting annotated ncRNA collections . T he search identified 38
ignificant sequences within the Brassicales order from 27 unique 
r ganisms, of whic h 24 wer e classified as TR. In addition, RNA-
entral detected 352 similar sequences in 100 unique organisms 
ithin Tr ac heophyta, of whic h 46 wer e identified as TR, and most
ere classified as long ncRNA. The results were downloaded in

ASTA format and manually filtered to account for evolution- 
ry context. Ho w e v er, RNAcentr al did not pr ovide the secondary
tructure for the given query and reported that it did not match
ny Rfam family. 

GERONIMO detected homologous sequences in 97% of the Bras- 
icales genomes tested and identified 29 TRs in the neighboring
apindales order and 2 TRs in the Malvales order (Fig. 2 B). Ad-
itionally, GERONIMO detected 306 TRs in the Superrosids clade 
nd 107 TRs in the large Superasterids clade. Notably, without any
ptimization, GERONIMO could detect homologous sequences 
cross distant clades, including basal eudicots and even mono- 
ots. To confirm the reliability of the GER ONIMO results, w e an-
lyzed the presence of promoter-specific motifs in the extended 

pstream genomic region. 
Ov er all, all the methods tested facilitate the sorting and val-

dation of hits based on their significance, as measured by the
-value. Ho w ever, when dealing with evolutionary highly diver-
ent ncRNAs (e.g., TRs), a ppl ying a significance threshold of-
en results in either no hits or hits with controversial homology
i.e., high e-v alue). Giv en the c hallenges posed b y the lo w con-
erv ation of ncRNAs, le v er a ging the surr ounding genomic con-
ext offered b y GER ONIMO can be particularly useful in val-
dating hits. A good example of this validation is the analy-
is of conserved promoter elements or gene collinearity, which 

ay be e volutionaril y mor e conserv ed than the ncRNA sequence
tself. 

iscussion 

isco vering no vel ncRNA sequences through evolutionary homol- 
gy might seem straightforw ar d initially, then turn out to be chal-
enging due to the r elativ el y short length of ncRNAs, often 100
ucleotides or less, and the lack of sequence conservation [ 28 ].
lthough compar ativ e data anal yses can be performed among
losel y r elated species (using BLASTn) or acr oss the r ange of
atabases (using RNAcentral), they often lack intuitive outputs 
hat facilitate drawing conclusions. While BLAST provides simpli- 
ed taxonomic ov ervie ws, it is not well suited for ncRNA searches,
hich limits the taxonomic range that can be explored. Neverthe-

ess, BLAST can still be helpful for preliminary searches due to
ts user-friendly interface and ease of use . T he RNAcentral Con-
ortium is a crucial advancement in ncRN A resear ch. It offers a
onsolidated platform that allows access to data from several in-
ependent ncRN A resour ces, including Rfam, NCBI, and ENA. The
latform also supports the use of various homology search tools

ike nhammer, which enhances the identification of ncRNAs [ 21 ].
dditionall y, it pr ovides complementary tools like R2DT, which
ener ates secondary structur e dia gr ams, thus impr oving the pr o-
ess of studying ncRNAs [ 29 ]. 

T he disco very of no v el ncRNAs r elies on e vidence of e volu-
ionary conservation of RNA sequence and structure. Currently,
tructur al pr ediction alone is insufficient e vidence of a conserv ed
tructure, and false discoveries can arise due to artifacts intro-

http://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad080#supplementary-data
http://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad080#supplementary-data
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Figure 2: Ov ervie w of the str ategy for comparing the performance of GER ONIMO, RN Acentral, and BLASTn and their results. (A) The comparison 
pr ocess involv ed using the AtTR sequence as a query in a tar geted database of 1,101 genome assemblies av ailable in the NCBI database to find 
homologous candidates . T he use of GER ONIMO yielded results that w ere supported b y extended genomic r egions and br oad taxonomic contexts. In 
contr ast, RNAcentr al onl y pr o vided homologous sequences , while BLASTn offer ed homologous sequences with plain e volutionary context. (B) A 

simplified phylogenetic tree of the Tracheophyta clade was used, including the extended orders of Superasterids and Superrosids, along with the 
number of r epr esentativ e genome assemblies used in the comparison. The br anc h lengths do not express real-time scales . T he green bar represents 
the performance of GERONIMO, the violet bar r epr esents the performance of RNAcentral, and the red bar represents the performance of BLASTn, with 
the number of genomes in which TR candidates were identified (marked with a green tick). The red cross indicates a failure to identify TR within a 
given order. 
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duced by misalignments in the analysis [ 30 ]. Pseudogenes pose 
another challenge, as they exhibit sequence and structure conser- 
vation but do not function as ncRNAs . T he presence of pseudogenes 
in alignments of structural ncRNAs can dilute the covariation sig- 
nal, resulting in an overall increase in po w er but a decrease in 

covariation at base-paired positions [ 31 ]. 
Despite the challenges associated with RNA structure analysis, 

Infernal has been successfully used to c har acterize a lar ge num- 
ber of ncRNAs in the Rfam database [ 32 ]. Infernal has also been 

applied for the identification of novel TRs in Metazoa [ 33 ] and inte- 
grated as a module in other bioinformatics tools, including MITOS 
for de novo annotation of mitochondrial genomes [ 34 ], tRNAscan 

for identifying tRNAs [ 35 , 36 ], and FASTAptameR 2.0 for simple 
motif discovery [ 37 ]. Recent advances in the field have enabled 

the combination of Infernal with R-scape and the CaCoFold algo- 
rithm, identifying 17 nov el structur all y conserv ed ncRNA candi- 
dates across 5 fungal genomes [ 38 ]. 

As Dobzhansky famously stated, “Nothing in Biology Makes 
Sense Except in the Light of Evolution” [ 39 ]. This statement holds 
true for successful homology searches, as the lack of a broad evo- 
lutionary context can hinder pr ogr ess . T his is especially evident 
for independentl y tr anscribed RNAs, wher e the genomic context 
is often more conserved than the RNA sequence itself. In addition,
ncRNA genes fr equentl y r eside in homologous inter genic or in- 
tr onic r egions, e v en acr oss lar ge e volutionary distances [ 12 ]. Mor e- 
over, GERONIMO offers a unique feature that extends the homol- 
ogous sequence with neighboring genomic context, providing the 
opportunity to search, for example, promoter-specific motifs . T his 
feature can effectively exclude false-positive candidates and de- 
tect pseudogenes, thereby strengthening the analysis . T he a vail- 
ability of information on the neighboring genomic region around 

the homologous sequence supports the validity of results. GERON- 
IMO was de v eloped with a focus on the br oad e volutionary con- 
text, building on our pr e vious r esearc h on the c har acterization of 
no vel TRs . T his effort led to the disco very of 328 no v el TRs in earl y
div er ging plants and insects, demonstrating the effectiveness of 
the a ppr oac h [ 40 , 41 ]. 

To date, hundreds of functionally important ncRNAs have 
been c har acterized as crucial players in v arious biological pr o- 
cesses, such as adaptation to stress, chromatin remodeling, and 

div erse de v elopmental pathwa ys . Ne v ertheless, the knowledge 
about these ncRNAs often remains confined to specific model or- 
ganisms. It is essential to recognize that a significant portion of 
these finely tuned ncRNA machineries did not emerge by chance 
but rather underwent millions of years of e volution. Fr om this 
perspective, GERONIMO holds the potential to offer valuable in- 
sights into ncRNA precursors present in early diverged organ- 
isms. By analyzing the evolutionary history of these molecules 
acr oss div erse taxa, GERONIMO can shed light on their ancient 
origins and elucidate the intricate processes that have shaped 

their functionality over time. This information can significantly 
contribute to our understanding of the br oader r ole and conser- 
vation of ncRNAs across the tree of life, enhancing our knowl- 
edge of the fundamental biological mec hanisms underl ying life’s 
complexity. 

GERONIMO is a unique tool that enables r outine searc hes for 
novel ncRNA sequences in any evolutionary context, providing 
quic kl y anal yzable tables and plots of the results . T he table for- 
mat allows for filtering based on the significance of homolo- 
gous sequences and taxonomy information, which can help iden- 
tify the best candidates within a given family, order, or clade.
The summary visualization of the homology search provides in- 
sight into the ov er all r esults of the anal ysis, suc h as the num- 
er of candidates identified within a given family, which can aid
n identifying the best candidates for better alignment composi- 
ion and ultimately lead to impr ov ed performance of cov ariance

odels. 
Finall y, GERONIMO is av ailable on various platforms, including
indows 10 and Linux, and can take adv anta ge of external ser-

ices for extensive computational po w er. 

vailability of Source Code and 

equirements 

roject name: GERONIMO 

r oject homepa ge: https:// github.com/ amkilar/ GERONIMO.git 
perating system(s): Linux, < Windows 10 (WSL) 
r ogr amming langua ge: Python3, bash, R 

ther r equir ements: < conda 23.3.1 
icense: MIT license 
RID: SCR_023899 
io.tools ID :GERONIMO 

ERONIMO is also r egister ed on workflowhub.eu [ 42 ]. 

a ta Av ailability 

upporting data sets for this article are available via Figshare [ 43 ]
nd GigaDB [ 44 ]. 

bbreviations 

tTR: Arabidopsis thaliana telomerase RNA; BLAST: Basic Local 
lignment Search Tool; GERONIMO: GEnomic RNA hOmology aNd 

volutIonary Modeling; NCBI: The National Center for Biotechnol- 
gy Information; ncRNA: noncoding RNA; snRNA: small nuclear 
NA; TR: telomerase RNA; tRNA: transfer RNA. 
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