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Abstract- Small Open Reading Frames (SORFs) are short
sequence that were previously overlooked within genomes but
have gained increasing recognition for their diverse functional
roles. This study investigates the landscape of sORF proteins
within the secretomes of extremophilic microorganisms, focusing
on cold adaptation. Through computational analysis of 17
genomes, encompassing psychrophilic, mesophilic, and
thermophilic organisms, 3,058 sORFs were identified, of which
173 were classified as secretome proteins. Psychrophilic
organisms exhibited the highest proportion of secretome proteins.
Functional annotation revealed diverse molecular functions,
biological processes, and cellular components associated with
cold adaptation, including mitochondrial assembly and
transmembrane transport. However, explicit annotations related
to stress response pathways or cold adaptation were lacking,
presenting opportunities for future investigations. This research
enhances understanding of molecular mechanisms underlying
cold adaptation and underscores the importance of SORF proteins
in extremophilic organisms. Future works may involve exploring
stress response pathways, structural bioinformatics, and machine
learning algorithms to advance knowledge of microbial
adaptation to extreme conditions.

Index Terms- extremophiles, mesophilic,
secretome, SORFs prediction, thermophilic

psychrophilic,

I. INTRODUCTION

ntarctica the Earth’s southernmost continent, is one of the
most extreme places, environments, characterized by
powerful winds, extremely low air humidity, significant levels of
solar radiation-particularly ultraviolet (UV) radiation-limited
precipitation, and freezing temperatures [1]. Organisms
inhabiting this region have evolved remarkable adaptations
strategies to survive and thrive these extreme conditions.
Glaciozyma antarctica is a psychrophilic yeast isolated from
Antarctica that can survive at cold temperatures below 0 °C.
Psychrophilic microorganisms have adapted physiologically to
the severe cold of the arctic, deep sea, and alpine areas through
such as antifreeze proteins synthesis, enzyme kinetics regulation,
and membrane fluidity maintenance [2].
The genome numerous

sequences  of psychrophilic

http://xisdxjxsu.asia

VOLUME 21 ISSUE 05 MAY 2025

microorganisms have been published, including the archaeon
Methanococcoides burtonii [3], and bacteria such as Colwellia
psychrerythraea 34H [4], Psychromonas ingrahamii [5],
Pseudoalteromonas haloplanktis TAC125 [6] and Psychrobacter
arcticus 273-4 [7]. Most psychrophilic microorganisms shared
similar adaptation mechanisms that enable survival at low
temperature environments. These mechanisms include the
synthesis of unsaturated fatty acids to enhance membrane
flexibility, the production of multiple transporter proteins, and
the expression of chaperones and cold-shock proteins [8].

One of the critical aspects of an organism’s adaptation to
extreme environmental conditions is its secretome, which
comprises the entire set of proteins secreted by the organism into
its extracellular space. Secreted These proteins play important
roles in various cellular processes, including nutrient acquisition,
defense against environmental stress, and interactions with the
surrounding environment [9]. In the case of G. antarctica, the
secretome is likely highly specialized to function at low
temperatures and withstand the unique environmental stresses of
Antarctic ecosystem.

The identification and classification of the G. antarctica
secretome using in silico methods can provide a comprehensive
overview of the proteins involved in cold adaptation. In silico
analysis utilizes of computational techniques to predict and
analyze protein sequences, structures, and functions. These
methods aid in identifying potential secreted proteins and provide
insights into their functions and potential roles in cold adaptation.
Studying the genome of a psychrophilic eukaryotic microbe can
also reveal cold adaptation strategies that are independent of the
significant insulative barrier mechanisms available to vertebrate
eukaryotes [2].

Il. METHODS

Protein sequences from 17 extremophilic microorganisms,
including Glaciozyma antarctica, were obtained from the
GlaclER portal [10] and NCBI RefSeq [11]. These include 9
psychrophiles, 5 mesophiles, and 3 thermophiles spanning fungi,
bacteria, and archaea.
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SORFs were identified using a Python script developed in-house,
applying a cut-off of fewer than 80 amino acids, following
thresholds proposed by [12]. Validation was performed by
comparing the predicted sORFs against total number of known
proteins.

To predict secretory sORFs, signal peptides were identified
using SignalP v5.0 [13] and Phobius [14]. Transmembrane
domains were filtered using DeepTMHMM [15], and
mitochondrial-targeting sequences were excluded using TargetP
v2 [13]. Further filtering was done with ScanProsite [16] for ER
retention signals and NetGPl [17] for GPl-anchored proteins.
The remaining sequences were considered refined secretome
candidates.

Functional annotation of the predicted secretory sORFs was
carried out using Blast2GO [18], incorporating BLASTP against
the NCBI nr database, InterPro domain analysis, and Gene
Ontology (GO) mapping to determine biological processes,
molecular functions, and cellular components.

I11. DISCUSSION

The data retrieval process resulted in the acquisition of 17
genomes, comprising 9 psychrophilic, 5 mesophilic and 3
thermophilic organisms. These genomes were taxonomically
classified into 9 bacterial, 6 fungal, and 2 archaeal genomes. The
selection criteria, as detailed in the methodology, were based on
two primary factors: i) relevance to temperature adaptation,
where their scientific name is mentioned in the paper related to
temperature adaptation. ii) the availability of corresponding
proteomic data in the NCBI database. This targeted selection
enhances the robustness of the analysis, enabling a more
comprehensive  investigation of temperature adaptation
mechanisms among different organisms.

To provide additional context for the selected genomes in this
study, their optimal growth temperatures (OGT) were examined.
OGT is a key determinant of an organism’s environmental
adaptation, influencing its biological processes and metabolic
activities. Psychrophilic organisms characterized by their OGT
typically below 20°C, are adapted to cold environments while
mesophilic organisms exhibit OGTs within moderate range of
20°C to 40°C. Thermophilic organisms display OGTs above
40°C [19]. The complete list of selected genomes is provided in
Supplementary Table S1. This approach establishes transparency
in the data collection process and ensures that the chosen
genomes are well-suited for addressing the research objectives
related to temperature adaptation.

Following the collection of proteomic data, a script was
executed to identify Small Open Reading Frames (SORFs) within
the dataset, applying a cut-off value of 80 amino acids. This
threshold was chosen based on [12], who reported that short
coding sequences have a median length of 79 codons and are
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preferentially found in functionally monocistronic transcript.
These transcripts exhibit mMRNA characteristics, albeit shorter
and structurally simpler than canonical protein-coding mRNAs.
Open reading frames (ORFs) are stretches of DNA bounded by a
stop codon, constituting a crucial genomic characteristic utilized
for the identification of protein-coding genes. Traditionally, open
reading frames (ORFs) with fewer than 100 codons, referred to
as sORFs, were excluded from gene annotations [20]. However,
recent advances in next-generation sequencing and proteomics
have led to the dentification of numerous sORFs-encoded
proteins, also known as micropeptides. These proteins are
sometimes referred as polycistronic peptides when translated
from a polycistronic mRNA or as short open reading frame
(sORF)-encoded polypeptides (SEPs) [21]. While the molecular
structure and functional mechanisms of many recently identified
SORFs remain poorly understood, well-characterized small
proteins provide valuable insights into the diverse molecular
roles of SORFs in system biology [22].

The results presented in Supplementary Table S2 provide a
comprehensive overview of SORFs across various genome. As
shown in the table above, the proportion of SORFs compared to
the total number of protein-coding genes is relatively small,
ranging from approximately 1 to 11%. Among the total of 78,684
proteins analyzed across all organisms included in this study,
only 3,058 were classified as SORFs. Even for Pseudomonas
destructans, which has the highest number of proteins (9,405),
only 162 (1.72%) were identified as SORFs.

* Download proteome data
of G. antarctica from
GlaclER database

* Download proteome data of
16 other genomes from
NCBI Refseq

~  Objective 1

h A
Filter the sequences based on a length threshold (<80 a.a) to

obtain sORFs (Python Language)

Secretome analysis

* Predicts signal peptides in amino acid sequences. (SignalP)
*  Predicts membrane-bound and secreted proteins,
(Deep TMHMM)
* Predicts subcellular localization of protein (TargetP)
« Predicts the presence of endoplasmic reticulum motifs L
(ScanProsite)
» Predicts the presence of GPI anchored proteins (NetGPI)

Objective 2

Compare the secretomes of identified sORFs across different
organisms and illustrate it in the bar chart and pie chart form.

Y

Annotate predicted sORF secretome with functional information

using Blast2G0O Objective 3

Figure 1 Overall workflow
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According to published literature, at least 299 genes in
Saccharomyeces cerevisiae is likely to encode SORFs amino acids
sequences of fewer than 100 residues. The results, as depicted in
Figure 1, demonstrate considerable variation in the percentage of
SORFs across different genomes, ranging from as low as 1.09%
in Cryptococcus neoformans to as high as 11.76% in Geobacillus
stearothermophilus. Additionally, this finding reveals notable
discrepancies in the average length of sORFs among different
genomes, highlighting substantial variability in the size of these
SORFs. For instance, C. neoformans exhibits a relatively low
number of SORFs, whereas Methanococcoides burtonii
showcases significantly higher proportion. This variation
underscores the diverse genetic architectures across species and
suggests potential differences in the functional roles or
evolutionary pressures shaping the type and length distribution of
SORFs within genomes.

The validation of the result SORFs is validated by developing
a script to compare the total number of sORFs to the total
number of proteins encoded by each genome. This comparison
enables an assessment of the relative abundance of SORFs within
the genomic context and identification of any potential
discrepancies. Such validation enhances confidence in the
biological relevance of the identified SORFs.

The secretome was predicted in a similar manner to the
guidelines of the previously described pipeline in ‘Secretome
Analysis for a New Strain of the Blackleg Fungus Plenodomus
lingam Reveals Candidate Proteins for Effectors and Virulence
Factors’ [23-24] in the article titled ‘In Silico Characterization of
the Secretome of the Fungal Pathogen Thielaviopsis punctulate,
the Causal Agent of Date Palm Black Scorch Disease’.

SignalP v5 0; Phobius server (Predicts

Proteome of G. antarciica & other 16 genomes
= Signal Peptides)

SORES of G. antarctica & other 16 genomes

(78, 684) (3.058) @59)

—

ScarProsite (NoER targeting motif) Target? (Nomitochondsial proteins) Deep TMHMM (No TM helix)
H —
am am (184)

7

NetGPI (No GPI anchored proteins)

Refined Secretome
— —_—
[(%5))

Comparative snalysis

|

Functional analysis

Figure 2 Result of SORF secretome prediction for all 17 genomes

The methodology used to predict the secretome of 17 genomes
are illustrated in Figure 2 with the number of SORFs in each step.
Using a combination of SignalP and Phobius server, of the 3058
total SORFs, 289 sORFs were predicted to have a signal peptide
at their N-terminal region. Among these 289 sORFs, 105
transmembrane proteins were excluded using DeepTMHMM and
7 mitochondrial-target proteins identified by TargetP were
discarded. Then, the remaining 184 sORFs were scanned for an
endoplasmic reticulum (ER)-targeting signal to exclude the
proteins that remain in the endoplasmic reticulum by the
ScanProsite webserver. Three sORFs were then identified by
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NetGPI to harbor glycophosphatidylinositol (GPI) motifs,
resulting finally in a list of 173 refined secreted SORFs. Thus, the
bioinformatic pipeline predicted a total of 173 (5.65%) of the
entire SORFs of 17 genomes as secretome and these were used
for further analysis. Overall, the number of refined secretome in
all 17 genomes ranged from 1 to 22. The result in Supplementary
Table S2 shown the number of refined secretome for each
genome and their percentage from the total of SORFs and
proteins. Interestingly, only 1 sORFs secretome predicted for H.
lacusprofundi from the total of 265 SORFs using the pipeline in
Figure 2.

The comparative analysis also was conducted between the
temperature groups which are psychrophiles, mesophiles and
thermophiles. This was shown in Figure 3 in the form of
horizontal bar chart. From the total of 173 SORFs secretome, 112
(65%) of them were psychrophiles, 37 (21%) were mesophiles
and 24 (14%) were thermophiles. Further exploration of these
temperature-specific SORFs may elucidate their functional roles
and shed light on the adaptive strategies employed by
microorganisms inhabiting diverse environmental niches.

Number of sORFs and secretome

Flavobacterium psychrophilum
Shewanella livingstonensis Ac174
Sulfolobus solfataricus
Pseudogymnoascus destructans
Rhodotorula graminis
Geobacillus stearothermophilus
Ustilago maydis 522
Pseudoalteromonas haloplanktis TAC144
Polaribacter irgensii 23-P
Saccharomyces cerevisiae
Thermus thermophilus
Cryptococcus neoformans
Halorubrum lacusprofundi
Psychromonas ingrahamii
Methanococcoides burtonii
Glaciozyma antarctica

Colwellia psychrethrea
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Figure 3 Number of SORFs and secretome for across all genomes

The functional analysis of predicted secretomes represents a
critical aspect of understanding the molecular mechanisms
underlying cellular communication, intercellular signaling, and
more. In this project, bioinformatics tools and techniques were
utilized to predict and characterize the SORFs secretomes of
organisms, aiming to uncover the functional roles and biological
significance of secreted proteins.

Firstly, all the 173 secretome of sORFs predicted using the

secretome pipeline were loaded in the Blast2GO interface. Then,
all of them is going through sequence similarity search using
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BLASTP. There are 12 sequences that do not have any match of
sequence similarity in the known database. Then, InterPro is run
using default parameters to find any conserved domains and
protein signature. This integration allows users to identify
functional domains and motifs associated with their sequences,
enhancing the understanding of protein structure and function.
By leveraging InterPro annotations, Blast2GO users can explore
the functional diversity and evolutionary relationships of proteins
within their datasets, facilitating comprehensive functional
annotation and analysis workflows.

Next, after running InterPro analysis in Blast2GO, one crucial
step is mapping the InterPro annotations to Gene Ontology (GO)
terms. This process involves associating the protein domains,
families, and motifs identified by InterPro with standardized
terms from the GO database, which categorizes gene products
based on their biological processes, molecular functions, and
cellular components. The mapping of InterPro annotations to GO
terms is automated, leveraging the rich annotation resources
available in both databases. Blast2GO utilizes algorithms to
match InterPro entries to corresponding GO terms based on
predefined mappings and associations.

The total of 173 sORFs secretome were blast searched against
the nr database and classified according to the three major Gene
Ontology (GO) classes of molecular function, biological process
and cellular component. Out of 173 sSORFs secretome, only 59
could be classified according to GO classes. This resulted in 48
SORFs being classified into biological process, 68 SORFs
classified to be involved in molecular function and 75 sORFs
being classified into cellular components (Figure 4). The number
of genes resulting from the Gene Ontology classification are
higher than the total number of predicted SORFs because one
gene can be associated with multiple classes.
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Figure 4 The distribution of functional analysis of 173 SORFs secretomes

In the cellular component classification, there were 75
predicted sORFs classified into mitochondrion (1), membrane
(27), cytoplasm (2), cellular component (13), proteasome
complex (1), cytochrome complex assembly (1), plasma
membrane (4), oxidoreductase activity (1), regulation of DNA-
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templated transcription (1), DNA binding (3), DNA-binding
transcription factor activity (1), cytosol (1), endoplasmic
reticulum membrane (1), extracellular region (4), mitochondrial
intermembrane space (1), cytosolic large ribosomal subunit (1),
fungal-type vacuole (5), cell periphery (1) side of membrane (1),
fungal-type cell wall (1), mitochondrial proton-transporting ATP
synthase complex, coupling factor F(o) (1), endoplasmic
reticulum (1), Golgi apparatus (1), and cellular anatomical entity
(1). Under the molecular function classification the predicted
SORFs were assigned to function associated to 2-octaprenyl-6-
methoxyphenol hydroxylase activity (1), oxidoreductase activity,
acting on paired donors, with incorporation or reduction of
molecular oxygen, NAD(P)H as one donor, and incorporation of
one atom of oxygen (1), FAD binding (1), transposase activity
(1), transmembrane transporter activity (4), hydrolase activity
(1), hydrolase activity, acting on carbon-nitrogen (but not
peptide) bonds (1), NADPH-hemoprotein reductase activity (1),
FMN binding (1), flavin adenine dinucleotide binding (1), NADP
binding (1), calcium ion binding (10), phosphatase activity (1),
phosphoglycerate dehydrogenase activity (1), cellulose binding
(1), NAD binding (1), copper ion binding (1), copper chaperone
activity (1), nucleic acid binding (1), peptidase activity (1),
structural constituent of ribosome (1), metal ion binding (2),
structural constituent of cell wall (1), SNAP receptor activity (1),
long-chain fatty acid-CoA ligase activity(1), nucleotide binding,
3'-nucleotidase  activity (1), 2',3-cyclic-nucleotide  2'-
phosphodiesterase  activity (1), enoyl-[acyl-carrier-protein]
reductase (NADH) activity (1), nitronate monooxygenase
activity (1), and dioxygenase activity (1). For biological process
GO classification, they were classified into mitochondrial
respiratory chain complex | assembly (1), ubiquinone
biosynthetic process (1), DNA transposition (1), transmembrane
transport (4), response to toxic substance (1), carbohydrate
metabolic process (2), L-serine biosynthetic process (1),
mitochondrial cytochrome ¢ oxidase assembly (1), proteolysis
(1), translation (1), fungal-type cell wall organization (1), proton
motive force-driven ATP synthesis (1), protein secretion (1),
intracellular transport (1), endoplasmic reticulum to Golgi
vesicle-mediated transport (1), Kkilling of cells of another
organism (1), defense response to bacterium (1), long-chain fatty
acid metabolic process (1), and nucleotide catabolic process (1).

The cellular component, molecular function, and biological
process classifications of predicted SORFs provide valuable
insights into the potential roles of these peptides in stress
response and cold adaptation across psychrophilic, mesophilic,
and thermophilic organisms. Notably, the diverse localization of
SORFs within cellular compartments such as the membrane,
cytoplasm, and organelles like mitochondria and the endoplasmic
reticulum suggests their involvement in temperature-dependent
stress responses and adaptation mechanisms. Molecular function
assignments,  including  oxidoreductase  activity  and
transmembrane transporter activity, underscore the importance of
redox regulation and membrane transport in coping with
temperature fluctuations. Biological processes associated with
SORFs, such as response to toxic substances and defense
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responses to bacteria, suggest potential strategies employed by
organisms to withstand environmental stresses at different
temperature ranges. Additionally, the presence of sORFs
associated with protein secretion and intracellular transport hints
at the dynamic interplay between cellular compartments in
orchestrating stress adaptation processes. These findings offer a
comprehensive framework for exploring the molecular
mechanisms underlying temperature-dependent stress responses
and adaptation strategies in psychrophilic, mesophilic, and
thermophilic organisms.

IV. CONCLUSION

In conclusion, this study has provided valuable insights into the
landscape of small Open Reading Frame (SORF) proteins within
the secretomes of various extremophilic microorganisms,
especially towards cold adaptation. Through computational
analysis, from a total of 78, 684 proteins, a total of 3,058 SORFs
were identified across 17 genomes, with notable variation in their
abundance and length distribution. There is a total of 173 SORFs
secretome predicted. The comparative analysis of sORF
secretomes across different temperature groups revealed
intriguing patterns, with psychrophilic organisms exhibiting the
highest proportion of refined secretome proteins. Furthermore,
functional annotation of the predicted secretome proteins offers a
glimpse into the potential roles of these proteins in cold
adaptation and other cellular processes. The sSORFs secretome
analysis revealed a diverse array of molecular functions,
biological process and cellular components associated with cold
adaptation, including mitochondrial assembly, transmembrane
transport, and enzymatic activities. However, despite their
presence, the explicit annotations related to stress response
pathways or cold adaptation were apparent. Nevertheless, this
presents an opportunity for future investigations. Overall, this
research contributes to our understanding of the molecular
mechanisms underlying cold adaptation and highlights the
importance of SORF proteins in extremophilic organisms.

Further analysis could involve exploring stress response
pathways through pathway enrichment analysis or comparative
proteomics with known stress-responsive proteins. Structural
bioinformatics approaches could elucidate the structural features
and potential interactions of these proteins, while machine
learning algorithms could aid in predicting sequence motifs
associated with cold adaptation. These efforts will advance our
understanding of microbial adaptation to extreme conditions.
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