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Abstract

The majority of non-repetitive DNA in higher eukaryote genomes is transcribed,
but only a small portion of them code for proteins, which appears to be a conundrum.
The term "smORF-encoded proteins" (SEPs) refers to small open reading frames
(smORFs) that encode functional proteins and are located across the genome in
various locations, such as coding sequences (CDSs) and the 5' and 3' untranslated
regions (UTRs) of genes. Numerous vital processes, such as metabolic, cellular, gene
expression, embryogenesis and development are carried out by SEPs. Additionally,
they are connected to a number of clinical conditions promote proteome evolution.
As omics technology and identification techniques progress, a large number of
peptides are currently being annotated. Further, several of these peptides are essential
for the regulation of reproductive physiology and development in insects. Male
seminal fluid proteins (SFPs) elicit a physiological response in the females during
mating that increases the reproductive success of the mating pair. This response
is known as the post-mating response (PMR). SFPs exhibit a broad distribution of
relative molecular weights and influence a variety of functions, including catalysis,
inhibitor activity, and protein folding and binding. It is now known that several of
these proteins, such as MSAmiP in Drosophila, are crucial to insect reproduction. The
area of smorf is reviewed in this mini-review, covering basic biology, mechanisms
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and functions, methodology and advancements
finally evolutionary trends. Further expansion
of the discussion to their involvement in insect
reproductive physiology is also included.
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INTRODUCTION

he majority of non-repetitive DNA in the
genomes of higher eukaryotes has been found
to be transcribed, but only a small percentage of
these transcripts are known to code for proteins.
While there are a few of functional long non-
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coding RNAs (IncRNAs), it is still unclear if the
majorities of IncRNAs serves any purpose or
are just transcriptional noise (Chris P Ponting et
al. 2009). Because they lack large open reading
frames (ORFs), these are referred to as non-coding
RNAs (InRNAs). However, new research has
revealed that unique sequences known as short
open reading frames (smORFs) generate small
proteins or peptides with significant biological
roles (Clement Immarigeon et al., 2021; Emmanuel
Ladoukakis et al., 2011; Alvaro de Andres-Pablo et
al., 2017). Based on transcriptional characteristics
Diego Guerra-Almeida et al. 2021 classify smORFs
into two groups: expressed (genic) smORFs and
non-expressed (intergenic) smORFs. These ORFs
encode proteins that are 100 amino acids or less in
length. Alternate splicing of numerous non-coding
genes results in noncoding RNA variations known
as circRNAs and IncRNAs, which serve regulatory
purposes in addition to their typical protein-
coding functions. These proteins are encoded in
the genomes of many different organisms, such

Table 1: List of diverse class of smORFs identified in various taxa

as yeast, bacteria, plants, fruit flies, and other
metazoans (Ruth Steinberg and Hans-Georg Koch
2021). Many mitochondrial-encoded smORFs play
important roles in respiration of cells, and some
are implicated in stress signaling (Catherine A
Makarewich et al., 2020) and in cancer (Nausica
Arnoult et al., 2017) such as the mitochondrial outer
membrane (MOM) microprotein ( PIGBOS protein).
The first functional microprotein discovered was
a helix-loop-helix protein in 1990 (Y Wang, et al.,
1992) known as the “Id” protein with functions in
muscle differentiation, whereas in plants the Little
Zipper (ZPR) proteins which control stem cell
during development were the first (Kaushal Kumar
Bhati, et al., 2018), in yeast the NORF5/HUGI
protein (Munira A Basrai et al., 1999) and in bacteria
the Bacitracin produced by Bacillus licheniformis
(Jiang Zhu, et al, 2023).Table-1 summarizes
diverse class of smORFs identified. Subsequent to
these several peptides have been discovered and
annotated to date.

smORF peptides/ Species Functions Reference
example

Hemotin Homo sapiens  Phagocytosis José L. Pueyo, 2016

MOTS- Homo sapiens  Regulator of metabolic homeostasis Kim et al., 2018

MOTS-c Mice Insulin resistance and diet-induced obesity and reverses Lee et al., 2015

age-related insulin resistance in muscles

pri-miR171b and Medicago Root development Lauressergues et al.,

pri-miR165a truncatula 2015

Polaris A. thaliana Hormonal crosstalk during J. Liu et al., 2013

Myoregulin Caenorhabditis Muscle development Douglas M. Anderson

elegans et al.,, 2015

sarcolamban Drosophila SER Ca2+ trafficking E.G. Magny et al,,
2013

Pri Drosophila Leg developme nt Markus et al., 2023

SgrS Escherichia coli ~ Glucose flux Wadler, C.S. and
Vanderpool, C.K. 2007

SR1P Bacillus subtilis Moonlighting activity modulation Gimpel et al., 2016

hld Staphylococcus ~ Antimicrobial activity Verdon et al., 2009

aureus

The functions of these proteins are varied and
include metabolic functions like respiration (Annie
Rathore et al., 2018), tissue folding (Yoo-Seok
Hwang et al., 2013), and homeostasis; cellular
functions like phagocytosis (José I Pueyo, et al.,
2016), DNA expression and repair (Sarah A Slavoff,
et al, 2014), mitochondrial translation (Nadia G
D’Lima, et al., 2017), and cell-to-cell signaling
during development (José I Pueyo, et al., 2008), and
embryogenesis (Andrea Pauli, et al., 2014).

These INCRNAs and short regulatory RNAs have
numerous unidentified uses that are continually
being found. Compared to the overall number of
transcripts produced in genomes, the role of non-
coding transcript variations, such as IncRNAs and
circular RNAs (circRNAs), expressed from peptide-
coding genes are extremely modest; extensive
noncoding transcriptomes and differential splicing
contribute significantly to organismal complexity
(Sonam Dhamija & Manoj B. Menon et al., 2018).
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Furthermore, other regulatory mechanisms, such
as alternative transcription initiation, alternative
polyadenylation, and alternative CDS translation,
could generate isoformic smORFs (Diego Guerra-
Almeida et al., 2021).

Intergenic and genic smorf

Intergenic smORFs

Intergenic smORFs are not generally functional
or transcribed; they constitute majority of smORFs
in the genome and originate randomly via simple
arrangement and rearrangement of nucleotides
often classified as junk DNA (Couso, J. and
Patraquim, P. 2017). Previously several coding
smORFs were overlooked in genome annotation
screenings and classified as intergenic DNA
stretches (Ladoukakis, E., 2011). Recent evidence
from bacteria suggests that intergenic smORFs
are expressed under differential physiological
conditions indicating that intergenic smORFs
are a potential source of peptides with condition-
dependent expression (Hu"cker, S.M et al., 2017).
Strategies to uncover new intergenic smORFs
includes smORF detection in intergenic regions
using bioinformatic tools, followed by filters of
evolutionary conservation and comparison to RNA
sequence databases to verify if the sequence is
expressed.

Genic smorf

smORFs in small RN As

The regulatory roles of small RNAs are widely
studied in all domains of life owing to their
cellular responses to biotic and abiotic stresses. The
classification of genic smorf is depicted in fig. 1.
Small RNAs are transcripts smaller than 200- 300
nucleotides. However, the coding capacity of small
RNAs has been scarce with few reports of functional
smORFs (Friedman, R.C. et al., 2017). Evidence
suggests that most coding small RNAs are dual
functional. The coding capacity of eukaryotic small
RNAs is still unexplored. Whereas, in prokaryotes;
the widespread distribution of potentially coding
small RNAs has been confirmed by computational
approaches. It is shown in 14 bacterial species
that 0.5% of all small RNAs contain smORFs are
under purifying selection, and reaches 20% in
some taxa. An example of smorf small RNA is
the Staphylococcus aureus RNAIII encodes the
smORF peptide d-haemolysin which regulates the
translation and/ or stability of virulence factors, cell
wall metabolism enzymes and transcription factor

mRNAs (Bronesky, D., 2016).

smORFs in long non-coding RNAs

Typically IncRNAs are expressed at low levels
and are non-conserved. These molecules are
longer than 200 nucleotides and associated with
several biological processes (Yuji Kageyama et
al., 2011). Due to certain limitations the coding
potential of IncRNAs is still disregarded including
(i) the absence of major ORFs (ii) degeneration
frequency similar to that of introns and much
higher than that of exons and (iii) when translated,
the instability and rapid degradation. Examples of
IncRNAs are the cis-acting regulatory, pri-miR171b
and pri-miR165a transcripts, which are miRNA
precursors, encode peptides of 18 and 21 amino
acids, respectively. Both peptides promote negative
modulation of their targets associated with root
development in Medicago truncatula and A.
thaliana (Lauressergues D., et al., 2015). For many
years, circRNAs have been considered atypical
products in cells; however, recent reports indicate
these molecules are stable and are generated via a
mechanism known as back-splicing. An example
is the synaptic circMbl1, which encodes a peptide
of 10kDa in response to starvation and FOXO
expression involved in the mechanisms of neuronal
communication (Pamudurti, N.R.,2017).

smORFs as reference CDSs

Reference CDS is the main or unique coding ORF
of an mRNA, which can be flanked by translatable
alternative ORFs. These molecules are smaller
than 100 codons. Eukaryotic mRNAs exhibit more
than one small ref CDS, constituting poly-cistronic
transcripts which might even contain conserved
and duplicated smORFs (Pauli, A., 2015). Strategy
based on ribosome profiling and mass spectrometry
and analysis of conservation at the amino acid level
among different species coupled to transcript and
peptide localization techniques are promising
approaches for their identification. Example of
small refCDS transcripts is the 55 amino acid
peptide toddler/apela/ELABELA/ende conserved
among vertebrates that acts as an embryonic signal
in mesendodermal cell migration (Chu, Q. et al,,
2015).

SmORFs as isoforms of major ORFs (isoformic
smORFs)

Isoform smORFs are small variants of major
ORFs. The main mechanism of generation of
isoform smORF is alternative splicing. Further,
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other regulatory mechanisms, such as alternative
transcription initiation, polyadenylation and
ref CDS translation could theoretically generate
isoform smORFs (Sasaki, K. et al., 2004). Vertebrates
are potentially the best models for the discovery
of isoform sorts since the genomes are regulated
by alternative splicing. Since the coding genes
of invertebrates and vertebrates (e.g. 20,000 in
humans versus 20,000 genes in Caenorhabditis
elegans) are approximately similar hence,
evolution differentiation and complexity may
be linked to the diversity of variants produced.
Further, complications include the transcriptome
sequencing limitations such as de novo assemblies.
Finally, overlap between smORFs and their major
variants is another difficulty. Example of this class
of smorf is the tumor suppressor TEL (also known
as ETV6) belongs to the ETS transcription factor
family. Exon deletion generates five alternative
splicing variants of these two isoforms encode the
TEL-c and TEL-d (20 to 30 amino acids), which lack
the activity of their full-length variant suppressors
exhibit considerable increased expression in
myelodysplastic ~ syndrome-derived leukemia
(Ohno, S. 1984).

SmORFs as alternative CDSs in mRNAs and
classes

In early genomics research, the ‘one gene, one
protein” dogma was confronted by the capacity
of mRNAs to encode more than one protein
from alternative ORFs. Alternative smORFs are
alternatively or pervasively translated from thesame
mRNAs as canonical large CDSs (Klemke, M., H.
2001). Emerging evidence suggests that alternative
ORF translation is also an important biological
pathway contributing to genetic variability,
either from overlapping genes or alternative
ORFs in unique transcripts (Vanderperre, B et a.,
2013). Proteomic and transcriptomic approaches
corroborate the existence of putative alternative
smORFs in the flanking regions of or overlapping
with ref CDSs in different frames. Data suggest that
15% of alternative smORFs in humans are preceded

by Kozak consensus sequences, suggesting
that smORFs can show efficiency in ribosome
recognition. ~Comparative studies implicate

hundreds of in human alternative smORFs with
evidence of translation are highly conserved in
distant taxa from basal vertebrates to invertebrates
and yeast. Upstream ORFs (uORFs) are smORFs
located in 5’UTRs and have been reported in 50%
of eukaryotic mRNAs. uORFs play roles in several
post-transcriptional control mechanisms(Kochetov,

A.V.2008). uORFs perform their functions through
both cis and trans-regulatory mechanisms. Example
of uORF is the 5’UTR of the c-akt proto-oncogene
transcript which displays a uORF encoding a 10
amino acid tumor rejection antigen (pRL1) (Uenaka,
A et al,, 1994). Overlapping smORFs are smORFs
that overlap with the refCDS in another frame.
The start codons of overlapping ORFs strictly
overlap with ref CDSs and can extend to the 3'UTR
(Michel, A.-M et al., 2012). Unlike uORFs majority
of overlapping ORFs are smORFs. These smorfs are
widely expressed suggesting their diverse roles.
Example of this class of smorf is the gp75 melanoma
antigen transcript that contains an overlapping
smORF encoding a 24 amino acid peptide identified
as a tumor rejection antigen (Wang, R.F. etal., 1996).
Downstream smORFs are ORFs located in 3'UTRs.
The coding potential of downstream smORFs is
underestimated and poorly explored compared to
that of other alternative smORFs (Mehta, A. et al.,
2006). These smorfs contain translational regulatory
elements and subcellular localization signals.
Further contribute to eukaryotic transcript stability,
tissue patterning, embryonic axis formation and
mammalian spermatogenesis. The H60 histo-
compatibility gene encoding the eight amino acid
antigen LYLS8, which is presented by MHC class I
to the immune system is an example of this type of
smorf(Malarkannan et al., 1998).

In summary, integration between omics
sciences and bioinformatics has enabled biological
investigation, discovery and annotation of several
classes of smorf. This enterprise will help elucidate
diversity and singularities of smorf and their role in
evolutionary innovations in thehiddencoding DNA
world. Hundreds of new playersare been discovered
with diverse roles in transcription/translation
control, tissue  physiology, immunological
surveillance, developmental biology, cancer, neuro-
pathologies, and environmental responses. Such
diverse biological roles implicate their important
roles previously underestimated.

Synthesis, mechanisms and functions of smorf

There is compelling evidence for diverse RNA
molecules involved in translation of peptide
smORFs such as mRNAs (K. Bharathan Sruthi et al.,
2022), introns of pre-mRNAs (Marta A Inchingolo
2023), IncRNAs (Pedro Patraquim et al., 2022), and
even primary transcripts of miRNAs (Dominique
Lauressergues et al.,, 2015) or rRNAs (Julie L
Aspden et al., 2016). The diversity is summarized
in Fig. 1. Cells employ several mechanisms to
generate smorfs, which are based on the central
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dogma maxim that a gene with multiple exons can
be transcribed and spliced to generate an mRNA,
which is translated to a protein, determining its
cellular function. However, in some cases, the
mRNAs can additionally have regulatory functions
independent of translation. These protein-coding
RNAs are classified as cncRNAs (coding/non-
coding RNAs). Further, the same gene can also
generate long non-coding transcripts by alternative
splicing. These IncRNAs can be genuine “non-
coding RNAs” with regulatory functions, or they
can harbor smORFs (small ORFs), which encode
micro-peptides for example the TERRA stabilizer
protein enables interaction of proteins with
telomeres (Bersabe Wondimagegnhu et al., 2024).
Finally, back-splicing can also generate circRNAs
(circular RNAs) from several genes.

[ Smerf in IneRNA |

Smorl in sRNA_ |

Genic smort |

| Small rercDs .
[ upstream refeDs |

| Altemative smORFs { overlapping refeDs |

| Smorf in cononical mRNA

Isof: s [ Downstream refCDS |
| soformic smo

Fig. 1: Classification of Genie smorf

Recent research indicates that at least some
circRNAs may be translated, despite the fact that
they are typically stable non-coding RNAs with
regulatory roles (reviewed in Sonam Dhamija &
Manoj B. Menon 2018). Other mechanisms consist

A B
T N A a -
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of Isoform smORFs are generated via large ORF
transcriptional editing, which fragments large CDSs
into smaller variants that can fall within the smorf
length limits. Alternative transcription initiation via
alternative promoters, alternative polyadenylation
cleavage, alternative CDS translation mediated by
downstream start codons, and the fragmentation
of homologous pseudogenes (reviewed in Diego
Guerra-Almeida et al., 2021).

Example includes the Spl zinc-finger protein
that binds to the 3'-UTR of mRNAs (Jingwen Song
2022). smorf peptides are transcribed in the nucleus
and can play regulatory roles within and outside
the cell. Regulatory mechanism (function) of micro
peptides consists of pepto that inhibit downstream
coding sequence expressions by blocking ribosomes
through direct or indirect small molecular
activation switches. Absence of the N-terminal
signal sequence in the micro peptides is suggestive
of their location in the cytoplasm. Abundance of
amino acids reported in Drosophila smorfs are phe,
lys, arg, and ser respectively. Finally, the relative
small size confers an essential role to these proteins
such as regulator of several important biological
functions (Keira R Hassel, et al., 2023). Recent
evidence indicates that a large number of IncRNAs
harbor smORFs and encode short micro peptides.
The distinction between coding and noncoding
transcriptomes is slowly being narrowed by the
emergence of micro peptide-encoding smORFs.
Fig. 2 am summarizes the mechanism involved
in smorf generation and the diversity of RNA
molecules involved.

Fig. 2: A Various RNA classes involved in generating smorf (Adapted from Diego Guerra-Almeida 2021)

B. Table of smORFs identified in various species
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Numerous studies have documented the
similarity of uORFs in the 5’ mRNA leader sequence
and their impact on translational regulation in the
transcriptional machinery of eukaryotes (reviewed
in Luis Enrique Cabrera-Quio et al., 2016). By
adversely affecting the efficiency of protein
translation, they impose this regulation, which
is primarily responsible for differentiation and
development. Next, a number of smorfs function
as extracellular signaling molecules that resemble
hormones and play important functions in the
development of vertebrates and cellular stress
(Rui Vitorino 2024). Numerous SEPs have been
discovered to favorably or negatively regulate the
calcium pump known as SERCA, which in turn
controls the development and function of muscles
(Emile G Magny et al.,, 2013).These hydrophobic
peptides have properties that facilitate interactions
with membranes. Additionally, studies smorf
them to the function of cellular organelle’s such as
P-bodies involved in a variety of RNA metabolism
processes, as well as endosomes and lysosomes
(Akinobu Matsumoto, et al., 2017). DNA repair
and transcription control are two examples of the
nuclear roles of small peptides. Dysregulation
of these proteins has been linked to a number of

pathological conditions, including diabetes (Sheng
Xu 2018),amyotrophiclateral sclerosis (ALS) (Yanan
Pang et al., 2018), chagas disease (Carina Azevedo
Oliveira Silva et al., 2024), cancer (Itaki Merino-
Valverde et al., 2020), and cardiovascular illnesses
(Jia-Rui You et al., 2024). In conclusion, several lines
of research demonstrate the significance of these
micro peptides in various life forms and their varied
functions, which include cellular, metabolic, and
physiological functions. Further their association
to number of illnesses and roles in genome control
underscores their importance.

Evolutionary insights into smORF

Several genomes have 75-90% junk DNA, which
is made up of non-coding RNAs from extensive
transcription (Nils G Walter 2024; ENCODE Project
Consortium, 2012). Additionally, they provide
neutrally evolving smorf peptides. Genetic drift
causes the DNA elements to accumulate mutations,
and thus neutral and non-adaptive evolution occurs
(Matthew Putnins and loannis P Androulakis 2021).
“Selected effects” and “causal roles” are two theories
put forth to explain the evolution of junk DNA
(Doolittle and Brunet, 2017). The activity carried

Table 2a: Internet resources (databases/ tools/prediction methods of smorf)

Repository Type of smorf Brief desctiption url/Reference
sORFs.org sOREF repository Small peptide validation http:/ /www.sorfs.org/
Olexiouk V et al., 2018
SmProt sOREF repository Integrates conservation http:// bioin fo. ibp. ac. cn/ SmProt/
analyses HaoY etal., 2017
OpenProt altORF resource Protein isoforms. https:// www. openp rot. org/
conservation analyses and functional domains Brunet MA et al., 2021
ARA-PEPs  sOREF repository Putative sORF-encoded peptides http:// www. biw. kuleu ven. be/ CSB/
specifically in Arabidopsis thaliana ARA- PEPs
Hazarika RR et al., 2017
PsORF sORF repository sOREF across different plant species, http:/ / psorf. whu. edu. cn/\ Chen'Y et
al., 2017
MetamORF  sOREF repository Unique sORFs in H. sapiens and http:// metam orf. hb. univ- amu. fr/
M. musculus genomes Choteau SA, et al., 2021
nORFs.org novel ORF Aggregated information https:// norfs. org/
(nOREF) repository Neville MDC, et al., 2021
Table 2b: Internet resources (prediction methods)
Tool Brief description url Reference
Coding NonCoding Distinguishes between coding and non- http:/ /cnit.noncode.org/ Guo JCetal,
Identifying Tool coding regions based on intrinsic sequence CNIT/ 2019
(CNIT) compositions
Coding Region Analyses nucleotide sequence composition  http:// rdpwww. life. uiuc. Badger JH et
Identification Tool and conservation at the amino acid level edu/ al., 1999
Invoking

Comparative Analysis
(CRITICA)
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Assess protein-coding potential based on

http:/ /cpc.cbi.pku.edu.cn/  Kong I et al.,2007

Calculator (CPC)/ important features(size, coverage, integrity) http:/ /cpc2.gao-lab.org/ Kang YJetal,
crC2 2017
Coding Potential Predicts the coding potential of RNA tran- http:// www. rnabi nding. Tong X etal.,
Predictor (CPPred) script com/ CPPred/ 2019
PhyloCSF Phylo CSF Determines a conserved http:// compb io. mit. edu/ LinMFetal,
protein-coding 2011
region based on formal statistical comparison
of phylogenetic codon models
MicroPeptide Tool Identifies coding sORFs based on existing https:/ / github. com/ Zhu Metal,,
(MiPepid) microproteins subpopulation set MindAl/ MiPep id 2019
sORF Finder Identifies sORF with high coding potential http:// evolver. psc. riken. Handa K at al.,,
based on nucleotide composition bias and ip/ 2010
potential functional constraint at the amino
acid level
smORFunction Provides function prediction of sORFs/ https:// www. cuilab. cn/ JiXetal., 2020
micro-proteins smorf function/ home
miPFinder Identifies and evaluates microproteins func  https:// github. com/ DaStr ~ Straub D et al.,
tionality using information on size, domain, aub/ miPFinder 2021
protein interactions and evolutionary origin
PhastCons Based on conservation scoring and identifica http:// compg en. cshl. Siepel A etal.,,
tion of conserved elements edu/ phast/ 2005

out by a neutrally evolving element by chance is
referred to as the “causal role.” Natural selection
based adaptive phenotypes are acquired through
“selected effects.” Under environmental stress,
neutrally evolving smorf peptides may shift from
“causal roles” to “selected effects,” exposing their
neutral phenotypes to natural selection and driving
the emergence of novel coding genes. Few examples
are the mitochondrial peptide code LINC00116
(Anastasia Chugunova et al, 2019) and the
Streptomyces coelicolor Small ORF trpM (Alberto
Vassallo et al., 2020), which accelerates growth and
morphogenesis. Overlapping the reference CDS
of canonical mRNAs or using alternate smorfs
in UTRs are two other possible pathways. Here,
smorfs are translated widely or by modifications
that cause the cis-regulatory elements to be induced
(Benoit Vanderperre et al., 2013). The alternative
smorfs would either be fixed as alternative smorfs
in the original transcripts or establish independent
gene units by retro transposition if the “causal
roles” carried out by neutrally developing smorf
peptides become “selected effects” (Zhe Ji, et
al., 2015). Proteins are synthesized by ribosomes
through a process called translation. Several small
sequences that were previously believed to be
noncoding are pervasively translated, such as the
Saccharomyces cerevisiae translatome employing
ribosome profiling, iRibo, and high-powered
selection inferences (Aaron Wacholder et al., 2023).
Suggesting their contribution to the advantages

of evolutionary fitness. Therefore, the study
of smorf provides an unparalleled framework
for comprehending the significance of genetic
novelty in the creation of novel protein structures,
functions, and phenotypes at many scales, ranging
from the DNA sequence to integration into cellular
networks.

METHODS OF DETECTION OF SMORF

Bioinformatic predictions of sORFs prove
valuable due to lower cost. Table 2 a,b. summarizes
the internet resources (databases/tools/prediction
methods) for the smorf. The need to re-evaluate
the coding potentials of sORFs entails use of
several methods based on computational analysis,
next-generation sequencing (NGS) and mass
spectrometry (MS) and to identify the smORFs
or their products. Further, difficulties include the
smaller sizes (< 100 amino acids; < 20 kDa) which
necessitate the adaptation of existing laboratory
techniques. In the following paragraph few
methods are briefly explained.

Ribosome profiling (RIBOSeq)-although the
coding potentials of sORFs can be predicted via
computational tools, this does not provide sufficient
evidence about the transcription and translation
locus of smORFs. Also the lack of evolutionary
constraint renders the identification difficult. These
short-comings can be overcome through ribosome
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Fig. 3: A. Various transcription mechanisms generating small peptides (Adapted from- Serge Plaza 2017)

profiling (RIBO-seq) techniques(Mudge JM et al,,
2021; McLysaght A, et al. 2016). RIBO-Seq has been
applied to identify novel sORFs and to explore
the protein-coding potentials of RNAs in various
models organism. RIBO-seq is based on the principle
of-Translatomics which involves measurement
of cellular translational activity, which provides a
snapshot of the translation process and regulation.
It is a NGS based tool for measuring ribosome-
protected mRNA fragments developed by Ingolia
et al. (2009).Advantage of this method includes
parallel isolation of multiple clusters of ribosomes-
Poly-RIBO-Seq (Aspden et al. 2014).
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Mass spectrometry (MS)-Based Proteomics

MS-based proteomics remains indispensable
in proteomics for sequencing and quantifying
proteins and peptides. MS strategy is well suited
in smOREF research since it involves direct analyses
of microproteins with prior optimization and
modifications. Other advantage of the method is
the assessment phosphorylation of microproteins
(Lopez E et al., 2012). Size exclusion filter, acid
precipitation and C8 reverse phase solid phase
extraction and electrostatic repulsion-hydrophilic
interaction chromatography (ERLIC) are methods
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Fig. 3: B. Splicing, translation and pseudogene mediated mechanisms of generating small
peptides (Adapated from Diego Guerra-Almeida 2021)
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used to detect low-molecular-weight peptides.

Proteogenomics Approach

Proteogenomics is a comprehensive approach
where MSdatais coupled to genomic, transcriptomic
or translatomic data providing an alternative for
further validation of low-abundant microproteins
(Low TY and Heck AJ. 2016).

Validation of microproteins and their biological
functions

Micro proteins exert their cellular functions
either by forming a complex with larger canonical
proteins, or by acting autonomously. Hence a
prerequisite for validation is to understand their
modes of actions. Whilst the aforementioned
methods are efficient at detecting microproteins,
a validation step is required to elucidate the
exact biological functions. One of the strategies
is to analyze differential expression data of the
transcripts or proteins. Example includes the Cao et
al. (2020) study of 16 potential microproteins from

leukemia cell lines. Second approach is to focus on
specific genomic regions which are likely to possess
high coding potentials such as the mtDNA genomic
region which encodes MOTS-c, a microprotein
Lee, Kim and Cohen (2016). Lastly, Genome-wide
CRISPR/ Cas9-based screens enable to assessment
of the influence of microproteins on the phenotype
(Chen ], et al., 2020). For direct observation of the
targeted microproteins, loss-of-function (e.g.,
knockdown, knockout) or gain-of-function (e.g.,
over expression or activation) assays are tailored
to deduce the resulting phenotype. The inference
of the mutant phenotype from the wildtype helps
infer the role of the microproteins in a biological
process, and at also the concentrations that produce
the effects. Stein et al. (2018) validated the function
of a b56-amino-acid microprotein mitoregulin
(MtIn). Several drawbacks and limitations of these
methods are discussed in details and several new
methods developed. Further advances in detection
methods and algorithms are improved over the
years are aiding the field. For a detailed reading the
reader is referred to Fabiola Valdivia-Francia and
Ataman Sendoel 2024.

Table 3: Insect Low molecular weight proteins isolated from various insect species

Description/Mol wt Function (GO-ontology)/ Cellular location References Insect species/Method used
(Kda) to identify
Odorant receptor Odorant-binding/ Secreted Uniprot Heliconius melpomene
rosina/MS
Heat shock protein 70 ATP-dependent protein folding Rama et al., 2024 H.armegeria/MS
chaperone/ Endoplasmic reticulum lumen
Diazepam-binding Fatty-acyl-CoA binding/ Mitochondria Rama et al., 2024 H.armegeria/MS
inhibitor
Elongation factor 1-alpha, GTP binding/ cytoplasm BS Chaitra et al., H.armegeria/MS
partial 2020
Seminal fluid protein Serine-type endopeptidase James R. Walters Danaus plexippus
HACP001 /Enzyme and Richard G. plexippus/MS
Harrison 2000
Bombyxin B-12 Hormone/ Secreted BS Chaitra et al., H.armegeria/2DE-MS
2020
Tubulin polyglutamylase Tubulin-glutamic acid ligase activity/ Xia Xu etal,, 2022  H.armegeria/2DE Bombyx
TTLL4-like Enzyme mori
Initiatorin Serine endopeptidase/Enzyme Sakakura M et al., Bombyx mori/ MS
2022

Major facilitator
superfamily (MFS)
profile domain-
containing protein

Enzyme

Tubulin beta chain
Cytoskeleton

Cytosol aminopeptidase

Adipokinetic hormone 1
preprohormone

transmembrane transporter activity/

Nucleotide-binding/ Constituent of
Manganese ion binding/ Enzyme

Hormone/ Secreted

Glossina morsitans / MS
Francesca Scolari
etal.,, 2016

Francesca Scolari ~ Glossina morsitans / Mass

etal, 2016 spectrometry (LC/MS/MS)
Ethan C. Degner et Aedes aegypti/ Mass
al., 2019 spectrometry
Ethan C. Degner et Aedes aegypti/ Mass
al., 2019 spectrometry
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Alist of Low molecular weight proteins identified
in various insects through various methods listed
along with functions and localization is listed
in table-3. As evident from the table the diverse
lower molecular weight and cellular location and
functions of proteins call for different detection
methods. Although few proteins are common to
several genera of insects and species, however
majority are unique to species. This observation
can have relevance to the roles of smorf in their
evolutions, also in transcription and translation.
As described in the preceding sections several
adaptive and evolutionary causes are attributed to
this uniqueness. It is possible that the smorf enable
such changes through various genetic mechanisms.

The physiological roles of low
molecular proteins in insect reproduction
Peptides and proteins are among the many
macromolecules found in seminal fluid, the non-
sperm portion of the ejaculate. Many protein
types, including lectins, prohormone precursors,
proteases/protease inhibitors, peptides, and
antioxidants, are included in SFPs (L A Herndon,
M F Wolfner et al., 2015; K Ravi Ram and Mariana
F Wolfner 2007; Frank W Avila et al., 2011). Several
unique features of the protein structure explain
their biochemical/physiological roles. The relative
molecular weights vary from 36 to 200-400 amino
acids. The proteins are members of a class that
includes hormones, endopeptidases, chaperones,
and enzymes. Additionally, a variety of activities
such as catalysis, inhibitor activity, protein folding,
and protein binding are modulated by the peptides.
Their occurrence in diverse insect taxa is an
indication of their conservation and important roles
in gametogenesis and reproduction. These proteins
impact several pre-and post-mating responses

(PMR). Cooperation and conflict between the sexes
are both important aspects of sexual reproduction.
Significant selection pressure also determines
the rapid development of SFPs (Chapman et al,
2008; Steven A Ramm et al., 2009; Laura K Sirot
et al., 2014). In insects, this results in reproductive
isolation across diverse taxa—a striking pattern
(Jolie A. Carlisle and Willie J. Swanson 2021).
Many fresh SFP from various insects belonging to
various taxa are being added to the list as a result
of improvements in omics techniques, improved
algorithms, and improved annotation techniques.
Since many SFP are low-molecular-weight proteins,
their roles in reproduction raises evolutionary
questions. Research reveals distinct domain
residues/regions (ECRs) in the proteins that are
evolutionary-constrained and suggestive of their
functions in physiological pathways associated to
reproduction. Evolutionary mechanisms acting on
these proteins are suggested to include duplication
and micro-evolution processes (Mrinalini et al.,
2021; Seirian Sumner et al., 2023). The variety of
insect antimicrobial peptides, small heat shock
proteins (Hsp27), serine protease inhibitors (SGPI-
2), and fibrinogen-related proteins (FREPs) are
examples of low molecular proteins. Table-4
provides a summary of these proteins in a variety
of insects. They carry out a variety of tasks,
including defensive, cellular, immunological, and
physiological responses. Further, few proteins aid
cell defense mechanisms such as venoms (example
ant myrmeciitoxins) proteins and few are anti-freeze
proteins (example Tenebrio molitor from the beetle
Tenebrio molitor). Additionally, these functions
imply that they are changing in accordance with
the evolutionary timeline.

Table 4: Various classes of Insect small molecular proteins with functions isolated from diverse insects

Class of insect smorf/example Insect Functions Reference
Antimicrobial Peptides/ Spodoptera  Antibacterial against Gram-positive and  Hui-Yu Yi et al., 2014
Defensins frugiperda few gram-negative bacteria
Small heat shock proteins/ Drosophila Cellular stress Mohamed Taha Moutaoufik &
Hsp27 Robert M. Tanguay et al., 2021
Odorant-binding proteins/ Drosophila Odoront binding Jennifer S. Sun et al., 2018
Obp19d
Serine protease inhibitors/ Schistocerca Iprotease inhibitor Rose-Anne Boigegrain 2000
(SGPI-2) gregaria
Fibrinogen-Related Proteins Anopheles Immune response Iwona Wojda et al., 2020
(FREPs), gambiae
Antifreeze Tenebrio Antifreeze Midya US and

molitor Bandyopadhyay S. 2024
Venom Rhynocoris ~ Defense Nicolai Riigen et al., 2021
iracundus

Protein/ @-conotoxin
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Evolution implications of Insect Low molecular
weight protein

The rates by which reproductive proteins
evolve compared to others proteins vary in animal
kingdom (Patlar B and Civetta A. 2022). Further
unique features in insects such as variation within
species (Martin D Garlovsky and Yasir H Ahmed-
Braimah 2023), different evolutionary rates are
gender specific (Papachristos K 2024) and cast
specific (Brittany L. Enzmann and Peter Nonacs
2018) raises few questions about the de novo gene
birth mechanisms also on the fine scale genomic
regulation. Several neutrally evolving peptides
are facilitated by the translation of open reading
frames in non-coding genomics sequences (Ruiz-
Orera | and Alba MM. 2018). Studies suggest
through certain genome modifications such as
optimal coding such as structural stabilization,
emergence of Kozak consensus; internal ribosome
entry sites (IRES), coverage by enhancers and the
elongation of coding smORFs involve these gene
birth processes(Juan-Pablo Couso Pedro Patraquim
2017). Since sequence conservation is common
to several smorf this proposition seems a true
possibility since during evolution they will be fixed.

New findings in both model and non-model
insects are expanding the collection of insect
reproductive peptides. Examples include the RNA-
encoded “micro peptide” (MSAmiP) in Drosophila
melanogaster, which consists of nine or twenty
amino acids. It is a nested gene in the HOX cluster
that is expressed in secondary cells of the male
accessory gland. Further, loss of function of this
micro peptide causes defects in sperm competition
implicating its role in reproduction. Studies in
Drosophila also suggest pattern of conservation
of these smORFs, synteny and their ratio of
conservative versus non-conservative nucleotide
changes (Emmanuel Ladoukakis et al, 2011).
Linrong Wan et al., 2002 identified in silkworm
using comprehensive methods and identified
several smORFs which were differentially and
tissue specific expressed.

Diverse functions of these peptides in insects
include the conserved peptides mlpt/Ubr3/Svb
module, an ancient developmental switch involved
in embryonic patterning (Azza Dib et al.,, 2021),
the Pri smorf peptides mediators of Ecdysone
signaling, the glass locus which is involved in eye
development (Cornelia Fritsch et al., 2019), polished
rice (Pri) which has roles in maintaining adult stem
cell niches (Emile G. Magny et al., 2013). Together,
the study findings are pointers to their varied roles

in the cellular and developmental processes of
insects.

CONCLUSION
I

From a genomic perspective the non-coding
transcripts are now proposed with consensus are
missing link in explaining the complexity achieved
by mammals, despite having similar number of
protein-coding genes compared to invertebrates.
Studies comparing smORFs at the base of metazoan
and non-bilaterian groups, cnidarians, placozoans
and ctenophores, would be particularly interesting.
From an evolutionary perspective comparison of the
roles and conservation of smORFs during speciation
and/or whole-genome du plication events could
provide insights into the origin and functions. Roles
for IncRNAs in complex processes unique to higher
eukaryotes like neuronal development and cancer
metastasis support this notion. With mounting
evidences of human homologs in basal vertebrates,
invertebrates and yeast coupled with advances
in gene knock-out and in methods and high-
resolution detection methods the discovery biology
of smorf it being fueled at rapid pace (Peter F Renz,
et al., 2020). Genetic variation in smORFs is now
proposed to contribute to human traits and diseases
implicating that these variations could be used as
disease marker. Further, discovery of homologs
and novel smorf from diverse life forms will add to
this goal. From an application perspective several
small peptides provide alternative opportunities for
drug therapies. For example, Humanin derivatives
in Alzheimer’s disease and dementia (Chrysoula-
Evangelia Karachaliou and Evangelia Livaniou
2023), Daptomycin Use in Pediatric Patients
(Hanna Persha et al., 2024), Liraglutide used to treat
diabetics (Assim A. Alfadda, et al., 2024). A growing
number of peptides are now are being investigated
as potential tumor biomarkers. With the increase in
antibiotic resistance antimicrobial micropeptides
provide alternative treatment regime.

Insect proteins are increasingly used as bioactive
peptides and insects are emerging as alternative
sources of proteins for use in food applications.
Insect proteins such as anti-freeze proteins have
diverse applications in several industries. Several
plant peptides enable resilience against abiotic
and biotic stressors. In summary these scientific
advances are indicators of the potential these
proteins hold for various applications in human
welfare and industry apart from addressing basic
research questions in biochemistry and evolution.
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