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Abstract 

The ev er-gr owing r e pertoir e of genomic techniques contin ues to expand our understanding of the true di v ersity and richness of 
pr okar yotic genomes. Ribopr oteogenomics laid the foundation for dynamic studies of pr eviousl y ov erlooked genomic elements. Most 
strikingly, bacterial genomes were revealed to harbor robust repertoires of small open reading frames (sORFs) encoding a di v erse 
and br oadl y expr essed range of small pr oteins, or sORF-encoded pol ype ptides (SEPs). In r ecent years, contin uous efforts led to gr eat 
impr ov ements in the annotation and c har acterization of suc h proteins, y et many c hallenges r emain to full y compr ehend the perv asi v e 
nature of small proteins and their impact on bacterial biology. In this w ork, w e re vie w the recent de velopments in the dynamic field of 
bacterial genome reannotation, catalog the important biological roles carried out by small proteins and identify challenges obstructing 
the way to full understanding of these elusive proteins. 

Ke yw ords: small ORF (sORF); small ORF-encoded pol ype ptide (SEP); riboproteog enomics; g enome (re)annotation; bacterial pathog ens; 
proteomics 
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Introduction 

In the continuous effort to impr ov e bacterial genome annotations,
the de v elopment of ribosome pr ofiling by next-gener ation se- 
quencing (Ingolia et al. 2009 ), Ribo-seq in short, permitted the re- 
cent discovery of a plethora of small open r eading fr ames (sORFs).
Classified as open reading frames built of no more than 300 nu- 
cleotides (nt), these ne wl y discov er ed genes potentiall y giv e rise 
to their encoded small pr oteins; r eferr ed to as sORF-encoded 

pol ypeptides (SEPs). By pr oviding dir ect tr anslation e vidence of 
numerous sORFs (Ingolia et al. 2009 , 2011 , Guo et al. 2010 ), Ribo- 
seq no longer penalized these specific ORFs for their short lengths 
in the process of gene prediction and genome annotation. Cur- 
r entl y, m ultiple Ribo-seq datasets have been published for model 
bacterial species like the Gr am-negativ e Esc heric hia coli (Li et al.
2014 , Hucker et al. 2017 , VanOrsdel et al. 2018 , Weaver et al. 2019 ) 
and the Gr am-positiv e Bacillus subtilis (Li et al. 2012 ). Similar ef- 
forts were also reported for specific bacterial human pathogens 
including the model species Salmonella enterica subspecies enter- 
ica ser ov ar Typhim urium (Baek et al. 2017 , Ndah et al . 2017 , Ven- 
turini et al. 2020 ) and mor e r ecentl y for Streptococcus pneumoniae 
(Laczk ovic h et al. 2022 ), Mycobacterium tuberculosis (Smith et al.
2022 ), Staphylococcus aureus (Bartholomaus et al. 2021 ), and Campy- 
lobacter jejuni (Fr osc hauer et al. 2022 ). A compr ehensiv e ov ervie w 

of available prokaryotic ribosome profiling studies has recently 
been compiled by Vazquez-Laslop et al. ( 2022 ) and ribosome pro- 
files corresponding to (some of) these and other studies can be 
consulted via the online genome browser GWIPS-viz (Michel et al.
2014 ). 

Since the aforementioned studies report on the discovery of 
nov el, putativ e sORFs, these recent efforts all contributed to a now 

exhaustive list of hypothetical bacterial SEPs. In aid of gene an- 
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otation, Ribo-seq studies can pr ovide e vidence for the transla-
ion of in silico- predicted sORFs by demonstrating ribosome inter-
ction of their transcripts, making their consideration in genome 
re-)annotation efforts more straightforw ar d. Ho w ever, functional
 har acterization has only been reported for a small portion of pu-
ative sORFs and their encoding SEPs , lea ving an enormous world
f the sORFeome uncharted. With documented bacterial SEP func- 
ions falling within diverse categories of basic and essential bacte-
ial physiology (Wang et al. 2017 , Araújo-Bazán et al. 2019 , Xu et al.
019 , Yoshitani et al. 2019 , Burb y and Simmons 2020 , Sw eet et al.
021 ) as well as infection biology (Olv er a et al. 2019 , Williams et al.
019 , Yadavalli et al. 2020 , Sur et al. 2022 ), the need for more large-
cale validation and functional c har acterization efforts is high. In
his context, it is noteworthy that difficulties in biochemical de-
ection and ther efor e v alidation of SEPs are known and have been
xtensiv el y documented (Fijalkowski et al. 2021 , 2022 , Gray et al.
021 ), but that also recent bacterial SEP validation studies fail to
ull y addr ess man y of the c hallenges in small pr otein detection
Fijalk owski et al. 2022 ), suc h as their pr oposed low expr ession
r low stability (Stringer et al. 2022 ). Nonetheless, as detection
f protein expression is a prerequisite for functional investiga- 
ions , further impro vement in SEP detection might turn out to be
f gr eat v alue in expanding our curr ent understanding of bacte-
ial (infection) biology . Fundamentally , because of the lack of stan-
ar d w orkflo ws to go fr om computationall y pr edicted sORFs to
unctionally annotated SEPs, a whole piece might be missing from
he puzzle the bacterial life is known to be. While independent of

RNA, small proteins may be generated by proteolytic action or
onribosomal synthesis (i.e. nonribosomal peptides), the focus of 
his r e vie w is on the small pr otein load of bacterial life encoded
y sORFs. More specifically, besides reporting on their cataloged 
 is an Open Access article distributed under the terms of the Cr eati v e 
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iological functions, and following an elaborate discussion on
enomic sORF discovery and classification, we highlight the tech-
ical SEP-inherent validation challenges that mark the path to-
 ar d full bacterial SEP annotation, ranging from experimental ex-
r ession v alidation b y standar d protein detection methods [i.e.
ass spectrometry and (immuno)blotting] to w ar d uncovering

heir biological roles. 

tudying bacterial biology in the genomics 

ra 

equencing revolution demands annotation 

volution 

o date, 25 years after the first genome was sequenced, advances
n sequencing techniques under the form of high-throughput,
ext-generation sequencing, and supporting bioinformatics have
esulted in an exponential increase in the number of bacte-
ial genomes available by significantly lo w ering both sequenc-
ng time and costs (Land et al. 2015 , Loman and Pallen 2015 ,
orado et al. 2021 ). In the meantime, genome sequencing tech-
ologies already reached the third revolution (van Dijk et al.
018 ), which was initiated with the advent of high-resolution,
ingle-molecule, long-read sequencing. Genome sequences serve
s a starting point for a better understanding of bacterial func-
ioning, evolution, and interaction with the en vironment. T he
 v er-augmenting number of available gene sequences evoked a
witc h fr om forw ar d to r e v erse genetics a ppr oac hes (Fels et al.
020 ). Ho w e v er, the massiv e accum ulation of genome sequences
ntailed a new hurdle. Data on microbial genomes are gen-
rated faster than they can be manuall y pr ocessed to extract
aluable information from, making automatization of annota-
ion an urging challenge for the current revolution in sequencing
echnology. 

utomatic genome annotation requires manual 
ur a tion: a frustr a ting par adox 

he applied principles in popular, prokaryotic annotation tools
e.g. RAST, Prokka, and PGAP; Dong et al. 2021 ) illustrate the cen-
ral idea of automatic genome annotation, which is the search for
omology with database-annotated genes, proteins or domains.
ence, annotation of ne wl y sequenced genomes is str ongl y in-
uenced by the available information in databases and conse-
uentl y, is steer ed by the annotation principles that have been
sed thus far. Once intr oduced, annotation err ors pr opa gate in
hese databases (Danchin et al. 2018 ), illustrating why the “au-
omatic” c har acter of widel y a pplied annotation pipelines is not
hat absolute, as human intervention or metadata is still heav-
l y r equir ed to manuall y cur ate their performance (Dziurzynski
t al. 2021 ). Lobb et al. ( 2020 ) demonstrated the incompleteness
f bacterial genome annotations by determining the percentage
f the av er a ge bacterial pr oteome that can be functionall y anno-
ated based on homology with database-annotated proteins and
omains, indicating a range between 52% and 79%, depending on
he annotation tool used. Because of these inherent shortcom-
ngs to automatic genome annotation, (ribo)proteogenomics (i.e.
he combination of systematic complementary ribosome profil-
ng, proteomics, and genomics for studying translational land-
capes; Willems et al. 2022 ) has become an inv aluable a ppr oac h
or gene annotation as it already links gene prediction to expres-
ion (Fijalkowska et al. 2020 , 2022 , Cao et al. 2021 , Willems et al.
022 ). 
ORFs: the weak spots of automated 

acterial genome annotation 

he annotation bias is especiall y c hallenging when it comes to
he detection of sORFs . T hese coding sequences of arbitr aril y no

ore than 150–300 nt encode small proteins or SEPs, with the in-
er pr etation for “small” r anging fr om smaller than (or equal to)
0 (Hemm et al. 2010 , Storz et al. 2014 ) to 100 amino acids (AA)
Andr e ws and Rothna gel 2014 ). SEPs distinguish themselv es fr om
anonical small peptides by the fact that their origin is trans-
ational and no pr oteol ytic pr ocessing step is r equir ed to make
hem this small. In this way, the typical length cut-offs for gene
r ediction and annotation, c hosen based on the strong original
elief that genes should be of sufficient length to be functional,
urned out to be too short-sighted thereby obstructing sORF iden-
ification. Within existing genome annotations, a vast majority of
ORFs encode ribosomal SEPs, which are significantly more con-
erved than the sORFs that are currently being discovered in large
umbers because of the introduction of riboproteogenomics for
he r eanal ysis of bacterial genomes (Gr ay et al. 2021 ). One pos-
ible explanation for the general lo w er degree of conservation of
uc h tr anslated sORFs might be due to their r elativ el y r a pid de
ovo e volv ement in bacterial genomes (Gr ay et al. 2021 ). 

In line with pr e vious ORF annotations, ne wl y discov er ed sORFs
an be classified as intergenic sORFs, upstream (overlapping)
regulatory) sORFs [u(o)sORFs], internal (out-of-frame) sORFs
intsORFs) or downstream (out-of-frame) (overlapping) (regula-
ory) sORFs [d(o)sORFs]; a classification based on the relation be-
ween the genome-orientation of the ne wl y discov er ed sORF and
xisting gene annotations (Fig. 1 A) (Gray et al. 2021 , Mudge et al.
022 , Stringer et al. 2022 ). For bacterial genomes, the genomic po-
itioning of annotations is especially informative in the case of
ol ycistr onic mRNAs, fr equentl y encoding gene pr oduct(s) with a
trong functional interplay. Further, existing (s)ORF annotations
re also frequently updated (i.e. sORF reannotations) (Fig. 1 B). 

sORFs wer e gener all y ov erlooked until incr easingl y mor e SEPs
ere identified – rather by chance – across all domains of life
s well as viruses (Finkel et al. 2018 ). Mor eov er, sORFs and their
ncoding SEPs turned out to be of considerable biological im-
ortance for the r espectiv e or ganisms, further str engthened by
luch-Senar et al. ( 2015 ) who identified the genomic class of sORFs
s being the most fr equentl y essential one in the case of the
enome-reduced bacterium Mycoplasma pneumoniae (Lluch-Senar
t al. 2015 ). Bacterial SEPs are, among other functions, known
o be involved in basic (essential) pr ocesses underl ying bacterial
unctioning, including cell division [e.g. Blr (Karimova et al. 2012 ),
ciZ (Ar aújo-Bazán et al. 2019 )], tr ansport of molecules [e.g. AcrZ

Hobbs et al. 2012 ), KdpF (Sweet et al. 2021 )], and signal transduc-
ion [e.g. MgrB (Xu et al. 2019 ), SafA (Yoshitani et al. 2019 )] and to
ct as c ha per ones [e.g. YrhB (Ahn et al. 2012 ), MntS (Martin et al.
015 )] (Fig. 2 ). The discovery of the unexpected coding potential of
acterial sRNAs – not sur prisingl y – took place through mining the
. coli genome (Wassarman et al. 2001 , Hemm et al. 2010 , Hemm
t al. 2020 ). In this regard, the bacterial operon gene structure
ur el y deserv es some cr edit for the initial, unintended discov ery
f the functional potential of small proteins. In 1999, Ga βel et al.
 1999 ) discov er ed, at that time, the smallest E. coli protein KdpF (29
A) thr ough extensiv e examination of the K 

+ -transporter com-
lex encoding KdpABC operon, and copurified KdpF with the com-
lex emphasizing the possibility for small proteins to take active
oles in protein complexation and bacterial functioning (Gaßel
t al. 1999 ). 
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Figure 1. Categorization of unannotated sORFs and reannotations of sORFs discov er ed by riboproteogenomics. (A) The annotation of ne wl y discov er ed 
sORFs is based on the relation between the genomic location of the novel sORF (green) and existing (s)ORF annotations (black). Especially for the 
typical bacterial pol ycistr onic gene organization, positional ORF annotations in the context of transcripts are meaningful as the interaction of the 
resulting gene products can be regulatory in nature. (B) The implementation of riboproteogenomics for genome annotation can also result in the 
(conditional) reannotation of previously annotated ORFs. When ORFs appear as 3 ′ [3 ′ tr(sORF)] or 5 ′ [5 ′ tr(sORF)]-truncated variants, previous ORF 
annotations can turn into sORF annotations (green diagonal upw ar d pattern fill), or sORFs into shorter sORF annotations. For sORFs, 5 ′ extensions 
result in N-terminally extended translation products [here 5 ′ ext(sORF)]. 

Figure 2. Examples of SEPs involved in basic (and essential) biological processes in the model species S. Typhimurium (strain SL1344). Some recurring 
functional categories can be distinguished among c har acterized bacterial SEPs, such as “Molecular transport” (e.g. KdpF, MgtS, and AcrZ), “Cell 
division” (e.g. Blr, ZapB, and MinE), “Signal transduction” (e.g. MgrB, YeaQ, and PmrD), and “Cha per ones”(e.g. Na pD, SsaE, and Gr oES). AlphaFold 
pr edicted structur es ar e giv en for corr esponding S. Typhim urium SEPs [(KdpF (A0A0H3P1C0), MgtS (A0A719A915), AcrZ (A0A0H3NEG2), Blr 
(A0A0H3NXY9), ZapB (A0A718Z7K1), MinE (A0A0H3NHJ8), NapD (A0A718RT46), SsaE (A0A0H3NKV4), GroES (A0A0H3NPH0), yeaQ (A0A0H3NKG6), MgrB 
(A0A718YD36), and PmrD (A0A0H3NDT1)]. Tr ansmembr ane helix-containing SEPs are underlined. aa = amino acids. 
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SEPs as a novel research hotspot for the 

study of bacterial biology 

SEPs as accomplices in bacterial (infection) 
biology 

With existing examples of SEPs acting as virulence factors and 

toxins (Fozo et al. 2008 , Andresen et al. 2020 , Wang et al. 2021 ),
functional investigations of SEPs belonging to the proteome of 
pathogenic bacterial species paved the way for r esearc h endeav- 
ors focussing on SEPs as potential novel therapeutic targets. For 
Listeria monocytogenes , N-terminal proteomics linked the small 
membr ane pr otein Prli42 (31 AA) to survival in macr opha ges by 
tethering the stressosome component RsbR – hypothesized to act 
as the sensor of stress signals – to the membrane (Impens et al.
2017 , Williams et al. 2019 ). Another human pathogen, S. aureus , ex- 
presses the membrane peptide toxin PepA1 (31 AA) that has been 

postulated to be implicated in the regulation of survival after in- 
ternalization into immune cells by driving selection of the slowly 
dividing bacterial population through the lysis of rapidly divid- 
ing bacteria (Schuster and Bertram 2016 ). Moreover, the 59 AA 

SEP Yp1 encoded by the bubonic plague pathogen Yersinia pestis 
was found to regulate virulence through expression modulation of 
type III secretion system components. In the same study, conser- 
vation of SEPs was shown to be high between different pathogenic 
ersinia strains, so SEPs can be expected to confer pathogenesis-
elated benefits (Cao et al. 2021 ). Intriguingly, numerous novel
EPs ar e pr edicted tr ansmembr ane pr oteins (VanOrsdel et al.
018 , Mir av et-Verde et al. 2019 , Laczk ovic h et al. 2022 ). The in-
r eased pr e v alence of tr ansmembr ane localization of SEPs (Gar ai
nd Blanc-Potard 2020 , Yadavalli and Yuan 2022 ) suggests a link
ith their involvement in host–pathogen interactions as these are 

nitiated upon contact between pathogen and host membranes 
Cao et al. 2021 ). 

he SEP arsenal of Salmonella 

almonella Typhimurium has served as a model species for the
tudy of SEP expression in general and within the framework 
f bacteria–host interactions (Baek et al. 2017 , Giess et al. 2017 ,
dah et al. 2017 , Venturini et al. 2020 , Fijalkowski et al. 2022 ).
he div er gence of the genus Salmonella fr om E. coli , estimated to
ave taken place 160–120 million years ago (Ochman et al. 1999 ),
as established through multiple horizontal gene transfer events,
hich left their marks in the genome in the shape of Salmonella
athogenicity islands and gave the genus the capacity to develop

nto the successful pathogen as we know it today. In addition
o local gastr oenteritis, S. Typhim urium leads to systemic dis-
ase in mice reminiscent of typhoid and paratyphoid fever caused
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xclusiv el y in humans by S. enterica subspecies enterica ser ov ar Ty-
hi and S. enterica subspecies enterica ser ov ar P ar atyphi, r espec-
iv el y. As suc h, S. Typhim urium infection in mice has been exten-
iv el y used as a model system mimicking human typhoid fever
Chaudhuri et al. 2018 ). 

For Salmonella , some of the few functionally characterized SEPs
 epr esent convincing links with virulence. As a first Salmonella SEP
tudy case, MgtR (30 AA) w as sho wn to be indir ectl y involv ed in in-
r amacr opha ge surviv al by functioning as a regulator of the degra-
ation of the virulence protein MgtC (Olvera et al. 2019 ). Further,
he two cold shock proteins CspC (69 AA) and CspE (70 AA); im-
licated in diverse processes like response to membrane stress,
otility, and biofilm formation; were proven to relate to Salmonella

athogenicity after observing noninfectiveness for double mu-
ant S. Typhimurium (Michaux et al. 2017 ). For MgrB (47 AA), it
as been shown that it binds and thereby inhibits the PhoQ ki-
ase (Yadavalli et al. 2020 ), which takes part in the PhoPQ two-
omponent system involved in regulation of virulence. Recently,
 direct link between MgrB and virulence has been demonstrated
hrough the creation of an �mgrB mutant, which failed in infect-
ng macr opha ges and epithelial cells (V enturini et al. 2020 ). What’ s

ore, Venturini et al. ( 2020 ) sho w ed more than half of the SEPs
dentified in their study to be differ entiall y expr essed upon infec-
ion, whic h is e vident in the case of the type III secretion system
 ppar atus or injectisome protein members SsaS (88 AA) and SsaI
82 AA). Accordingly, a great deal of studies found the expression
f a significant part of pr e viousl y unannotated sORFs of bacterial
athogens to follow infection-r ele v ant expr ession patterns (Baek
t al. 2017 , Ndah et al. 2017 , Fijalkowski et al. 2022 ). 

ibo-seq: a game changer for genome 

re)annotation 

he intriguing bacterial SEP functions reported further highlight
he need for ne w adv ances to “enric h” bacterial genome anno-
ations for sORFs. Ribo-seq r e volutionized the study of transla-
ion by deep sequencing of ribosome-protected mRNA fragments
Wang et al. 2020 ). Ribosomes cover ∼30 nt when bound onto

RNA, causing these “ribosome protected parts” to be resistant
o w ar d nuclease degradation (Fig. 3 ). Sequencing of these foot-
rints gives clues on the whereabouts of ribosomes along trans-

ated mRNAs while additionally enabling to demarcate bound-
ries of translation, and thus delineation of translated ORFs
Fig. 3 B). Recently, Ribo-seq was tailored to w ar d identification of
r okaryotic tr anslation initiation sites by stalling initiating ribo-
omes through the action of the pleur om utilin antibiotic r eta-
amulin (Ribo-RET) (Fig. 3 A) or alternatively, the newer pleuro-
 utilin lefam ulin, as especiall y in Gr am-negativ e bacteria lefa-
ulin was shown to exceed r eta pam ulin activity (Weaver et al.

019 , Vazquez-Laslop et al. 2022 ). Mor e r ecentl y, Ribo-seq pr o-
ocols wer e de v eloped to searc h the genome for ribosomal ac-
ivity at stop codons (Fig. 3 C) using the terminating ribosome
ound release factor sequestrator apidaecin (Ribo-API) in combi-
ation with puromycin, a protein synthesis inhibitor causing pre-
atur e c hain termination during translation to remedy the obsta-

les of stop codon r ead thr ough and ribosome queuing inherent
o the use of apidaecin (Froschauer et al. 2022 , Stringer et al. 2022 ,
azquez-Laslop et al. 2022 ). 

The mor e pr ecise delineation of tr anslation initiation sites fur-
her enabled the discovery of ov erla pping (u)(s)ORFs besides the
iscovery of (s)ORFs translated as distinct protein isoforms or N-
erminal proteoforms (Fig. 4 ) (Weaver et al. 2019 , Fijalkowska et al.
020 ), featur es that c hallenge standard annotation algorithms
P av esi et al. 2018 , Wright et al. 2022 ) and that are widespread
mong sORFs. Ribo-RET together with Ribo-seq data is at the
eart of (conditional) gene reannotation (Fig. 1 B) (Ndah et al. 2017 ,
illems et al. 2020 , Fijalkowski et al. 2022 ). Besides r e v ealing dif-

er ential expr ession, conditional Ribo-seq and -RET pr ofiles (e.g.
hen comparing diverse bacterial growth conditions) can fur-

her disclose the existence of (conditional) gene extensions and
runcations by showing differential Ribo-seq coverage patterns (3 ′ 

runcations and 5 ′ extensions) or alternative translations starts (5 ′ 

runcations and 5 ′ extensions) across the tested conditions (Fig. 4 ).
Since ribosomal protection does not necessarily point to trans-

ation, combining Ribo-RET with Ribo-API data (Fig. 3 D) may
r ov e v aluable for the pr ecise delineation of trul y tr anslated ORFs

Stringer et al. 2022 ), while additionally enabling the discovery
f translational particularities such as ribosomal frameshifting
 v ents and internal sORFs [e.g. int(sORF) in E. coli sfsA (Mey-
an et al. 2019 )] (Fig. 1 A). Ribo-seq data, in turn, can fuel de
ovo machine learning algorithms like ribosome profiling assisted
re)annotation (REP ARA TION) (Ndah et al. 2017 ) and the modular
lgorithm smORFer (Bartholomaus et al. 2021 ) for the delineation
f translated prokaryotic ORFs. In particular for sORFs, that are
o difficult to find in genomes through standard annotation tools,
ibo-seq has thus been pr ov en instrumental in uncovering their
ranslation potential (Baek et al. 2017 , Ndah et al. 2017 , Fijalkowski
t al. 2022 , Laczk ovic h et al. 2022 , Vazquez-Laslop et al. 2022 ). Sm-
rot offers a dedicated platform for the structured database stor-
ge of SEPs from diverse model organisms, including E. coli SEPs,
hic h hav e been experimentall y or computationall y identified (by
ibo-seq) (Olexiouk et al. 2018 ). 

EPs: the thorns in the eye of standard 

rotein detection methods 

mpirical SEP discovery is hindered by 

iochemical peculiarities 

rom a biochemical perspective, SEPs are inherently more diffi-
ult to study than av er a ge-sized pr oteins, a statement also ap-
lying to proteins significantly larger than a verage . Traditional
wo-dimensional gel electr ophor esis (2DE), a tec hnique pr ofiting
rom the charge- and molecular weight (MW)-based separation
f proteins respectively by isoelectric focusing and sodium do-
ec yl sulfate-poly acrylamide gel electr ophor esis (SDS-PAGE), fails

n detecting proteins of extreme sizes, at both ends of the spec-
rum (Meleady 2018 , Lee et al. 2020 ), while the category of larger
roteins in regular gel-free shotgun proteomics is rather over-
 epr esented by the theor etical incr eased peptide cov er a ge. The
 elativ el y higher hydr ophobicity indices in the class of r ecentl y
iscov er ed SEPs (Garai and Blanc-Potard 2020 , Fijalkowski et al.
022 , Y adavalli and Y uan 2022 ) on the other hand, offers yet an-
ther explanation for their absence on 2DE gels (Meleady 2018 ,
ee et al. 2020 , Kielkopf et al. 2021 ) and proteomics datasets in
eneral. The fact that 9 out of the 10 most hydrophobic Salmonella
roteins fall within the category of SEPs definitely supports the
r e vious observ ations (Fijalk owski et al. 2022 ). 

With respect to mass spectrometry (MS), the short size of
EPs heavil y constr aints the number of peptides produced after
rypsin digestion (Fijalkowski et al. 2022 ), as this scarcity of pep-
ides is outnumbered by the peptides originating from larger non-
EPs in the complete pool of tryptic peptides. While SEPs with
engths shorter than 100 AA are accountable for 10% of database-
nnotated S. Typhimurium proteins, the theoretically identifiable
ryptic peptides originating from SEPs merely compose 2.5% of
he totality of identified tryptic peptides in Salmonella (Fijalkowski
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Figure 3. Ribo-seq toolset for the discovery of translated sORFs in bacterial genomes. In general, ribosome profiling by sequencing (Ribo-seq) (B) relies 
on the binding of ribosomes onto translated mRNA molecules as evidence for their translation into proteins (Ingolia et al. 2009 ). When performing 
bacterial Ribo-seq, micrococcal nuclease (MNase) is added to (ribosome-bound) mRNA. Nuclease digestion by MNase proceeds when no ribosomes are 
bound onto the mRNA molecule. Deep sequencing of isolated, ribosome-protected intact mRNA fragments enables delineation of translated genomic 
r egions. Reta pam ulin-assisted Ribo-seq (Ribo-RET) (A) (Weaver et al. 2019 ) and apidaecin-assisted Ribo-seq (Ribo-API) (C) (Froschauer et al. 2022 ) are 
variants of the standard Ribo-seq protocol, which make use of the antibiotic retapamulin and the antimicrobial peptide apidaecin (Api137) for the 
specific halting of initiating (green) and terminating (blue) ribosomes by and large eliminating the signal from elongating (y ello w) ribosomes, thereb y 
allowing for the more accurate assignment of translation initiation and termination sites, respectively. Recently, the pleuromutilin lefamulin has been 
introduced as an alternative to retapamulin with higher activity in Gram-negative bacteria, and therefore likely more general and wider applicability 
(Vazquez-Laslop et al. 2022 ). Combining Ribo-seq deep sequencing patterns with Ribo-RET and Ribo-API-derived profiles can be used to more precisely 
delineate the start and stop codons of ne wl y discov er ed (small) ORFs. (D) Ribo-seq tr aces corr esponding to a hypothetical unannotated sORF (r ed 
annotation) obtained through Ribo-RET (green), Ribo-seq (y ello w), and Ribo-API (blue) and with the profiles for a 5 ′ end of a hypothetical annotated 
ORF (gray annotation) indicated in gray. “…” indicates partial coding sequence annotations. 
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et al. 2022 ). The significant technical limitations that SEPs bring 
along for empirical protein discovery methods like 2DE and MS,
are further accountable for the long-time ignorance to w ar ds SEPs,
again explaining the under-representation of sORFs in genome an- 
notations. 

Experimental SEP v alida tion suffers the same 

flaws 

Independent from their empirical discovery, the aforementioned 

SEP-specific peculiarities have also hindered experimental vali- 
dation, either through MS- or blotting-based detection, and e v en 

Ribo-seq-based sORF predictions. Computational analysis of ri- 
boproteogenomics data on putative translated sORFs and iden- 
tified SEPs provided insights into the intrinsic MS-detectability of 
SEPs with specific attention to correlations with SEP size, abun- 
dance, stability, and hydrophobicity (Fijalkowski et al. 2022 ). Based 

on an S. Typhimurium dataset of complementary translatomics 
(Ribo-seq and -RET) and shotgun proteomics data (Willems et 
al. 2022 ), AP3 – an algorithm designed for the prediction of MS- 
detectability of theoretical peptides (Gao et al. 2019 ) – was im- 
plemented in an attempt to explain the obvious discrepancy be- 
tw een these tw o experimental omics datasets , i.e . the hits of the 
r oteomic pipeline onl y cov er ed 65% of the translated proteome
dentified by Ribo-seq. The trend observed sho w ed a clear correla-
ion between the number of theor eticall y detectable peptides and
he length of the protein from which the theoretical peptide de-
cends, a conclusion logically linking SEP detection difficulties to 
ize. 

Protocols aiming at high-molecular-weight protein depletion 

Cassidy et al. 2019 ) or lo w-molecular-w eight protein enrichment
Fijalkowski et al. 2021 ) have been proposed to increase pep-
ide identification rate and coverage of the limited theor eticall y
dentifiable peptide arsenal originating from SEPs (Becher et al.
020 ), but these technologies forego the quantitative aspect of
roteomics data, and are therefore not generally applicable. Also,
he use of a more diverse set of MS-sequencing proteases for
roteome digestion might benefit SEP identification through in- 
r eased sequence cov er a ge as was done during a r ecent pr oteoge-
omic study of the Y. pestis genome (Cao et al. 2021 ). For exam-
le, for S. Typhimurium, choosing chymotrypsin over the stan- 
ardly used trypsin, 30% more SEPs could in theory be picked
p through shotgun proteomics (Fijalkowski et al. 2022 ). Do’s and
on’ts for MS-based small protein discovery were comprehen- 
iv el y r e vie w ed b y Ahrens et al. ( 2022 ). 
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Figur e 4. Riboproteogenomics-supported no vel and reannotated Salmonella sORFs. Ribo-seq/Ribo-RET profiles of S. Typhimurium (strain SL1344) are 
shown. (A) mgtA regulatory leader peptide MgtL was delineated as a new sORF in the SL1344 genome by its matching annotations in related genomes 
(Ndah et al. 2017 ). Mor eov er, matc hing peptide evidence is available for MgtL (Ndah et al. 2017 ). (B) VapB and VapC, SEPs encoded by an upstream and 
downstr eam osORF, r espectiv el y, take part in the plasmid-encoded Vap toxin–antitoxin system and were only recently annotated in the SL1344 
genome (Willems et al. 2020 ). (C) For the pseudogene glpR , a 3 ′ -truncated version of GlpR (GlpR ∗) was predicted with the same start site (Willems et al. 
2020 ). (D) cspA was found to have an in-frame upstream alternative start encoding a 5 ′ -extended proteoform (CspA ∗), supported by peptide evidence 
(Ndah et al. 2017 ). ∗ is indicative of an ORF reannotation. Sense and antisense encoded (s)ORFs are in blue and red color, respectively, with a diagonal 
upw ar d pattern fill in case of ne wl y discov er ed sORFs. “…” indicates partial coding sequence annotations. 
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Unlike the proteome-wide characteristic of MS, immunoblot-
ing is a common go-to for the detection and quantification of
pitope-ta gged pr oteins, but her e, the initial fr actionation of
he proteins by means of 1D SDS-PAGE, is already troublesome
hen dealing with SEPs (Kielkopf et al. 2021 ) as mentioned for
DE (Meleady 2018 , Lee et al. 2020 ). On top, the ensuing blotting
tep is also problematic as the small size of the SEPs permits
hem to more easily move through the blotting membrane, a
henomenon known as membrane blow-through (Kurien and
al Scofield 2015 ). Mor eov er, the associated incubation steps

or the purpose of immunodetection, which often take place
nder shaking conditions in voluminous incubation and washing
olutions, make the conventional immunoblotting procedure far
ess favorable for SEP detection. Low MW proteins distinguish
hemselves under these conditions by the ability to easily detach
rom the membrane and to get lost in the discarded incubation
uids (Tomisawa et al. 2013 ). 

All considered, SEPs can generally blame their small sizes for
iving gene pr ediction, expr ession and v alidation anal yses a hard
ime . Some voices , howe v er, state that sORFs specifically come
ith low expression levels translating into a low SEP abundance

Olexiouk et al. 2016 , Baek et al. 2017 , Mir av et-Verde et al. 2019 ,
eeters and Menschaert 2020 ). On top of that, SEPs are postulated
o be highly unstable because of r a pid (conditional-dependent)
EP degradation (Baek et al. 2017 , Smith et al. 2022 , Stringer et
l. 2022 ), a feature that again links to low protein abundances,
hich in turn might explain why these proteins are often missed
 y standar d protein detection methods. Experiments exploring
he positive effect of the ClpP protease inhibitor bortezomib on
lotting-based SEP expr ession v alidation attempts seemed to cor-
 obor ate the SEP instability assumption as inhibitor usage allo w ed
he blotting-based validation of three additional SEPs under study
Stringer et al. 2022 ). A more critical view of the presented data,
o w e v er, should ac knowledge a mor e gener al instead of a SEP-
pecific protein stabilization of the compound (Fijalkowski et al.
022 ). Nonetheless, conformational studies of bacterial and ar-
haeal SEPs by means of NMR spectroscopy may be in support of
his decreased stability assumption as the results suggested the

ajority of studied SEPs to go through life without a well-defined
tructur e (Kubatov a et al. 2020 ) and intrinsicall y disorder ed pr o-
eins have been experimentally linked to higher pr oteol ytic degr a-
ation susceptibility (Uversky 2017 ). 

Contr astingl y, based on bioinformatics predictions , Kubato va
t al. ( 2020 ) reported that folding of the SEPs might r equir e
omplexation and so not all these a ppar entl y unstructur ed
EPs ar e intrinsicall y disorder ed under physiologicall y r ele v ant
onditions . T he fact that many SEPs have been found to engage
n larger cytosolic and membrane protein complexes is further
upportive of this (Storz et al. 2014 , Venturini et al. 2020 ). New
ight on this discussion was mor eov er shed by the use of a
 ultiv ariate logistic r egr ession model for the prediction of SEP
S-detection probability including the number and detectability

AP3 score) of SEP tryptic peptides and translational abundance
Ribo-seq expression values in RPKM), stability (instability index),
nd hydrophobicity of the SEPs . Here , 75% of the variation in the
odel was explained by the scarcity of (unique) tryptic peptides

nd poor peptide detectability as the major factors limiting
S-detectability of SEPs (Fijalkowski et al. 2022 ), at least pointing

o w ar d stability not being the main driver when considering
etection of the SEPs under study. 

urr ent tr ends in dealing with sORFs and 

heir encoded SEPs 

tate-of-the-art in the genomic discovery of 
ORFs 

urr entl y, Ribo-seq is consider ed the most compr ehensiv e
ethod to scan genomes for expressed sORFs (Table 1 ). Ribo-seq

ffers a plethora of advantages over all other techniques that have
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een exploited to impr ov e genome annotations, with its main
trengths being the genome-wide and high-throughput charac-
er complemented by its independence from existing annotations
Venturini et al. 2020 ). Mor eov er, the knowledge obtained on sORFs
n behalf of Ribo-seq a ppr oac hes cr eated opportunities for the
e v elopment of dedicated (s)ORF prediction algorithms (Yu et al.
021 ), like REP ARA TION (Ndah et al. 2017 ). The wealth of data
n putative translated sORFs, ho w ever, brings the strong need for
xperimental validation for Ribo-seq (and computationally) pre-
icted sORFs (Fremin and Bhatt 2020 ) as resistance to w ar d MNase
egradation can be due to complex secondary structures of reg-
latory (small) noncoding ((s)nc)RNAs and translation of sORFs
ay serve a purely regulatory function as is the case for u(o)sORFs

Cabr er a-Quio et al. 2016 ), meaning that ribosomal protection of
RNA per se cannot be considered as a proxy for the identification

f functional SEPs. While viewing their generally less conserved
ature, it is still not possible to distinguish intrinsically nontrans-

ated from translated sORFs in silico , the inspection of the transla-
ional initiation context, dynamic tr anscript expr ession patterns
n conjunction with Ribo-seq data can already be very informative
n this r egard (Cabr er a-Quio et al. 2016 ). In contrast to Ribo-seq,
o w e v er, onl y MS and alternative biochemical protein-based val-

dation [e.g. (immuno)blotting] can truly affirm the existence of
he according proteins as the ultimate products of the translation
f a transcript and can therefore be used to filter out likely false
ositive SEP candidates (Fremin and Bhatt 2020 ). 

Viewing the clear and noncircumventable irreconcilability be-
ween SEPs and MS- or (immuno)blotting-based expression val-
dation (Table 1 ) (Tomisawa et al. 2013 , Kurien and Hal Scofield
015 , Kielkopf et al. 2021 , Fijalkowski et al. 2022 ), and because of
he computational complications inherent to Ribo-seq data anal-
sis (Gelhausen et al. 2022 ), it can be stated that compr ehensiv e
nd robust sORF and SEP detection technologies are still lacking.
his is especially so in the case of bacterial Ribo-seq data, be-
ause of the gener all y poor er r esolution and r esulting inadequacy
f tr anslation-specific featur es like its inher ent triplet periodicity
Mohammad et al. 2019 ). It is well-established that prokaryotic ri-
osomal footprints display less-consistent lengths over their eu-
aryotic counterparts, a phenomenon attributed to both intrinsic
roperties of bacterial ribosomes and sequence specificity of em-
lo y ed nucleases. Clearly, both experimental and computational

mpr ov ements of the tec hnology ar e needed to full y addr ess these
hallenges. 

tate-of-the-art in experimental SEP validation 

nd functional SEP studies 

ome of the molecular size-related detection obstacles for SEPs
r e conv enientl y circumv ented by using protein tags or trans-
ational reporters (e.g. superfolder green fluorescent protein;
aczk ovic h et al. 2022 ), often with corresponding MWs making
he translational fusions exceeding the class of SEPs. Based on the
iter atur e on bacterial SEP validation and characterization, the
equential peptide affinity (SPA) tag has been the go-to epitope
ag for immunodetection of putative (bacterial) SEPs (Hemm et al.
010 , Baek et al. 2017 , VanOrsdel et al. 2018 , Weaver et al. 2019 ,
enturini et al. 2020 , Fr osc hauer et al. 2022 ). Studies resorting
o this tag reported the epitope to permit the visualization of
he expression of many reported SEPs . T he tag combines the
almodulin-binding peptide (CBP) and three consecutive FLAG-
ags (Hopp et al. 1988 ), separated by a tobacco etch virus (TEV)
r otease cleav a ge site, together accounting for an MW incr ease
f about 6.3 kDa (Zeghouf et al. 2004 ). When dealing with SEPs,
 tag of 6.3 kDa will often be as voluminous as – if not more
oluminous than – the protein under study. Howe v er, while aiding
etection, suc h a ta g may alertl y interfer e with the physiological
unction/localization of the SEP (Vandemoortele et al. 2019 ). Nev-
rtheless, epitope interference has also been reported for smaller
e ptide tags lik e the highly positi v el y c har ged His-ta g (Booth et al.
018 , Munadziroh et al. 2020 ), while contr aril y, lar ge (globular)
a gs wer e fr equentl y shown to be innocuous (Vandemoortele
t al. 2019 ). 

 he ultima te aim: functional 
 har acteriza tion of v alida ted bacterial SEPs 

s only a few SEP validations corroborate genome-wide bac-
erial SEP disco veries , there is a need for more general, unbi-
sed sORFeome-wide validation efforts. For example, an extensive
tudy of the tr anslational landsca pe of S. pneumoniae connected
he SEP of only one of their ne wl y discov er ed sORFs, rio3 , to bacte-
ial host colonization through targeted endogenous mutagenesis
Table 1 ) (Laczk ovic h et al. 2022 ), as also done in the pathogenic
acterium Y. pestis and in the extremophilic bacterium Deinococcus
 adiodur ans for the functional c har acterization of SEP-yp1 and SEP-
p2 (Cao et al. 2021 ) and SEP068184 (Zhou et al. 2022 ), r espectiv el y
mplicating these SEPs in regulation of antiphagocytic capability
nd regulation of o xidati ve resistance. 

Prior to functional studies, motif, domain, or structural predic-
ion might provide a first hint to w ar d the biological implication of
he ne wl y discov er ed SEPs (Table 1 ). Bioinformatics pr ediction of
ydr ophobic tr ansmembr ane motifs is r elativ el y str aightforw ar d
nd widely exploited for the exploratory study of novel SEPs (Cao
t al. 2021 , Fijalkowski et al. 2022 , Fr osc hauer et al. 2022 , Zhou
t al. 2022 ). The short primary SEP structures are, ho w ever, no
deal subjects for functional domain searches (Weaver et al. 2019 ,
emm et al. 2020 , Stringer et al. 2022 ), which is explained by the
v er a ge size of protein domains coinciding with the upper length
hreshold of SEPs (100 AA) (Xiong 2006 ). When contrasting bacte-
ial domain annotations of SEPs versus non-SEPs for the SL1344
nd LT2 S. Typhimurium strains as well as the K12 E. coli strain
Fig. 5 ), the domain annotation r anged fr om 7% to 18% for SEPs,
hile for non-SEPs these percenta ges v aried fr om 28% to 62%.
hile r emarkabl y big discr epancies in the percenta ges of domain

nnotations between these r elated species/str ains could be ob-
erv ed, SEP v ersus non-SEP domain annotations were in each case
hown to be 3- to 4-fold lower. Large-scale SEP studies reporting
fam domain predictions for high-confidence , no vel SEPs are in
ine with these lo w er per centages of domain annotation (Cao et al.
021 , Zhou et al. 2022 ). 

Also, experimental structure determination has been explored
o unr av el SEP functionalities, for example thr ough cryoelectr on

icroscopy (Impens et al. 2017 ) or NMR (Kubatova et al. 2020 ).
mportantly, in the case of small (rigid) proteins, the accuracies
f structural predictions by AlphaFold were shown to equal those
btained through solution NMR (Tejero et al. 2022 ), making struc-
ur e pr ediction an inter esting alternativ e when domain pr ediction
ails. Unfortunatel y, less conserv ed pr oteins – enric hed in the class
f ne wl y discov er ed SEPs – ar e inher entl y pr one to less good Al-
haFold folding predictions due to poor multiple-sequence align-
ent, thus far hindering lar ge-scale SEP structur e pr ediction ef-

orts. Conserv ation anal ysis (Huc ker et al. 2017 , Stringer et al.
022 ) of (the genomic surrounding of) predicted sORFs (e.g. gene
o-occurrence in case of polycistrons) might also help to priori-
ize functional conserved SEPs (Table 1 ) (Gray et al. 2021 ). For the
enomic context of the putative sORF start codons, higher RNA
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Figure 5. Domain annotations for bacterial SEPs compared to non-SEPs. Database protein entries of S. Typhimurium strains SL1344 (#4659, 
UP000008962) and LT2 (#4533, UP000001014), and E. coli K12 (#4448, UP000000625) wer e interr ogated for domain annotations in the category of SEPs 
and non-SEPs with the % domain annotation color coded (blue scale). Categorical percentages of proteome occurrence for SEPs and non-SEPs are 
indicated in the corresponding pie charts. 
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secondary structure predictions (as compared to the start codon 

region itself) may further also serve as indicators of translation 

initiation (Stringer et al. 2022 ). 
Specificall y for sORF discov ery in pathogenic bacteria, explor- 

ing putative SEP sequences for transmembrane domains and sig- 
nal peptides is commonly exerted (Cao et al. 2021 , Laczk ovic h et al.
2022 ) as cell contact and secreted molecules are the major inter- 
action routes between bacterial pathogens and their host cells 
(Cao et al. 2021 ). These predictions are also used for the discovery 
of novel quorum-sensing systems and players in Gr am-negativ es,
for which peptides are known to fulfil the role of quorum-sensing 
pher omones (Laczk ovic h et al. 2022 ). Cao et al. ( 2021 ) performed 

differ ential expr ession anal ysis of a set of putative sORFs inter- 
r ogating differ ent host envir onment-mimic king conditions. The 
same principle can be applied to all kinds of alternative stress 
conditions to find SEPs involved in different bacterial defense 
mechanisms and responses (Gray et al. 2021 , Zhou et al. 2022 ), but 
also expression differences over standard growth conditions may 
suggest a biological impact (Hucker et al. 2017 ). A recent study on 

SEP pr ofiling specificall y focussed on the identification of str ess 
r esponse SEPs thr ough the c hoice of the extr emophilic bacterium 

D. r adiodur ans . Being a model organism for studying bacterial 
extr eme str ess r esponses, bacteria wer e subjected to ionizing 
radiation and o xidati ve stress resulting in the identification of 
19 and 11 out of 109 ne wl y identified SEPs as being upregulated 

under the r espectiv e str ess condition (Zhou et al. 2022 ). 

Discussion and conclusion 

Ribo-seq-based mapping of bacterial translatomes has been 

drawing attention to sORFs, which still represent an underan- 
notated class of genomic elements, as new and promising study 
subjects in the context of general microbiology as well as bacte- 
rial infection biology. Ribo-seq efforts should be a ppr eciated for 
the contributions they made to the wealth of (putative) SEPs un- 
cov er ed ov er the past y ears. Ho w e v er, experimental SEP v alida- 
tion is deemed r equir ed befor e including them in existing bacte- 
rial genome annotations, with epitope protein tagging and MS as 
the most commonly used methods. Besides the inher entl y small 
size and often hydrophobic nature of SEPs as confounding fea- 
tures hindering their detection, the – sometimes highly specific –
expression conditions of SEPs might further complicate the val- 
idation process (Baek et al. 2017 ). Conditional gene expression 

pr ogr ams of Salmonella are clearly illustrated in the continuous 
cataloging effort – the SalCom repository (Srikumar et al. 2015 ).
hether the common assumption of lo w er stability and abun-
ance of SEPs serves as a general additional hindering factor, how-
 v er, r emains to be firmly established. Of note for SEP validation is
hat the r a pid de v elopment of mor e sensitiv e high-thr oughput MS
e v elopments (e.g. data-independent acquisition and ion mobility 
S) is expected to further aid bottom-up as well as top-down SEP

etection (Kitata et al. 2022 ). 
While nonetheless both go hand-in-hand, overcoming the ob- 

tacles of SEP validation is one thing, but framing these small
roteins within the host’s biology is another. Studies hunting for
EPs in diverse bacterial proteomes often focus on the functional
nvestigation of one or few individual SEPs through targeted en-
ogenous m uta genesis and no efforts to collectiv el y addr ess the
unctionality of the small proteome have been undertaken (Cao 
t al. 2021 , Laczk ovic h et al. 2022 , Zhou et al. 2022 ). T here is , con-
equently, no doubt that the largest part of the sORFeome remains
o be functionally explored. Ho w ever, when discussing biologically

eaningful SEPs, not too m uc h emphasis must be placed on the
 or d “function,” a term used for proteins that contribute to cell
tness and that are under purifying selection (Keeling et al. 2019 ),
s e v en mer el y the act of tr anslating a sORF can influence the
xpression of its genomic context, like regulatory u(o)sORFs (e.g.
he thr eonine oper on uORF thrL ) (Weav er et al. 2019 , Hemm et al.
020 ). T hese ORFs , whic h ar e located upstr eam of the coding se-
uence of a gene (Samal 2013 ) are often exclusively regulatory in
atur e (Cabr er a-Quio et al. 2016 ) and onl y occasionall y exert an
ncoding role. Defined based on their impact on gene regulation
ypically in an operon setting, leader pe ptides re present a special
ase of u(o)sORFs in case the translated peptide is shorter than
00 AA. Obtained MS-based peptide evidence of leader peptides,
ike for the mgtA leader MgtL (Fig. 4 A), has changed the exclusiv el y
egulatory perception of this type of genomic element as stable
r otein le v els a ppear to be pr oduced (Ndah et al. 2017 ), thereby

ntroducing leader peptides as a category within the class of SEPs.
With the functional knowledge at hand, and irr espectiv e of

ibosomal SEPs, bacterial SEPs can be concluded to be exten- 
iv el y enga ged in pr otein complexation with an important frac-
ion r epr esented by (tr ans)membr ane complexes (Hemm et al.
020 ). Many of the known small proteins function through the
inding and regulation of standard-sized pr oteins (Weav er et al.
019 ) and according to gradient profiling by sequencing (Grad-seq)
coupled to MS), the majority of unc har acterized Salmonella SEPs
ngage in stable molecular interactions (Venturini et al. 2020 ) (Ta-
le 1 ). From this viewpoint, the current missing factor in bacterial
EP c har acterization is an interactomics-oriented approach. As 
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Figure 6. Multiple variable bubble plot representations of significantly over- or under-r epr esented pr otein classes in the category of annotated S. 
Typhimurium SEPs . T he o v er-r epr esentation test of SEP annotations – r epr esented as fold enric hment/depletion – of S. Typhim urium str ain LT2 (#4533, 
UP000001014) was determined using PANTHER (version 17.0, released 2022-02-22) and P -values were corrected for multiple hypotheses testing using 
Bonferr oni corr ection for m ultiple testing. Onl y corr ected P -v alues < .05 wer e consider ed. The bubble size corr esponds to the number of pr oteins 
corresponding to the indicated PANTHER protein class (the smallest bubble size corresponds to seven members) and the color code represents the 
P -value scale. 
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r otein–pr otein inter actions might in particular play an impor-
ant role for SEPs containing tr ansmembr ane domains, the un-
err epr esentation of members of the e.g. (tr ansmembr ane) tr ans-
orter protein class and domain annotations in general for
niProt SEP annotations (Fig. 5 ) might again indicate that the bio-

ogical occupations of (tr ansmembr ane) SEPs rather goes through
inding and regulation of other proteins or protein complexes, as
lso e vident fr om the ov er-r epr esentation of tr ansfer/carrier pr o-
eins among SEPs (Fig. 6 ), while the same analysis also revealed
hat unclassified proteins were about 2-fold ov err epr esented in
he category of SEPs , pro viding an interesting niche for future
unctional SEP disco veries . Also, established E. coli SEP interac-
omes show the SEP players to be located on the periphery of com-
lexes, suggesting SEPs take part in transient and differing inter-
ctions in multiple complexes , again pro viding evidence for SEPs
s regulators (Hemm et al. 2020 ). 

The inter actome-associated SEP c har acteristics “hydr ophobic-
ty” and “tr ansientness” e v entuall y bring the concept of in vivo
ro ximity-de pendent biotinylation (PDB) to the forefront. Unlike
ffinity purification (coupled to MS), PDB a ppr oac hes hav e the
o w er to ca ptur e weak and transient protein–protein interactions
nd – equally important for the SEP protein class shown to be en-
ic hed for tr ansmembr ane pr oteins – ar e ca pable of handling less
oluble pr oteins vie wing its compatibility with the solubilization
f membr ane-(associated) pr oteins (Liu et al. 2020 , Samav arc hi-
ehrani et al. 2020 ). Ascorbate peroxidase (APEX)-based proxim-

ty labeling, a PDB method exploiting the enzymatic activity of
eroxidases for the biotinylation of proteins (Samavarchi-Tehrani
t al. 2020 ), was r ecentl y successfull y a pplied in bacteria for the
lucidation of the type VI secretion biogenesis process in E. coli
Santin et al. 2018 ). BioID, standing for pro ximity-de pendent bi-
tin identification, is another implementation of the PDB princi-
le and r equir es the tr anslational fusion of the pr otein of inter est
o a promiscuous biotin ligase for the biotinylation of proximal
nd interacting proteins and was very recently applied for inter-
ctome mapping in bacteria (Herfurth et al. 2023 ). As the over-
ap between APEX and BioID interactomes has been claimed to
e limited, BioID is thus likely to offer interesting complementary
erspectives into bacterial SEP biology (Samavarchi-Tehrani et al.
020 ) (Table 1 ). In parallel with the discussion on the importance
f the size of epitope tags used for expression analysis of SEPs,
he potential harmful effect of tr anslationall y fusing small pro-
eins to the r elativ el y lar ge enzymes APEX2 (MW = 27 kDa) or
irA ∗ (MW = 35 kDa) on SEP localization and function needs to
e borne in mind, but variant approaches derived from the origi-
al BioID protocol have been reported that may circumvent such
r oblems [e.g. Off-the-shelf BioID (Santos-Barriopedr o et al. 2021 )
nd split-TurboID (Cho et al. 2020 )]. 

High-thr oughput phenotypic scr eening is also emer ging as an
nitiativ e to c har acterize gene pr oducts thr ough the use of pheno-
ypic micr oarr ays interr ogating the metabolization of compounds
eterministic for unique molecular pathways (Guard 2022 ). The
onstruction of knock-out libraries through CRISPR/Cas9 or alter-
ativ e r ecombineering str ategies could offer a v aluable a ppr oac h
o enable sORF/SEP phenotyping at larger scales (Fels et al.
020 , Todor et al. 2021 ). Alternativ el y, pr ofiting fr om the sORFs
ncov er ed by Ribo-seq, existing transposon insertion sequencing

Tn-seq) datasets can be r e visited for phenotyping and can e v en
uide to w ar d essential sORFs (Cain et al. 2020 ). In a broader
ontext, large-scale annotation of sORFs in bacterial genome
nnotations permits r e-explor ation of av ailable omics and other
equencing data (e.g. Chip-seq), with the aim to link features to
ovel sORFs (Myers et al. 2015 ). The combination of information

rom both existing and new omics data should enable small
r otein r esearc h to finall y piece together the functionalities of
acterial SEPs encoded by ne wl y discov er ed sORFs in support of
ull genomic ORF annotation. 
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