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Abstract 

Bacteria synchronize the expression of genes with related functions by organizing genes into operons so that they are cotranscribed 

together in a single pol ycistr onic messenger RN A. How ev er, some cellular pr ocesses may benefit if the sim ultaneous pr oduction of the 
oper on pr oteins coincides with the inhibition of the expr ession of an anta gonist gene . To coordinate suc h situations, bacteria have 
ev olv ed noncontiguous operons (NcOs), a subtype of operons that contain one or more genes that are transcribed in the opposite 
direction to the other operon genes. This structure results in overlapping transcripts whose expression is mutually repressed. The 
presence of NcOs cannot be predicted computationally and their identification r equir es a detailed knowledge of the bacterial tran- 
scriptome. In this study, we used direct RNA sequencing methodology to determine the NcOs map in the Staphylococcus aureus genome. 
We detected the presence of 18 NcOs in the genome of S . aur eus and four in the genome of the lysogenic prophage 80 α. The identified 

NcOs comprise genes inv olv ed in energy metabolism, metal acquisition and transport, to xin–antito xin systems, and control of the 
phage life cycle. Using the menaquinone operon as a proof of concept, we show that disarrangement of the NcO ar c hitectur e r esults 
in a reduction of bacterial fitness due to an increase in menaquinone levels and a decrease in the rate of oxygen consumption. Our 
study demonstrates the significance of NcO structures in bacterial physiology and emphasizes the importance of combining operon 

maps with transcriptomic data to uncover previously unnoticed functional relationships between neighbouring genes. 

Ke yw or ds: Staph ylococcus aur eus ; noncontiguous operon; overlapping transcription; antisense transcription; excludon; menaquinone 
synthesis 
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Introduction 

A c har acteristic featur e of bacterial genomes is that the genes 
involved in a biosynthetic pathway are grouped into functional 
units, called operons (Jacob and Monod 1961 ). Genes within an 

oper on ar e cotr anscribed into a single RNA molecule under the 
control of the same promoter. This clustering of genes not only 
facilitates their simultaneous transcription, but also their trans- 
fer between species, reduces the time needed for proteins to reach 

their intended destinations after synthesis, and facilitates the 
sync hr onization of different biological processes (Ballouz et al.
2010 , Gilchrist et al. 2021 ). Adaptation to complex environmen- 
tal conditions, such as temperature, pH, nutrient availability, or 
defence against the immune system, often requires the integra- 
tion of individual regulatory circuits into more complex networks 
(Gottesman 1984 ). Normally, the regulatory link between different 
biological processes is provided by transcription factors that acti- 
v ate or r epr ess the expr ession of differ ent sets of genes (F eklísto v 
et al. 2014 ). Recently, a new way of coordinating the expression 

of neighbouring genes by ov erla pping the 5’ or 3’ untranslated re- 
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r e pr oduction in any medium, provided the original work is properly cited. For com
ion (UTR) of mRNAs has been proposed (Lasa et al. 2012 , Wurtzel
t al. 2012 , Sesto et al. 2013 , Toledo-Arana and Lasa 2020 ). In this
ase, the collision between the transcriptional machinery of the 
wo genes (transcriptional interference), together with the activ- 
ty of a double-stranded RNase (RNaseIII) that digests the over- 
a pping tr anscripts, allo ws the coor dinated expression of adjacent
enes . T he sets of neighbouring genes that ov erla p their 5’ and
’ UTRs have been termed excludons, because the expression of
he more actively expressed gene can suppress the expression of
he less activ el y tr anscribed gene in the pair. The existence of ex-
ludons explains, at least in part, the observation that genes with
 ppar entl y unr elated functions in bacterial genomes maintain a
 uc h higher degree of proximity than would be expected if they
er e r andoml y arr anged (Rogozin et al. 2002 , Mihel ̌ci ́c et al. 2019 ,
arcet-Houben et al. 2023 ). 
An extreme example of excludon organization is the noncon- 

iguous operon (NcO) (Fig. 1 A). NcOs consist of operons that con-
ain one or more genes that ar e tr anscribed in the opposite di-
ection to the rest of the operon genes, so that their mRNA over-
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Figure 1. (A) NcO structur e. Illustr ation depicting the genetic arrangement of an NcO. (B) List of NcOs of S. aureus NCTC8325 and phage 80 α obtained 
b y Oxfor d Nanopor e dir ect RN A sequencing. The selected NcOs fulfil tw o conditions: ther e is at least one ov erla pping r ead (OR) betw een the tw o 
cotargeted genes and the average read coverage signal at three consecutive nucleotides in the intergenic region does not fall below 0.1 reads per 
nucleotide. Pr edictions r egar ding the function of NcOs w ere made using the TIGRF AMS, TheSEED and PF AM databases. Gene annotations are based on 
the S. aureus NCTC8325 strain. NcOs were named after the first gene that is cotranscribed with other genes of the operon. 
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aps with the mRNA of the operon along its entire length (Sáenz-
aho y a et al. 2019 ). Ther efor e, this oper on structur e combines co-
ranscription and overlapping transcription to coordinate gene ex-
r ession. Importantl y, NcOs identification may allow to uncover
unctional relationships between neighbouring genes that would
therwise go unnoticed. After the first description of the NcO ar-
 hitectur e in Staphylococcus aureus (Sáenz-Lahoya et al. 2019 ), gene
rrangements consistent with an NcO structure have been de-
ected in Bacillus subtilis (Johnson et al. 2020 ), the phytopathogenic
acterium Dickeya dadantii (Forquet et al. 2022 ), a temper ate pha ge
f the Siphoviridae family from S. aureus (Rohmer et al. 2022 ) and
ar ge DNA viruses suc h as v aricella, Epstein–barr, and Baculovirus
Prazsák et al. 2018 , Fülöp et al. 2022 , Torma et al. 2022 ). Alto-
ether, these examples support the idea that NcOs are not exclu-
ive to bacteria and are also present in the genomes of phages and
iruses. Ho w e v er, our understanding r emains limited as r egards
he number of NcOs within a bacterial genome, the specific biolog-
cal processes that benefit from this transcriptional arrangement,
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and the potential repercussions of disrupting this transcriptional 
structure on bacterial fitness. 

The set of oper ons pr esent in a bacterial genome can be com- 
putationall y pr edicted with r easonable accur acy based on criteria 
such as the proximity of neighbouring genes with short intergenic 
distances across diverse bacterial species and functional relation- 
ship between the pr otein pr oducts (Mao et al. 2009 , Taboada et al.
2012 , 2014 , 2018 , Krishnakumar and Ruffing 2022 ). As these cri- 
teria ar e full y ada pted to the classical oper on concept, an y v aria- 
tion in gene organization that does not meet these criteria is not 
considered in current operon identification tools. In the specific 
case of NcOs, the cotranscribed genes are separated by antisense 
gene(s) and ther efor e, do not fulfil the neighbourhood criterion.
Identification of NcOs necessaril y r equir es information from the 
bacterial transcriptome in which the existence of an mRNA en- 
coded by the antisense gene(s) and fully complementary to an in- 
ternal UTR of the operon mRNA is detected. The use of Nanopore 
dir ect RNA sequencing tec hnology enables the sequencing of in- 
tact RNA molecules , pro viding a compr ehensiv e pictur e of indi- 
vidual RNA strands as they exist in cells (Byrne et al. 2017 , Gar- 
alde et al. 2018 , Jain et al. 2022 ). Using this a ppr oac h, her e, we 
have determined the long RNA transcriptome of S. aureus and ex- 
ploited this information to define the NcO map in this bacterium.
Our findings r e v ealed the pr esence of at least 18 NcOs within the 
S. aureus NCTC8325 genome, and four more in the model lyso- 
genic phage 80 α. Taking the menEC-01914-ytkD-01912 NcO as a test 
case, we demostrate that disruption of the NcO arc hitectur e has 
a significant impact on the bacterium’s fitness. Ov er all, this com- 
pr ehensiv e anal ysis of NcOs opens ne w av enues for uncov ering 
novel functional and regulatory connections between neighbour- 
ing genes. 

Materials and methods 

Oligonucleotides, plasmids, bacterial strains, and 

culture conditions 

T he oligonucleotides , bacterial strains , and plasmids used in this 
study are listed in Tables S1 , S2 , and S3 ( Supporting Information ),
r espectiv el y. Oligonucleotides wer e synthesized by Stab vida (Ca- 
parica, Portugal). Staphylococcus aureus strains wer e gr own in tryp- 
ticase soy br oth (TSB) (Pr onadisa). Esc heric hia coli IM01B was grown 

in LB broth (Pronadisa). When required, growth media were sup- 
plemented with antibiotics at the following concentrations: ery- 
thromycin 1.5 μg ml −1 and ampicillin 100 μg ml −1 . Plasmids were 
purified using the NucleoSpin Plasmid Miniprep Kit (Mac her ey- 
Nagel) according to the manufacturer’s protocol. FastDigest re- 
striction enzymes and the Rapid DNA Ligation Kit (Thermo Sci- 
entific) were used according to the manufacturer’s instructions.
Plasmids wer e tr ansformed into E. coli IM01B strain and S. aureus 
by electr opor ation using pr e viousl y described pr otocols (Valle et 
al. 2003 ). Sta phylococcal electr ocompetent cells wer e gener ated 

as pr e viousl y described (Sc henk and Ladda ga 1992 ). RNA for tr an- 
scriptome analysis was purified and sequenced from S. aureus 
RN10359 (a deri vati ve of NCTC8325, cured of three prophages and 

l ysogenized by 80 α pr opha ge) (Ubeda et al. 2009 ) and S. aureus 
MW2 (Baba et al. 2002 ). 

Plasmid construction 

Strains carrying the 01912 gene tagged with the 3xFlag epitope 
were constructed using plasmid pMAD:: 01912 _3xFlag (Sáenz- 
Laho y a et al. 2019 ). Strains 15981 men operon _gfp 01914_ 3xFlag 
and S. aureus 15981 men operon _gfp 01914 inv ert _ 3xFla g con- 
aining the gfp gene at the end of the men operon and also
he 01914 gene tagged with a 3xFlag were constructed start- 
ng from a strain, which contains a 3xFlag tagged 01914 gene
 S. aureus 15981 01914 _3xFlag) (Sáenz-Laho y a et al. 2019 ) and
he S. aureus 15981 01914 inv ert_3xFla g str ain constructed in
he present study. The pMAD:: men operon_ gfp plasmid used to
ener ate these str ains w as constructed as follo ws: the gfp gene
as amplified using primers GFPm ut2_Fw_Ov erla p_01912 and 

FPm ut2_Rv_Ov erla p_01912 fr om pCN52 plasmid ( Table S1 ,
upporting Information ). The PCR product was purified us- 
ng the Silica Bead DNA Gel Extraction Kit (Thermo Scientific)
nd fused by ov erla p extension PCR with the corresponding
B and CD fr a gments, whic h wer e amplified with primers
MAD_01912_6xHIS_CD_Rv pMAD_01912_6xHIS_CD_EcoRI_Fw 

nd, 01912_EcoRI_Fw and 01912_Ov erla pGFP_Rv, r espectiv el y
 Table S1 , Supporting Information ). The PCR product was purified
sing the Silica Bead DNA Gel Extraction Kit and cloned into
JET1.2/blunt (T hermo Scientific). T hen, pJET containing the 
v erla p PCR pr oduct was digested with EcoRI and SalI and the
r a gment was cloned in the EcoRI/SalI pMAD sites. 

To construct plasmids pCN51:: men operon_g fp 01914 _3xFlag 
nd pCN51:: men operon_ gfp 01914 invert_3XFlag, the whole men
per on fr om the str ains, whic h contain the gfp and the 01914
ene tagged with the 3xFlag (15981 menE operon_ gfp 01914 _3xFlag
nd 15981 menE operon_ gfp 01914 invert_3xFlag) was amplified 

ith primers Men_Operon_Rv_AscI and Men_Operon_Fw_SmaI.
he PCR product was purified using the Silica Bead DNA Gel Ex-
raction Kit and cloned into pJET1.2/blunt (Thermo Scientific).
hen, the resulting plasmid was digested with SmaI and AscI and
he men operon was cloned in pCN51 (Charpentier et al. 2004 ) di-
ested with SmaI/AscI. 

The pMAD:: 01914 invert plasmid used to generate the S. au-
eus 15981 01914 invert strain was constructed as follows: the
1914 gene was amplified using primers 01914_Fw_RBS_Ov erla p 

nd 01914_Rv_Ov erla p fr om S. aureus 15981 str ain ( Table S1 ,
upporting Information ). The PCR product was purified us- 
ng the Silica Bead DNA Gel Extraction Kit (Thermo Scien-
ific) and fused by ov erla p extension PCR with the corre-
ponding AB and CD fr a gments, whic h wer e amplified with
rimers pMAD_01914 inv ert_AB_Fw_Ov erla p and pMAD_01914 

n vert_AB_Rv_SalI, pMAD_01914 in vert_CD_Fw_EcoRI and 

MAD_01914 inv ert_CD_Rv_Ov erla p, r espectiv el y (see Table S1 ,
upporting Information ). The PCR product was purified using the
ilica Bead DNA Gel Extraction Kit and cloned into pJET1.2/blunt
T hermo Scientific). T hen, pJET containing the o v erla p PCR
roduct was digested with EcoRI and SalI and the fragment was
loned in the EcoRI/SalI pMAD (Arnaud et al. 2004 ) sites. 

The pMAD:: 01914 inv ert_3xFla g plasmid used to generate the
. aureus 15981 01914 inv ert_3xFla g str ain was constructed as
tated for the the pMAD:: 01914 invert plasmid, with the follow-
ng modification. The 01914 gene was amplified using primers 
1914_Fw_RBS_Ov erla p and 01914_3xFla g_Rv_Ov erla p fr om S. au-
eus 15981 01914:: 3xFlag (Sáenz-Laho y a et al. 2019 ) ( Tables S1 and
2 , Supporting Information ). 

The pCN51 plasmids containing 01914 , 01912 , and ytkD
 ere constructed b y amplifying each gene with primers
1914_Rv_AscI/01914_Fw_SmaI, ytkD_Fw_SmaI/ytkD_Rv_AscI,
nd 01912_Fw_SmaI/01912_Rv_AscI, r espectiv el y. The PCR 

roduct was purified using the Silica Bead DNA Gel Ex- 
raction Kit and cloned into pJET1.2/blunt (Thermo Scien- 
ific). Then, pJET plasmids were digested with SmaI and 

scI and the fr a gments wer e cloned in pCN51 digested with
maI/AscI. 
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N A extr action and RT-PCR 

acteria wer e gr own ov ernight in 5 ml of TSB at 37ºC under shak-
ng conditions (200 r pm). Cultur es wer e diluted 1:100 in 20 ml of

edia and incubated at 37 ◦C under shaking conditions (200 rpm)
n 100 ml flasks until they r eac hed an OD 600 of 0.8. At this point,
ne of the samples of S. aureus strain RN10359, was incubated in
he presence of 2 μg ml −1 Mitomycin C at 30 ◦C for 1 h. Bacterial
ultur es wer e centrifuged, and the pellets wer e fr ozen in liquid
itr ogen and stor ed at −80 ◦C until needed. Total RNA from bacte-
ial pellets was extracted by using TRIzol r ea gent method as de-
cribed (Toledo-Arana et al. 2009 ). Briefly, bacterial pellets were re-
uspended into 400 μl of solution A (glucose 10%, Tris 12.5 mM, pH
.6, EDTA 10 mM) and mixed to 60 μl of 0.5 M EDTA. Resuspended
ells were transferred into Lysing Matrix B tubes (MP Biomedi-
als) containing 500 μl of acid phenol (Ambion). Bacteria were me-
 hanicall y l ysed by using a Fastpr ep a ppar atus (MP Biomedicals)
t speed 6.0 during 45 s at 4 ◦C twice . After lysis , tubes were cen-
rifuged for 10 min at 14 000 rpm at 4 ◦C. The aqueous phase was
r ansferr ed to 2-ml tubes containing 1 ml of TRIzol, mixed, and
ncubated for 5 min at r oom temper atur e. A volume of 100 μl of
 hlor oform wer e added, mixed, and incubated for 3 min at r oom
emper atur e. Tubes wer e centrifuged for 10 min at 14 000 rpm
t 4 ◦C. The aqueous phase was tr ansferr ed into a tube containing
00 μl of c hlor oform, mixed, and incubated for 5 min at room tem-
er atur e. Tubes wer e centrifuged for 5 min at 14 000 r pm at 4 ◦C. A
olume of 500 μl of isopropanol was added to the aqueous phase
nd the mixture was incubated at room temperature for 15 min
o precipitate the RNA. Tubes were centrifuged for 15 min at 14
00 rpm at 4 ◦C. RNA pellets were resuspended in DEPC-treated
 ater. RN A w as then treated with 5 μl TURBO DNase I in the pres-

nce of 1 μl of SUPERase-In RNase Inhibitor (Invitrogen) at 37ºC
or 30 min. The DNA-free RNA solution was tr ansferr ed into a tube
ith 300 μl of acid phenol, mixed, and incubated for 3 min at room

emper atur e. Tubes wer e centrifuged for 5 min at 14 000 rpm at
 

◦C. The aqueous phase was tr ansferr ed into a tube containing 300
l of c hlor oform, mixed, and centrifuged for 5 min at 14 000 rpm
t 4 ◦C. RNA contained in the aqueous phase was precipitated by
ddition of 200 μl of ammonium acetate 5 M and 1 ml of ethanol
ixed and incubated for 2 h at −20 ◦C. Tubes were centrifuged for

0 min at 14 000 rpm at 4 ◦C. RNA pellets were resuspended in
EPC-treated w ater. RN A concentration and RNA quality were de-

ermined by using Agilent RNA Nano LabChips (Agilent Technolo-
ies) (Lasa et al. 2011 ). RN As w er e stor ed at −80 ◦C until needed. 

The full-length transcription of men operons was validated
 y R T-PCR. RN A (500 μg) w as r e v erse tr anscribed using M-
LV (Promega) and 10 pmol of primer 3’ (RT_PCR_01912_1

nd RT_menF_1) ( Table S1 , Supporting Information ). Samples
ithout r e v erse tr anscriptase wer e used as negative con-

r ols. Subsequentl y, 1 μl of cDN A w as subjected to a 30-
ycle PCR using DreamTaq DNA Pol ymer ase (ThermoFisher)
nd primers RT_PCR_menE_Fw and RT_PCR_01912 _Rv ( Table
1 , Supporting Information ) for the menE NcO and primers
 T_SAOUHSC_00979_Fw and R T_menF_Rv ( Table S1 , Supporting

nformation ) for the 00979 NcO. The primers used to confirm the
xistence of the rest of NcOs are listed in Table S1 ( Supporting
nformation ). 

xford nanopore direct RNA sequencing 

otal RN A w as purified fr om bacterial cells as described abov e
Lasa et al. 2011 ). Ribosomal RNAs were removed from 10 μg of
otal RNA with the RiboZero Bacteria kit (Illumina, CA). Enriched

RN A w as treated with E. coli P oly(A) P olymerase (NEB) in the
resence of 10 mM ATP for 30 min at 37ºC to add a polyA tail.
ol yAden ylated mRNAs were cleaned using the RNA Clean & Con-
entrator kit (Zymo, CA). Purified mRNAs were then converted
nto a nanopore-compatible RNA library using the Direct RNA
equencing Kit from Oxford Nanopore (SQC-RNA002) (Pust et al.
021 ). The library was sequenced on an R9.4 flowcell in a GridION
nstrument (Oxford Nanopore) for 24 h and base called in real-
ime in the instrument with the softw are Gupp y. Data obtained
 y Oxfor d Nanopor e ar e av ailable at NCBI under Biopr oject PR-
NA922758 ( S. aureus RN10359) and Bioproject PRJNA860339 ( S. au-
eus MW2). The resulting reads were mapped using the Geneious
rime tool (Biomatters) using the S. aureus NCTC8325 genome as
 r efer ence (accession number: NC_007795.1) (Baba et al. 2008 ).
he transcriptome mapping information is available on our web-
ite ( https://sta ph.unav arr a.es:10443 ). 

rediction of NcOs 

rediction of NcOs was based on the alignment of sequencing data
rom S. aureus strain RN10359 and MW2 using Oxford Nanopore
echnology as follo ws. Oxfor d Nanopor e dir ect RNA sequencing
ata were aligned to r efer ence genomes ( S. aureus NCTC8325, ac-
ession number NC_007795 and phage 80 α, accession number
C_009526) using minimap2 (Li 2018 ) with a minimum align-
ent score of 0.99. This alignment method used 14-base-long sub-

trings from the input sequences to find matc hing r egions in the
 efer ence genome. Samtools view (Danecek et al. 2021 ) was em-
lo y ed to extract the cov er a ge information for each position in
he genome, both on the positive and negativ e str ands, r egard-
ess of the depth of cov er a ge. Counting of r eads aligned to cod-
ng sequences or transfer RN A w as performed using the GFF or
TF file containing genomic annotations. Only long reads that
niquel y ma pped to a single featur e wer e counted. Reads with

ess than 80% identity were excluded using the Rsamtools pack-
 ge ( https://bioconductor.or g/pac ka ges/Rsamtools .). The median
tart and end sites of all ov erla pping r eads, as well as the median
 ead cov er a ge, wer e calculated using the GenomicRanges pac ka ge
Lawrence et al. 2013 ). 

To annotate NcOs , o v erla pping r eads wer e first combined into
otential operons . T he gene IDs of these potential oper ons wer e
nnotated. Then, the following pr ocedur e was used for each gene
ithin a potential operon: (i) annotation of the 20 nucleotides
ownstream of the gene transcription termination site (TTS);

ii) estimation of the median read coverage within these 20 nu-
leotides, (iii) calculation of a ‘split ratio’ by dividing this median
ov er a ge by a pr edefined thr eshold set at 10; (iv) calculation of the
 ead cov er a ge for eac h nucleotide in the intergenic region before
he TTS, and (v) comparison of this cov er a ge with the split ratio. If
he cov er a ge of thr ee consecutiv e nucleotides fell below this r atio,
he operon was split at that position. 

It is worth noting that the downstream length of 20 nucleotides,
he split ratio of 10, and the 3-nucleotide window for determining
per on splitting wer e arbitr aril y c hosen. Oper ons wer e labelled as
cOs if at least one gene on the opposite strand was flanked on
oth sides by genes from the same operon. Additionally, the num-
er of reads overlapping with genes flanking the operon gene or
ith r e v erse genes was calculated for further information. 

axonomic study of NcOs 

n order to assess the taxonomic presence of NcOs we pro-
eeded as follows. We downloaded the OMA database ( https://
mabr owser.or g/ oma/ home/ ) (Altenhoff et al. 2020 ), which con-
ained a broad set of species with gene order information. In par-

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae007#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae007#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae007#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae007#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae007#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae007#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae007#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae007#supplementary-data
https://staph.unavarra.es:10443
https://bioconductor.org/packages/Rsamtools
https://omabrowser.org/oma/home/
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ticular this dataset contains 1719 bacterial genomes of which 32 
are Staphylococcus species, including 23 S. aureus strains. Based on 

the r efer ence genome, we also gener ated 100 r andom gr oups of 
consecutive genes of different sizes (three to seven) that were 
not related to known operons. We also downloaded the genomic 
sequences for the 32 Staphylococcus species included in the OMA 

database from ENA, then we used DFAST database (Tanizawa et 
al. 2018 ) to annotate the genomes and finally, we used exonerate 
(Slater and Birney 2005 ) to ensure all proteins present in the refer- 
ence genome were also annotated properly in the genomes when 

present. 
Giv en an oper on, a BlastP searc h was performed for its se- 

quences against each of the bacterial species included in OMA,
limiting the blast to the best five hits . T he analysis was also run 

against the 32 genomes of Staphylococcus reannotated by us. Re- 
sults were then filtered using an e-value cut-off of 1e −05 and an 

ov erla p thr eshold of 0.5. Best hits were then k e pt and used to see 
whether they were found in contiguous positions in the genome.
Up to three genes that were not part of the operon w ere allo w ed to 
be found between the homologous genes. Onl y r esults r eporting at 
least two contiguous homologous genes were considered. For each 

ne w oper on detected in an OMA species, we calculated a conser- 
v ation scor e as pr e viousl y used in Evolclust (Marcet-Houben and 

Gabaldón 2019 ). This score considers homologous genes, nonho- 
mologous genes and the size of the two clusters. Given that some- 
times the r efer ence oper on is m uc h bigger than the found operon,
scores can be below 0 as there are more nonhomologous genes 
than homologous genes. In such cases the scores were set to 0. 

In addition to the search against OMA, we also searched for the 
operons in the String database to assess the conservation of their 
gene neighborhood across species and the connections between 

proteins encoded by the operon as predicted by String’s different 
methodologies (Szklarczyk et al. 2022 ). 

Western blots 

01912, 01914, and GFP pr otein le v els detection b y w estern blot 
was monitored as follows. Bacteria were grown overnight in 5 ml 
of TSB at 37ºC under 200 rpm shaking conditions. In the case of 
GFP, CdCl 2 2 mM was added to the media to induce its produc- 
tion. Cultur es wer e diluted 1:1000 in 50 ml of TSB and incubated 

at 37 ◦C under 200 rpm shaking conditions in 250 ml flasks until 
they r eac hed an OD 600 of 0.8. Bacterial cultur es wer e centrifuged 

and pellets were washed once with 1 ml of PBS and resuspended 

in 500 μl PBS. Bacteria were mechanically lysed with a Fastprep 

a ppar atus (MP Biomedicals) at speed 6.0 m s −1 during 45 s at 
4ºC. Then, tubes were centrifuged for 10 min at 14 000 rpm. Su- 
pernatants were collected and k e pt at −20 ◦C until used. Protein 

concentration was determined by colorimetric technique using 
the Bicinchoninic Acid Kit (Sigma Aldrich) and the Epoch appa- 
r atus (Biotek). Samples wer e adjusted to 20 μg ml −1 of total pro- 
tein and a volume of Laemmli buffer was added. Total protein ex- 
tr acts wer e denatur ed by boiling at 100ºC for 5 min. Pr oteins wer e 
separ ated on TGX Stain-Fr ee FastCast Acrylamide Gels (Bio-Rad).
For western blotting, proteins were blotted onto Amersham 

TM 

Pr otr an 

TM Pr emium 0.45 μm nitr ocellulose blotting membr anes 
(Cytiva) by electroblotting. Membranes were blocked overnight in 

PBS containing 5% skimmed milk and 0.1% Tween 20 (PBST) under 
shaking conditions and incubated with monoclonal anti-FLAG an- 
tibodies labelled with horser adish per oxidase (Sigma) for 3x-FLAG 

labelled pr oteins str ains. For GFP expr essing str ains, Mouse anti- 
GFP antibody (Sigma) diluted 1:1000 in blocking solution for 2 h 

at room temperature was used as primary antibody. Then, a three 
BS 10 min washing in shaking conditions at r oom temper atur e
as performed. Next, monoclonal anti-Mouse antibody labelled 

ith horser adish per oxidase (Sigma) diluted 1:1000 in blocking so-
ution was used as secondary antibody, with a 2 h at room tem-
er atur e incubation conditions. 3xFLAG labelled proteins and GFP
ere detected with ECL Prime western blotting detection r ea gents

Cytiva) in a ChemiDoc MP Imaging System (Bio-Rad). 

xygen consumption r a te measurements 

he Seahorse XF HS Mini Analyser (Agilent) was used to quantify
xygen consumption following the protocol established by Lobritz 
t al. ( 2015 ), with some modifications. Str ains wer e gr own in TSB
 vernight at 37 ◦C. T he cultur es wer e then diluted 1:200 in TSB
nd cultured at 37 ◦C until they r eac hed an OD 600 of 0.3. Cultur es
ere then diluted 1:50 in PBS and 90 μl of each diluted culture
as inoculated into Seahorse XF HS miniplates (Agilent). Plates 
ere incubated at 37 ◦C for 2 h. Media were renewed after this step
nd before Seahorse measurement. It is important to note that
he maximum oxygen consumption rate (OCR) recorded on the 
eahorse analyser is ∼700–800 pmol min 

−1 . When this maximum
s r eac hed, the OCR curv e starts to fall because the oxygen con-
umption of the cells is higher than the oxygen replenishment of
he system. The experiments wer e ther efor e stopped at this point.

After the Seahorse analysis, a dispersing treatment with Dis- 
ersing B enzyme (DspB; 40 μg ml −1 ) was performed during 1 h
nd 30 min at 37 ◦C in order to dissa gr egate bacterial cells (Valle
t al. 2007 ). Serial dilutions up to 10 −6 of the resuspended cells
er e pr epar ed and cultur ed on TSB plates , o vernight at 37 ◦C. CFU
ere counted in order to normalize OCR values to the number of

ells in each well. Three biological replicates were used for each
train. 

nmunofluorescence 

etection of 01914 and GFP proteins by imm unofluor escence was
erformed as follows. Strains containing plasmids pCN51:: men 
per on_g fp 01914 _3XFla g or pCN51:: men oper on_ gfp 01914 in-
 ert_3XFla g wer e gr own ov ernight in 5 ml TSB at 37 ◦C under shak-
ng conditions at 200 r pm. Cultur es wer e diluted 1:1000 in 20 ml
SB with erythromycin 10 μg ml −1 and CdCl 2 5 μM and incubated

n 100 ml flasks at 37 ◦C under shaking conditions at 200 rpm un-
il an OD 600 of 0.8 was r eac hed. Cultur es wer e centrifuged and
ashed three times with PBS. Fixation was performed with 4%
araformaldehyde for 30 min at RT. A second fixation step was
erformed with EtOH 70%, which also aids in permeabilization.
 ermeabilization w as performed with 0.1 mg ml −1 l ysosta phin
10 min, RT). BSA 0.5% was used to block nonspecific antibody
inding (o vernight, 4ºC). T he primary antibodies used were mouse
nti-Flag M2 monoclonal antibody, diluted 1:1000 (Sigma Aldrich) 
or the 01914 pr otein, and r abbit anti-GFP pol yclonal ab290, di-
uted 1:1000 (Abcam) for the GFP. Alexa Fluor 647-conjugated goat 
ntimouse IgG (Invitrogen) and Alexa Fluor 488-conjugated goat 
ntir abbit IgG (Invitr ogen) wer e used as secondary antibodies, r e-
pectiv el y. Hoec hst was used to visualize DNA and localize bacte-
ia. Samples were visualized using a Zeiss LSM 800 confocal scan-
ing laser microscope. 

mage analysis 

etection and quantification of bacteria in fluorescence im- 
ges was performed using a plugin de v eloped for Fiji/ImageJ,
n open-source Java-based image processing software (Schin- 
elin et al. 2012 ). The plugin was de v eloped by the Imag-

ng Platform of the Centre for Applied Medical Research 
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CIMA, Pamplona) ( https:// cima.cun.es/ en/ research/ technology- 
latforms/image-platforms ). 

First of all, individual bacteria were segmented from the
API channel using the following automated image processing
ipeline: a bac kgr ound corr ection algorithm was a pplied, follo w ed
y an intensity threshold to create a mask for DAPI signal. A max-

ma detection algorithm was then applied to the original DAPI sig-
al, and the detected maxima were used as seeds for a marker-
riven watershed algorithm limited by the pr e viousl y calculated
egmentation mask (Legland et al. 2016 ). The resulting segmenta-
ion mask was used to measure the expression of red and green
uorescent signals in each individual bacterium, and the signal
atio between green and red was calculated. Bacteria with an av-
r a ge ima ge intensity < 1 for the r ed or gr een c hannel—v ery low
xpr ession, whic h can be considered as noise—were not included
n the final quantification (Counts, WT: n = 2198 ± 212; 01914 in-
ert: n = 2461 ± 423). 

enaquinone extraction and HPLC analysis 

ach S. aureus strain w as gro wn overnight in 5 ml TSB supple-
ented with antibiotics as r equir ed in a shaking incubator at 37ºC.

he culture was then diluted 100-fold in 5 ml TSB medium with-
ut antibiotics and incubated at 37ºC until mid-log phase (A 600 

0.3–0.7). A volume of 4 ml of the cultur e br oth was centrifuged
t 8000 × g for 5 min at 4ºC, washed with PBS, and suspended
n 625 μl of PBS supplemented with 25 mM EDTA and 5 μM α-
ocopherol. A volume of 3 ml of hexane–ethanol (5:2) was added
o the suspension and mixed vigor ousl y for 2 min, and the up-
er layer was collected after centrifugation at 4000 × g for 3 min.
he bottom lay er w as rinsed with 1 ml of hexane–ethanol, and
he top layer was pooled, dried in-v acuo , dissolv ed in 100 μl of
thanol, and 20 μl of the sample wer e anal ysed using Waters Al-
iance high-performance liquid c hr omatogr a phy (HPLC) system
quipped with a CAPCELL CORE C18 2.7 μm column (3.0 ϕ ×
50 mm) (SHISEIDO, Tok y o, J a pan). HPLC anal ysis was performed
ith isocratic elution of ethanol : methanol (1:1) at the flow rate
f 0.4 min ml −1 and column temper atur e at 40 ̊ C. Detection was
erformed using a fluorescence detector (Waters , wa velengths 320
nd 430 nm for excitation and emission, r espectiv el y, after post-
olumn reduction using a platinum column (4.0 mm × 20 mm,
L Sciences, Tok y o, J apan)). The total amount of MKs was calcu-

ated as the sum of the peak areas of MK7, MK8, and MK9 (RT
.9, 9.1, and 12.4 min, r espectiv el y) and normalized to culture A 600 

Hamamoto et al. 2015 ). 

esults 

irect RNA sequencing identification of NcOs in 

he S. aureus genome 

e used Oxford nanopore technology to directly sequence native
NA molecules fr om str ains S. aureus MW2 and S. aureus RN10359.
e produced three independent libraries (one from S. aureus MW2

nd two from S. aureus RN10359) without any amplification pro-
ess on separate occasions. Nanopore sequencing libraries yielded
 total of 356 600, 922 620, and 1 902 936 reads that mapped to
he S. aureus NCTC8325 genome with an av er a ge ma pped r ead
ength of 733 bp, 749 bp, and 689 bp, r espectiv el y ( Table S4 and
ig. S1 , Supporting Information ). To identify NcOs (Fig. 1 A), we first
alculated all possible theoretical NcOs present in the S. aureus
enome by identifying all codirectional gene pairs that were sep-
rated by one to three genes in the opposite direction, regardless
f the intergenic distance or functional relationship between the
enes . Among these , we needed to select those sets of codirec-
ional genes that wer e tr anscribed together despite being sepa-
ated by at least one antisense gene. To make this selection, we
etermined that NcOs had to meet two conditions: first, there
hould be a minimun of one long transcript that overlaps the two
ooriented genes and second, the RNA-seq read coverage signal
hould remain relatively stable within the intergenic region where
he antisense gene/s is located. The first condition was analysed
y visual inspection of the mapped reads using Geneious (see the
ection ‘Materials and methods’). To e v aluate the second condi-
ion, we calculated the mean signal cov er a ge in the 20 nucleotides
pstream of the end of each annotated gene . T he resulting value
erved to determine the threshold for the mean coverage that had
o be maintained in the inter genic r egion to establish gene cotran-
cription. If the av er a ge cov er a ge at thr ee consecutiv e nucleotides
n the inter genic r egion dr opped below 0.1 r eads per nucleotide,
e did not consider the two cooriented genes as cotranscribed.
onv ersel y, if the av er a ge cov er a ge r emained abov e this thr eshold
cross the entire intergenic region, we considered the cooriented
enes to be transcribed together. Our analysis led to the identifica-
ion of a total of 18 operons scattered throughout the genome that

eet both criteria (Fig. 1 B). It is important to note that when the
ibr aries wer e ma pped a gainst the genome of strain MW2, some
cOs were not detected because genes encoding small peptides
re not annotated in the genome of this strain (data not shown).
n addition, four more NcOs were located within the genome of
he temper ate 80 α bacteriopha ge (Fig. 1 B). The majority of NcOs
ave a single gene that is oriented in the opposite direction to the
est of the operon. The only exception to this pattern is observed
n the 02997 NcO, where three genes are transcribed in the oppo-
ite direction to the rest of the operon (Figs 1 B and 2 ). 

To enhance the reliability of the identified NcOs, we performed
T-PCR experiments using oligonucleotides designed to bind to se-
uences adjacent to the gene(s) transcribed in the opposite di-
ection to the rest of the operon. This design ensured that the
CR r eaction would onl y yield a pr oduct if the transcripts com-
letel y cov er ed both the codir ectional genes and the r egion occu-
ied by the gene(s) in the opposite direction ( Fig. S2 , Supporting
nformation ). Our results confirmed the cotranscription of genes
hat were separated by an antisense gene in 16 out of the 18 iden-
ified NcOs in the bacterial genome . T he two NcOs that could not
e confirmed by RT-PCR were the 01073 and 02997 NcOs. In sum-
ary, these results indicate that the S. aureus genome harbours a
inimun of 16 NcOs that meet the criteria of having two sets of

otranscribed genes, and one or more interspersed genes that are
ranscribed in the opposite dir ection. In addition, the 80 α pha ge
enome contains four NcOs that also fulfill these criteria. 

resence of NcOs across taxonomic clades 

or each of the 18 NcOs identified in the S. aureus genome, we con-
ucted a thorough search to determine whether they are present

n the 1719 bacterial species included in the OMA database (Al-
enhoff et al. 2020 ). We assigned each species to a specific taxo-
omic category based on its most recent common ancestor with
. aureus , resulting in 32 Staphylococcus , 1 Staphylococcaceae , 77 Bacil-
ales , 136 Bacilli , 109 Bacillota , and 1364 Bacteria . As the Staphylo-
occaceae category was underr epr esented, it was mer ged with the
acillales category. We considered an NcO to be present when all
f its constituent genes were identified with no more than two
enes in between them. Inter estingl y, we discov er ed that 16 out of
he 18 S. aureus NcOs were extensively distributed among Staphy-
ococcus species, being present in over 70% of the strains. On the

https://cima.cun.es/en/research/technology-platforms/image-platforms
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae007#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae007#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae007#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae007#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae007#supplementary-data
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F igure 2. Oxfor d Nanopore mapping for the 18 NcOs found in S. aureus RN10359. Images from the Geneious software showing a fraction of the 
uniquel y ma pped long RN As. Genes located on the forw ar d str and ar e shown in pink. Genes on the r e v erse str and ar e shown in gr een. Eac h r ead 
mapped is shown as a blue line (sense reads) or an ochre line (antisense reads). Genomic positions in the S. aureus NCTC8325 genome are indicated 
along the x -axis. Gene annotation corresponds to the S. aureus NCTC8325 strain. Read cov er a ge per nucleotide is shown on a logarithmic scale. 
Pr omoters (arr ow) and terminators (hair pin) ar e shown. Thin arr o ws indicate the position of the oligonucleotides used for the R T-PCR reaction. 
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Figure 2. Continued. 
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ther hand, 01072 , 01073 , and moeB NcO conservation of gene dis-
ribution extended to the Bacillales group (Fig. 3 A). 

To obtain a more comprehensive understanding of the conser-
ation patterns of these NcOs, we decided to calculate a conser-
 ation scor e instead of solel y determining strict oper on pr esence
see the section ‘Materials and methods’). This score was calcu-
ated for cases where at least two genes within an operon were
ound adjacent to one another in a given species. In order to com-
ar e the conserv ation degr ee of NcOs we built three different sets
f gene clusters . T he first contained the group of 18 NcOs of S.
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Figure 3. Conservation of gene neighbourhoods in NcOs. (A) Heatmap showing the number of species within each taxonomic group within the 
Staphylococcus lineage that contain a given NcO. Each NcO is named after the first gene that is cotranscribed with other genes in the operon. (B) Violin 
plot showing the distribution of conservation scores across three different datasets . Con ventional operons are more conserved than NcOs ( P -value 
NcOs vs conventional operons: 1.66 e −11 , NcOs versus random: 1.03 e −16 , and conventional operons versus random: 0.0). 
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aureus . The second set comprised 273 conv entional oper ons that 
ar e pr esent in the S. aureus genome and are composed of three or 
mor e genes. Finall y, the last set comprised 700 r andoml y selected 

groups of neighbouring genes of varying sizes. To avoid biases due 
to gene prediction issues, specially regarding the presence of small 
pr oteins, we r eannotated the 32 Staphylococcus genomes found in 

the OMA database ensuring that all proteins found in the refer- 
ence were also found in the strains when present (see the sec- 
tion ‘Materials and methods’). As expected, both the set of NcOs 
and conv entional oper ons exhibited a higher degr ee of gene order 
conservation when compared to the random dataset. Notably, our 
results also indicated that conventional operons display a higher 
le v el of conservation when compared to NcOs (Fig. 3 B). 

NcOs pr otein–pr otein inter action netw ork 

We then conducted an extensiv e searc h in the String database to 
discover connections between the proteins encoded by the genes 
within the NcOs (Szklarczyk et al. 2022 ). Out of the 18 S. aureus 
NcOs, String r e v ealed r elationships between the pr oteins encoded 

on both sides of the antisense gene in five cases (Fig. 4 ; Fig. S3 ,
Supporting Information ). In the moeB operon, all nine proteins 
are associated with the biosynthesis of the Mo-molybdopterin co- 
factor, as indicated by GO term enrichment (Fig. 4 ). Within the 
01072 oper on, pr oteins encoded by genes fr om both sides of the 
antisense gene are associated with Coenzyme A biosynthesis and 

phosphopantotheno ylc ysteine decarboxylase activity, while coaD 

is linked to the others by common gene neighbourhood (Fig. 4 ). In 

the r ecG oper on, all genes upstr eam and downstr eam of the anti- 
sense gene encode for proteins related to fatty acid and phospho- 
lipid metabolism (Fig. 4 ). In the 02997 NcO, proteins encoded by 
genes upstream and downstream of the antisense genes are asso- 
ciated with ROS, while the function of the thr ee pr oteins encoded 

by genes on the opposite strand is unknown (Fig. 4 ). Regarding the 
00470 NcO, there are no known functional relationships between 

00474 and other genes of the NcO, but experimental evidence indi- 
cate that 00474 is coexpressed with all the genes located upstream 

of the antisense gene in B. subtilis (Hilden et al. 1995 ). 
Importantl y, in se v en NcOs ( 00692 , 00825 , 00979 , 01073 , menE ,
2109 , and 02836 ), String analyses sho w ed that the function of
he antisense gene is related to the other proteins encoded in the
cO ( Fig. S3 , Supporting Information ). On the other hand, there
r e thr ee examples (oper ons rpsN , 01351 and 02379 ) for which we
ould not establish a functional relationship between their en- 
oded proteins, though String associated them due to conserved 

ene neighborhood ( Fig. S3 , Supporting Information ). Lastl y, ther e
r e onl y thr ee NcOs ( 00208 , 02529 , and 02535 ) whose encoded pro-
eins are either associated just due to the proximity of conserved
enes or not functionally associated. 

Taken together, these results indicated that neighbourhood of 
enes from NcOs is conserved at least across the Staphylococcus 
enus, and in some cases they remain closely associated even
ithin the Bacillales order. The presence of functional associations 
etween the proteins encoded by the genes flanking the antisense
ene str ongl y r einforces the idea that NcOs constitute a tran-
criptional unit connecting the expression of genes responsible 
or functionally related proteins. 

enes responsible for synthesizing 

enaquinone are arranged into two NcOs 

o investigate the biological significance of NcOs, we focused 

n menaquinone synthesis because two of the identified NcOs 
re associated with this process ( menE and 00979 NcOs) (Fig. 1 ).
anopore sequencing yielded a total of 1510 and 9168 reads
apped to the menE and 00979 NcOs with an av er a ge ma pped

ead length of 874 nts and 718 nts, r espectiv el y. Importantl y, 35
ingle reads of the menE NcO and thr ee r eads of the 00979 NcO
ompletely spanned the 01914 and menA antisense genes, respec- 
iv el y. The String anal ysis unv eiled a significant co-occurr ence
f the genes from these two NcOs across numerous Staphylo- 
occus species, suggesting the potential importance of their con- 
gurations in the regulation of menaquinone synthesis ( Fig. S4 ,
upporting Information ). It is worth noting that the 00979 NcO
ontains a gene encoding a small peptide (SAOUHSC_00981) 
hose presence has only been annotated in a few strains. An ex-
mination of the functional associations between the proteins en- 

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae007#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae007#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae007#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae007#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae007#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae007#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae007#supplementary-data
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Figure 4. Functional associations between proteins encoded in moeB, 01072 , recG , 00470 , and 02 997 NcOs as indicated by the String database (A) 
Co-occurrence of the genes within the NcO on the phylogenetic tree obtained by String. Genes are represented as arrows at the top of the figure . T he 
red colour scale represents the degree of co-occurrence of genes in the genomes analyzed. (B) String analysis showing the functional associations 
between the proteins encoded by the genes within the NcOs. Protein IDs are pro vided. T he strand indicates the orientation of the gene: sense ( + ) and 
antisense ( −). In MoeB and 01072, the function of the antisense gene is related to the other proteins encoded in the NcO, whereas in recG, 00470 and 
02997, the proteins encoded by genes from both sides of the antisense gene are associated according to String. 
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oded in the menE NcO divides them into two gr oups: MenEC pr o-
eins are associated to menaquinone synthesis, while the func-
ions of 01914, YtkD, and 01912 remain unidentified. In the case
f the 00979 NcO, the antisense gene ( menA ) and the menFDHB
enes ar e involv ed in menaquinone synthesis, while the function
f 00979 itself remains unknown. 

In a pr e vious study using the menE NcO as a model, we observed
hat ov er expr ession or deletion of the oper on pr omoter affected
he expression of the 01914 antisense gene in a process depen-
ent on RNaseIII activity and transcriptional interference (Sáenz-
aho y a et al. 2019 ). To further explore the impact of NcO architec-
ure on gene expression, we first generated a mutant in which the
 hr omosomal copy of the 01914 gene was inverted ( S. aureus 01914
nvert) (Fig. 5 A). This inversion allo w ed all genes in the menE NcO
o be transcribed as a single polycistronic transcript. Secondly, we
onstructed another mutant in which the promoter region up-
tream the 01914 gene was deleted and the 01914 gene and its
r omoter wer e inserted next to the innocuous attB site of the li-
ase gene ( S. aureus �P01914- trans) (Fig. 5 A). T hus , in this strain,
xpression of 01914 from another location of the chromosome
r e v ents the tr anscriptional interfer ence mec hanism of gene r eg-
lation in the menE NcO. It is also important to note that both
trains encode for 3xFlag tagged 01912 and 01914 proteins, so that
heir expression levels could be monitored by Western Blot anal-
sis and compared to those in a wild type tagged strain ( S. aureus
t) (Fig. 5 A). Western blot analysis revealed that 01914 le v els de-
reased when the 01914 gene was inverted and transcribed along
ith the rest of the genes in the operon (Fig. 5 A). In contrast, 01912

e v els incr eased when the 01914 gene was inv erted or expr essed
rom a distinct chromosomal location. To further confirm that the
resence of the antisense gene ( 01914 ) influences the expression
f the NcO genes upstream of it, we cloned the entire wild-type
peron and the complete 01914- invert operon, fused to a gfp gene
ownstream of the last gene ( 01912 ), in a plasmid under the con-
rol of a cadmium-inducible promoter (Fig. 5 B). Hence, these plas-

ids allo w ed the expression of wild type or 01914 inverted oper-
ns that contain a last gfp gene as part of the NcO. When NcO
xpression was induced with cadmium, GFP levels significantly
ncr eased onl y in the case of the 01914 inv erted oper on (Fig. 5 B).
ext, we analysed GFP and 01914 protein expression at the indi-
idual cell le v el using confocal micr oscop y. Consistent with w est-
rn blot results, confocal microscopy revealed that 01914 and GFP
e v els wer e inv ersel y r elated, with incr easing le v els of GFP expr es-
ion coinciding with decr easing le v els of 01914 (Fig. 6 B and C),
onfirming that GFP production was significantly higher in bac-
eria containing the 01914 inverted form of the NcO compared to
acteria containing the WT operon. Taken together, these results
uggest that expression of the antisense gene ( 01914 ) in an NcO
ncouples the expression levels of upstream and downstream
enes. 
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Figure 5. Analysis of the impact of NcO arc hitectur e on gene expr ession. (A) Sc hematic r epr esentation of the constructions used in this study (left) and 
western blot analysis of 01914 and 01912 proteins produced from the chromosomal copy of WT, �P01914- trans and 01914 -invert strains (right). The 
3xFla g-ta gged pr oteins wer e detected with commercial anti-3xFla g antibodies . T he molecular weight of the pr oteins is indicated. (B) Sc hematic 
r epr esentation of the constructions used in this study (left) and western blot analysis of GFP and 01914 proteins produced from plasmid pCN51 
containing the menE NcO in its WT or 01914 inverted version in the absence ( −Cd) or presence ( + Cd) of cadmium (right). The molecular weight of the 
proteins is indicated. For panels (A) and (B), Coomassie-stained gels were used as a loading controls . T he data shown are re presentati ve of experiments 
performed in biological triplicates. 
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Disruption of the menE NcO architecture 

increases menaquinone synthesis and reduces 

oxygen consumption 

The expression of enzymes that control menaquinone synthesis 
m ust be tightl y contr olled since ele v ated le v els of menaquinone 
are known to be toxic to bacteria due to increased o xidati v e str ess 
(Johnston and Bulloch 2020 ) . We decided to investigate whether 
disrupting the arc hitectur e of the menE NcO had any effect on 

menaquinone synthesis. To do this, we compared menaquinone 
accum ulation le v els in S. aureus WT, �P01914- trans and 01914 - 
inv ert str ains. As a contr ol, we included a S. aureus �Pmen mu- 
tant, which has a partial deletion of the operon promoter, leading 
to a significant reduction in operon expression (Sáenz-Laho y a et 
al. 2019 ). The results sho w ed that disruption of the NcO struc- 
ture led to an increase in menaquinone accumulation (Fig. 7 A),
without affecting the ability to produce different menaquinone 
isoforms (MK7, MK8, and MK9) (Fig. 7 C). 

Within the menE NcO, only the menEC genes are known to en- 
code enzymes involved in the synthesis of menaquinone. The 
function of the YtkD, 01912 and 01914 proteins is unkno wn. Ho w- 
e v er, the coexpr ession of ytkD and 01912 with menEC suggests that 
the encoded proteins may be involved in menaquinone synthesis.
To investigate this hypothesis, we ov er expr essed the ytkD , 01912 
or 01914 genes in the wild type strain, and quantified the accu- 
mulation of menaquinone (Fig. 7 B). Overexpression led to a sig- 
nificant increase in menaquinone levels compared to those in the 
T strain. Although the understanding of the mechanism behind 

he rise in menaquinone le v els caused by ov er pr oduction of these
r oteins r equir es further anal ysis, these r esults str ongl y suggest
hat the proteins produced by the genes within an NcO operon,
imilar to conventional operons, are involved in the same biolog-
cal processes. 

Menaquinone is an essential component of the electron trans- 
ort chain, and thus of the bacterial respiratory process. Under
erobic conditions, oxygen is the final electron acceptor. To in-
estigate whether the increased accumulation of menaquinone 
aused by NcO disarrangement has any impact on the efficacy
f the electr on tr ansport c hain, we compar ed the OCR of the WT
train and the �P01914- trans and 01914 -invert strains . T he results
emonstrated that alterations of the NcO structure resulted in a
eduction in the rate of oxygen consumption (Fig. 7 D), reinforc-
ng the notion that the proteins encoded in an NcO are function-
lly interconnected to optimize the efficiency of the metabolic 
athway they r egulate. Finall y, we compar ed the gr owth r ate of
acteria ov er expr essing the WT or 01914 inv erted v ersions of the
per on. Bacteria pr oducing the 01914 -inv ert oper on sho w ed a re-
uced growth rate compared to the same strain overexpressing 
he r egular oper on, indicating that uncoordinated expr ession of
peron genes has detrimental effects on bacterial fitness (Fig. 7 E).
aken together, these findings suggest that all the proteins within
he menE NcO operon play a role in controlling menaquinone lev-
ls to ensure their ideal balance for an efficient respiratory chain.
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Figure 6. Analysis of the impact of NcO arc hitectur e on gene expression at single cell level. (A) Schematic representation of the strains used in this 
study. (B) Gr a phical r epr esentation of fluor escence quantification of str ains containing pCN51:: menE NcO WT or pCN51:: menE NcO 01914 inv ert. The 
ratio of GFP to 01914 protein levels was calculated from the fluorescence intensity. 01914 was stained with anti-3xFLAG antibody conjugated to Alexa 
Fluor 647. GFP was immunostained with anti-GFP antibody conjugated with Alexa Fluor 488. Numerical data r epr esent the mean ± SD of three 
independent experiments (counts, WT: n = 2198 ± 212; 01914 invert: n = 2461 ± 423). (C) Re presentati ve immunofluorescence microscopy images of S. 
aureus complemented with the pCN51 plasmid carrying the menE NcO in its WT or 01914 inverted version, grown to an OD 600 of 0.8 at 37ºC in TSB 
media. 
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iscussion 

he prediction of operons in bacterial genomes serves multiple
urposes, aiding in the comprehension of gene expression reg-
lation, the identification of essential proteins for specific bio-

ogical functions, and facilitating precise genetic modifications in
acterial c hr omosomes. Adv ances in tr anscriptomic methodolo-
ies have revealed previously unrecognized genetic configurations
hat could not have been deduced solely from genomic informa-
ion (Byrne et al. 2017 , Depledge et al. 2019 , Shi et al. 2023 , Xu
t al. 2023 ). In this report, we use dir ect long-r ead RNA sequenc-
ng with nanopore technology to identify full-length transcripts in
. aureus . Sample pr epar ation for nanopor e long-r ead sequencing
oes not r equir e PCR amplification, thus r educing the biases asso-
iated with amplification pr ocedur es, albeit at the cost of reduced
equencing throughput (Garalde et al. 2018 ). Consistent with pre-
ious studies, our RNA-seq libraries contain reads of up to 8 kb.
o w e v er, cov er a ge by full length reads was low for the majority of

r anscripts lar ger than 4 kb (Soneson et al. 2019 ). The identifica-
ion of NcOs within the S. aureus genome relied on two assump-
ions: first, the mean number of reads mapping in the intergenic
egion between two codirectional genes that are interrupted by
ne or more genes in the opposite direction should not drop be-
ow 0.1 reads nt −1 relative to the a verage co verage of the adja-
ent genes. Second, the presence of at least one read connecting
he two codirectional genes . T his threshold might be considered
oo cautious. Ho w e v er, it is important to consider that those NcOs
ith high expression of counter-transcribed genes can lead to sig-
ificant reductions in read coverage due to the action of RNaseIII
nd tr anscriptional interfer ence . Con v ersel y, if the expr ession le v-
ls of the operon genes ar e ele v ated, they can completel y switc h
ff the expression of the antisense gene. Consequently, the map of
cOs may exhibit slight variations depending on factors such as

he environmental conditions during bacterial growth for RNA pu-
ification, the chosen threshold for determining cotranscription,
nd e v en genome annotations (Mäder et al. 2016 ). Of the 22 iden-
ified NcOs (including four from the phage 80 α), eight have a gene
ncoding a peptide of less than 50 amino acids. In most cases
se v en out of eight), the gene responsible for this short peptide
ligns with the gene transcribed in the opposite direction. Since
enome annotations fr equentl y omit genes encoding peptides of
ess than 50 amino acids, NcOs containing such genes may escape
etection. 
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Figure 7. Effect of menE NcO arc hitectur e on menaquinone le v els and OCR. (A) Quantification of total menaquinone le v els in S. aureus WT, �Pmen, 
�P01914- trans , and 01914 -in vert strains by HPLC. (B) Quantification of total menaquinone levels in S. aureus overproducing YtkD, 01914 or 01912 
pr oteins. Contr ol str ains carry an empty plasmid. (C) Ev aluation of the influence of menE NcO disruption on the accum ulation of differ ent 
menaquinone species. (D) Assessment of the OCR using the Seahorse XF (Agilent) analyzer by S. aureus WT, �Pmen, �P01914- trans, and 01914 -invert 
str ains. (E) Gr owth r ate of S. aureus complemented with the pCN51 plasmid carrying the menE NcO in its WT or 01914 inv erted v ersion, both in the 
presence or absence of cadmium, for a 24-h period at 37ºC with shaking. 
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An intriguing aspect of the transcriptional architecture in NcOs 
is that transcription has to persist across extended regions that do 
not under go tr anslation since they corr espond to the r egion wher e 
the antisense gene is located. In such cases, the coordination be- 
tw een RN A pol ymer ase and ribosome mov ement is disrupted be- 
cause the RNA pol ymer ase needs to maintain its activity e v en 

when the ribosome halts at the conclusion of the upstream gene 
(Adhya and Gottesman 1978 , Richardson 1991 , Das 1993 , Henkin 

1996 ). T his scenario ma y a ppear to contr adict the long-accepted 

dogma in bacterial genetics that transcription and translation are 
intricately linked. Ho w ever, a recent investigation analysing this 
coupling within the bacterium B. subtilis has r e v ealed that RNA 

pol ymer ase activity in this bacterium remains unaffected by the 
tr anslation pr ocess (J ohnson et al. 2020 ). T hese findings imply that 
the coupling between transcription and translation described in 

E. coli does not a ppl y to Gr am-positiv e bacteria and that the ribo- 
somes pr ogr ess independentl y of the RNA pol ymer ase in a phe- 
nomenon termed ‘runa wa y transcription’. Hence , the transcrip- 
tion of the extensive intergenic regions within the NcO remains 
compatible with the absence of translation. 

In bacteria, the relationship between gene expression and 

genome organization is facilitated through operons, which assem- 
ble genes with related functions into a transcriptional unit. NcOs 
might have arisen from the insertion of a gene into the middle 
of an existing operon, connecting through antisense RNA mecha- 
nisms . T he analysis of the conservation of NcOs identified in this 
study within S. aureus unveiled that among the 18 operons exam- 
ined, 16 ar e consistentl y pr esent in v arious Staphylococcus species,
encompassing more than 70% of the strains investigated. How- 
e v er, onl y a limited number of operons exhibit a broader distri- 
ution, with 01073 , 01072 , and moeB operons being the most no-
able examples . T he moeB oper on is particularl y note worthy as all
ts constituent genes ar e intricatel y associated with molybdenum

etabolism. Within the moeB NcO, the MoaC enzyme is encoded
n the opposite direction. This enzyme plays a pivotal role as one
f the initial enzymes in the molybdenum metabolism pathway,
 esponsible for gener ating the pr ecursor pyr anopterin monophos-
hate (cPMP) from GTP, which subsequently forms the molybde- 
 um cofactor (Iobbi-Ni vol and Leimkühler 2013 ). It appears that
he bacterium deliber atel y avoids transcribing this gene alongside
he other operon genes and instead connects its expression via
ntisense regulation. One plausible explanation for this organiza- 
ional choice is that the activities of the MoaC enzyme may either
onflict with those of the other metabolic pathway enzymes or are
 equir ed when the other enzymes in the metabolic pathway are
nactive. According to this explanation, functional analysis of NcO 

I fr om pha ge 80 α (Fig. 1 ) has shown that this genetic or ganization
llows the expression of a protein (ORF3) that confers immunity
o host cell infection by other phages to be completely inhibited
hen the phage initiates its own r eplication, thus pr e v enting an
utoimm une r esponse (Rostöl et al. 2024 ). 

The results from String analysis also reveal that in the 00470 ,
ecG , 01072 , and 02997 NcOs, proteins from the two gene groups,
eparated by the gene in the opposite direction, share a related
unction. This finding underscores the significance of creating 
cO maps for a bacterium, as it enables the discovery of func-

ional relationships between genes that might otherwise remain 

ndetected. Conv ersel y, the fact that these genes are functionally
ssociated reinforces the idea that NcOs, m uc h like conv entional
per ons, gr oup genes participating in the same metabolic path-
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a y. T he integration of data obtained from NcO maps, in conjunc-
ion with the information available in newly developed databases
hat predict protein function based on their structural attributes
such as Foldseek) may be of great help in the future in deci-
hering the function of the large proportion of bacterial genomes
hose function is still unknown (Barrio-Hernandez et al. 2023 ). 
To investigate the significance of the NcO structure in the phys-

ology of S. aureus bacteria, w e emplo y ed the NcO comprising
enE-menC-01914-yktD-01912 , which plays a role in menaquinone

ynthesis. Menaquinones are lipid-soluble compounds that serve
s electron carriers, facilitating the transfer of electrons between
embr ane-bound pr otein complexes within the electr on tr ans-

ort chain. The energy released during this electron transfer
rocess is used to generate an electrochemical gradient, ulti-
ately leading to the production of ATP (Kurosu and Begari 2010 ).
enaquinones have also been implicated in sensing alterations in

edox state and oxidative stress in E. coli (Bekker et al. 2010 ) and
ith persistance and biofilm formation in S. aureus (Mashruwala

t al. 2017 ). The process of synthesizing naphthoquinone moiety
f menaquinone from chorismite involves the activity of at least
ight enzymes (MenB to MenH) (Johnston and Bulloch 2020 ). Reg-
lation of menaquinone can take place at protein level, through
ublocalization of the Men enzymes to ensure that menaquinone
s pr oduced exclusiv el y wher e it is needed. Additionall y, the Men
nzymes can also be allosterically inhibited by binding of final
etabolites from the pathway to their catalytic domains, pre-
 enting the excessiv e accum ulation of menaquinone (Bashiri et
l. 2020 ). In a pr e vious study, we anal yzed the effect of RNaseIII
nd transcriptional interference on the coordination of expres-
ion of the menEC-MW1733-ytkD-MW1731 operon genes ( menEC-
1914-ytkD-01912 according to NCTC8325 annotation) and ob-
erved that overexpression of MW1733 inhibited menEC expres-
ion and caused the a ppear ance of small colony variants (Sáenz-
aho y a et al. 2019 ). In this w ork, w e hav e anal yzed the con-
equences of this tr anscriptional arc hitectur e on the biology of
he bacterium. Our results suggest that NcO arc hitectur e con-
ributes to the transcriptional control of the enzymes involved
n menaquinone synthesis. Specifically, the menEC and menAFDHB
enes are organized in two separate NcOs. In the case of 00979
cO, it includes a gene of unknown function ( 00979) that co-

ranscribes with the 00981 - menFDHB genes, forming a long poly-
istr onic tr anscript that ov erla ps with the mRNA of the menA
ene . T his menA gene is located between 00979 and 00981 genes,
nd it is transcribed in the opposite direction. It is striking that
enA , which is involved in the penultimate step of a cascade of

eactions for menaquinone synthesis (Boersch et al. 2018 ), is not
art of the same operon as other enzymes in the pathway, but is

ocated contiguous to the operon but transcribed in the opposite
irection (something similar to the moaC case). MenA serves as the
 ate-limiting enzyme r esponsible for linking the naphthoquinone
oiety and the isopr en yl c hain in the final sta ge of menaquinone

ynthesis. In situations where naphthoquinone accumulates, it
ay be necessary to upregulate MenA, while MenFDH, which is in-

olved in the initial stage of naphthoquinone synthesis , ma y need
o be slightl y downr egulated. The NcO arc hitectur e offers an intri-
ate feedback mechanism for precise regulation of menaquinone
r oduction, ther eby pr e v enting the buildup of toxic intermediates.

An important aspect of transcriptomic analyses performed on
urified RNA from bacterial populations is that the presence of
ense and antisense RNAs at the same genomic position does
ot necessarily mean that both tr anscripts ar e pr esent sim ulta-
eously in the same bacterium. The result of transcriptomes ob-
ained with RNA purified from bacterial populations is the same
hether the sense and antisense transcripts are produced by dif-
er ent gr oups of bacteria or whether both tr anscripts ar e pr oduced
y the same bacterium at the same time . T he only way to re-
olve this uncertainty is to perform transcriptomic analyses at the
e v el of individual cells. Ho w e v er, the efficiency of the technique
emains low in S. aureus , probably due to problems with the ef-
ciency of bacterial lysis at the single cell le v el (Blattman et al.
020 ). 

The strategy of clustering functionally related genes is a phe-
omenon observ ed acr oss all domains of life (Komili and Silver
008 , Nützmann et al. 2018 ). In eukaryotes, this clustering does
ot involv e cotr anscription but r ather clustering in r egions of the
enome wher e c hr omatin has similar le v els of accessibility to the
r anscriptional mac hinery. In bacteria, clustering of genes for si-
 ultaneous expr ession is a fundamental aspect of gene r egula-

ion. This study shows the need to expand the operon concept to
nclude variations that do not conform to the traditional defini-
ion. NcOs enable both the cotranscription of genes and the regu-
ation of gene expression in the opposite dir ection, r e v ealing pr e-
iousl y ov erlooked connections between pr oteins participating in
he same biological pr ocess. Mor e gener all y, our findings demon-
trate that the combined utilization of cotranscription and anti-
ense transcription can be used to coordinate the expression of
ifferent biological processes. 
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