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Abstract

Small non-coding RNAs (sRNAs) are key regulators of post-transcriptional gene expression in bacteria. Hundreds of sSRNAs
have been found using in silico genome analysis and experimentally based approaches in bacteria of the Burkholderia cepa-
cia complex (Bcc). However, and despite the hundreds of sSRNAs identified so far, the number of functionally characterized
sRNAs from these bacteria remains very limited. In this mini-review, we describe the general characteristics of SRNAs
and the main mechanisms involved in their action as regulators of post-transcriptional gene expression, as well as the work
done so far in the identification and characterization of SRNAs from Bcc. The number of functionally characterized sRNAs
from Bcc is expected to increase and to add new knowledge on the biology of these bacteria, leading to novel therapeutic
approaches to tackle the infections caused by these opportunistic pathogens, particularly severe among cystic fibrosis patients.

Key points

e Hundreds of sSRNAs have been identified in Burkholderia cepacia complex bacteria (Bcc).

oA few sRNAs have been functionally characterized in Bcc.

e Functionally characterized Bcc sSRNAs play major roles in metabolism, biofilm formation, and virulence.

Keywords Burkholderia cepacia complex - Small non-coding RNAs - Post-transcriptional regulation

Introduction

Bacterial non-coding RNAs (sRNAs) are now recognized as
major post-transcriptional regulators, contributing to a fast
adaptation and fine tuning of gene expression to the chal-
lenging environmental changes faced by bacteria (Shimoni
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et al. 2007). This fast adaption and gene expression fine tun-
ing is particularly important in human opportunistic patho-
gens, as is the case of bacteria of the Burkholderia cepacia
complex (Bcc). The Bee comprises at least 26 species, most
of them capable of causing severe and often lethal respira-
tory infections among cystic fibrosis (CF) patients (Martina
et al. 2018; Velez et al. 2023). This group of bacteria has
received particular attention since the 1980s due to their
transmission among CF patients and ability to cause severe
and often lethal respiratory infections (Govan et al. 1993).
The clinical outcome of Bec infections is highly variable and
strain-dependent, ranging from asymptomatic carriage to the
cepacia syndrome, a necrotizing pneumonia often associated
with septicemia (Isles et al. 1984; Sousa et al. 2021), with
B. cenocepacia and B. multivorans as the most frequently
recovered Bcc species from infected CF patients (Zlosnik
et al. 2020; Kenna et al. 2017). The intrinsic resistance of
Bcc strains to most antibiotics (Lauman and Dennis 2021)
further complicates their eradication.

Bcc bacteria possess large genomes (ranging from
approximately 6.4 to 9.0 Mb), composed by two to three
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replicons and a variable number of plasmids. A total of
2293 Bcece genomes sequenced were publicly available by
13 March 2024 in the National Center for Biotechnology
Information (NCBLhttps://www.ncbi.nlm.nih.gov/datasets/
genome/?taxon=87882). The availability of this impressive
number of Bcc genomes allows their exploitation, facilitat-
ing post-genomics studies, namely the identification of genes
of interest that could be used as targets for the development
of novel strategies to prevent Bcc pathogenicity towards CF
patients. Despite the impressive number of Bcc available
genomes, the majority of post-genomics studies use the
genome of B. cenocepacia J2315 as reference, mainly due to
the fact that it is one of the most virulent Bcc strains known,
its involvement in outbreaks and cases of patient-to-patient
transmission (Govan and Deretic 1996). Furthermore, B.
cenocepacia J2315 was the first Bcc genome publicly avail-
able (Holden et al. 2009).

Bacterial sRNAs

Bacterial pathogenesis is complex, and results not only
from the expression of a single gene, but often involves the
expression of multiple genes, in a tightly and highly regu-
lated manner. Gene expression can be regulated at both the
transcription and post-transcriptional levels. A growing
body of evidence has highlighted small non-coding RNAs
(sRNAs) as major players of post-transcriptional regulation
of gene expression in bacteria. SRNAs can be described as
RNA molecules that are transcribed from non-canonical
start codons, do not encode for proteins, are not components
of ribosomes, and are not amino acid residues carriers for
protein synthesis. However, about 11 bacterial sSRNAs were
found to contain open reading frames that encode small pro-
teins, defining a new class known as dual-function SRNAs
(Schnoor et al. 2023). In general, SRNA molecules range
from about 50 to 250 nucleotides in length (Sharma and
Vogel 2009), with numerous exceptions. Bacterial genomes
encode variable numbers of these RNA molecules. In the
case of Escherichia coli, almost a thousand sSRNAs were
estimated to be encoded in its genome (Saetrom et al. 2005),
but the total of E. coli SRNAs experimentally demonstrated
to be transcribed are far below this number.

Most of the known sRNAs exert their regulatory action
by base-pairing with mRNAs (designated as the mRNA tar-
gets), modulating their stability (Vogel and Wagner 2007).
A few sRNAs are known to bind to proteins, sequestering
them and inhibiting their activity (Storz et al. 2005). The
interaction between SRNAs and mRNAs is driven by the
complementary between the two molecules, with a required
minimum of perfect match of seven sequential nucleotides,
known as the seed region (Wagner and Simons 1994). In
bacteria, most of these interactions are promoted by RNA
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chaperones, such as the Hfq and the less studied ProQ (Mel-
amed et al. 2010). Considering the genomic location relative
to their mRNA targets, SRNAs can be classified as cis- or
trans-encoded. The so-called cis SRNAs are encoded in the
opposite strand of their targeted mRNA, therefore exhibit-
ing a high degree of homology and the interaction with the
mRNA target can occur without the mediation of a RNA
chaperone. Since known cis-encoded sRNAs only target the
mRNA encoded in the DNA strand complementary to the
one where they are encoded, in this work, we will not further
discuss this class of SRNAs. In fact, trans-encoded sRNA are
the best studied sSRNAs, are encoded in intergenic regions,
and could target multiple mRNAs transcribed from chro-
mosomal loci distinct from that encoding the sSRNA, thus
acting as global regulators. This class of SRNAs exhibit a
limited sequence homology to their mRNA target, and RNA
chaperone mediation is required to promote their interac-
tion with the mRNA targets. Hfq is the best studied sSRNA-
mRNA mediator, and a Hfg-like encoding gene has been
found in about half of the bacterial genomes sequenced
(Valentin-Hansen et al. 2004). Bacteria of the Burkholderia
cepacia complex are an exception, with two non-identical
copies encoded in their genomes (Sousa et al. 2010). Stud-
ies in E. coli and Salmonella have shown that Hfq forms a
hexamer with a donut-like shape, promoting the encounter
of SRNAs and mRNA, but not taking part on the interaction
(Schumacher et al. 2002). Most of these SRNA-mRNA inter-
actions lead to the decay of the mRNA molecule with the
consequent negative regulation of gene expression, although
there are some examples of stabilization and therefore an
active regulation of gene expression (Fig. 1, lower panel).
In the case of negative regulation, the binding of the SRNA
usually occludes the ribosome binding site, impeding the
translation of the mRNA (Fig. 1, upper panel). The binding
of sSRNA often leads to the restructuring of the mRNA and
exposure of nucleolytic sites, leading to a faster decay of the
mRNA due to the action of RNases such as RNase E (Fig. 1,
central panel). The RNase activity has also been reported in
some cases as part of the complex Hfq-sSRNA-mRNA, and
it has been described that in some cases the interaction can
result in a fast decay of the messenger (Fig. 1, central panel).

Identification and functional characterization
of sRNAs in Bcc bacteria

The first systematic bioinformatics search for trans-encoded
sRNAs in a Bec genome was performed by Coenye et al.
(2007). The authors were able to identify 213 putative
sRNAs from B. cenocepacia J2315, based on comparative
genomics and secondary structure predictions. From these
213 putative SRNA, four were experimentally demonstrated
to be expressed. A very low degree of conservation of the
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Fig. 1 Main mechanisms of SRNA-mRNA interaction. The interac-
tion of sSRNAs with their target mRNA can result in the repression
or activation of the translation. In the case of translation repres-
sion, the SRNA binds to the mRNA Ribosome Binding Site (RBS)
region, and translation is inhibited (upper panel). This interaction can
lead to the restructuring of the mRNA, exposing nucleolytic sites.
RNase E has been reported to be part of the complex made by the

sRNA sequences was found, even within closely related
species. Despite the identification of these putative sSRNAs,
their functions remained to be elucidated.

One of the characteristics of bacterial SRNAs is that they
are transiently expressed, i.e., most of the SRNAs are only
expressed under specific conditions, usually as a response
to a specific stressor (Rau et al. 2015). Therefore, many
research groups have performed sRNA identification based
on combined experimental and bioinformatics approaches,
using specific environmental conditions, including among
others for Bcc bacteria, oxidative stress, low oxygen, iron
deprivation, and biofilm mode of growth (Sass et al. 2017,
Sass et al. 2015). These conditions were selected since they
mimic the environment faced by Bcc when colonizing/
infecting the CF lung. These advances have been possible
due to technical advances in experimental approaches such
as transcriptomics, tiling arrays, co-immunoprecipitation,
and deep-sequencing or RNA-seq, among others (Altuvia
2007), as well as due to the development of bioinformat-
ics tools dedicated to RNA. This is the case of most of the
sRNAs identified in the Bcc.

Aiming at the unveiling of the molecular mechanisms
underlying the resistance of B. cenocepacia J2315 against
reactive oxygen species when growing as biofilms, Peeters
et al. (2010) used custom-made microarrays, containing pro-
tein-encoding genes and 1520 probes for selected intergenic
regions (IG), to analyze the transcriptomic responses of ses-
sile cells upon exposure of high concentrations of hydrogen
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RBS accessible

sRNA, the mRNA, and the chaperone Hfq (central panel). Activa-
tion of translation occurs when the secondary structure adopted by
the mRNA does not allow its translation. When this inactive mRNA
interacts with the sSRNA, in a region usually close to the 5’end, the
mRNA secondary structure is rearranged, the RBS becomes exposed,
and translation can occur (lower panel). CDS, coding sequence. Cre-
ated with BioRender.com (license number ST26KPJ2S6)

peroxide or sodium hypochlorite. Besides the identification
of several upregulated genes related to resistance to oxida-
tive stress, DNA repair and other physiological responses
were also identified. A total of 39 and 56 of the 1520 IGs
were found as upregulated upon hydrogen peroxide or
hypochlorite treatment, respectively. Fifty-four and 68 1Gs
were downregulated under the same conditions. Some of the
1Gs whose transcription levels were affected by the oxida-
tive stress inducing agents were previously identified under
distinct conditions, such as growth in cystic fibrosis (CF)
sputum (Drevinek et al. 2008). However, the mechanisms of
action and molecular targets of the identified SRNAs were
not determined, except for an IG transcript with a second-
ary structure resembling the 6S RNA consensus structure.
In E. coli, the 6S RNA is involved in competitive survival
in stationary phase and in survival in long-term stationary
phase in noncompetitive growth, as well as the regulation
of factors such as Crp, FNR, ppGpp, and general translation
machinery (Wassarman 2018).

Using an experimental approach based on co-purifi-
cation of the RNA chaperone Hfq with small-sized RNA
extracted and purified from B. cenocepacia cells grown in
LB medium, followed by cDNA synthesis, cloning sequenc-
ing and bioinformatics analysis of sequences, Ramos et al.
(2013) found 24 sRNAs that escaped previous bioinformat-
ics and transcriptomics analyses, highlighting the impor-
tance of the specific experimental conditions to identify
sRNAs in bacteria. The sSRNAs were found as unevenly
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Table 1 sRNAs functionally characterized in Burkholderia cenocepacia

sRNA

Length (bp) Expression

Function

Identification method

Reference

BrrF (NcS63) 126

NcS25 84
NcS27 92
NcS35 166

Upregulated under condi-
tions of iron depletion

Highly expressed in
biofilms

Highly expressed in bio-
films and accumulates
under growth arrest

Higher expression in
biofilms, presence of

Regulator of central
metabolism and oxida-
tive stress response
under iron starvation
conditions

Regulates the expression
of the outer membrane
porin BCAL3473

Role in balancing the
shutdown of metabolism
upon nutrient depriva-
tion

Attenuating effect on
the metabolic rate and

dRNA-seq, 3'RACE,
qPCR, Northern blot

dRNA-seq, 3RACE,
qPCR, Northern blot

dRNA-seq, 3RACE,
gPCR

dRNA-seq, 3'RACE,
qPCR, Northern blot

(Sass and Coenye 2020)

(Sass and Coenye 2023)

(Sass et al. 2019)

(Kiekens et al. 2018)

SDS and in minimal
medium M9

growth

RIT11b (NcS06) 259 Downregulated under C.

elegans infection condi-

Pleiotropic regulator
involved in B. cenoce-

dRNA-seq, Cappable-seq, (Pita et al. 2023; Sass et al.
qPCR, Northern blot 2017)

tions pacia virulence, biofilm
formation, and swim-
ming motility

distributed among the B. cenocepacia J2315 chromosomes,
similar to what has been found by others. None of the identi-
fied sSRNAs were functionally characterized.

Sass et al. (2015) used a genome-wide analysis transcrip-
tomic analysis to unveil SRNAs expressed by B. cenocepacia
J2315 grown under biofilm conditions. A total of 15 sRNAs
were found to be conserved among Burkholderia species and
highly abundant in cells growing as biofilms compared with
planktonic cells. Although the function of these SRNAs was not
unveiled in this work, the authors suggest that they might be
involved in adaptation to nutrient limitation and growth arrest.
The majority of the SRNAs were predicted to be involved in
carbon metabolism. Three of the identified SRNAs were later
functionally characterized, NcS25, NcS27, and NcS35. The
NcS25 was found to be a strong negative regulator of the porin
BCAL3473, involved in the transport of arginine, tyrosine,
tyramine, and putrescine across the B. cenocepacia J2315
outer membrane (Sass and Coenye 2023). This porin plays
an important role in the nitrogen metabolism of B. cenocepa-
cia J2315. The sRNA NcS27 was found as conserved among
members of the Burkholderiales order (Sass et al. 2019). The
sRINA was predicted to target genes involved in transport and
metabolism of amino acids and carbohydrates. The overexpres-
sion of the SRNA NcS27 was found to attenuate the bacterial
growth on several substrates including phenylalanine, tyrosine,
glycerol, and galactose, with no effects when bacteria were
grown on other substrates. The functional characterization of
NcS27 further revealed that the SRNA affected the expres-
sion of numerous predicted targets, including genes involved
in phenylalanine and tyrosine catabolism, and carbohydrates

@ Springer

transport. The authors pointed out NcS27 as a regulator of
metabolism shutdown upon nutrient deprivation. The SRNA
NcS35, found as playing a role in biofilm formation, was also
functionally characterized by Kiekens et al. (2018). This SRNA
was highly expressed when B. cenocepacia J2315 grow in bio-
films and in minimal medium. This SRNA was found to be
involved in slowing bacterial growth and metabolism, being
therefore hypothesized to protect B. cenocepacia J2315 against
stressors and enhancing bacterial survival under non-favorable
conditions.

Ghosh et al. (2017) sequenced the genome of B. cenoce-
pacia KC-01, identified in silico various putative SRNAs, and
experimentally confirmed the expression of seven of them,
named Bc_KC_srl to Bc_KC_sr7. Under growth conditions
of iron depletion, the SRNAs Bc_KC_srl and Bc_KC_sr2 were
upregulated. Two other sSRNAs, Bc_KC_sr3 and Bc_KC_sr4
were responsive to medium supplementation with 60 uM
hydrogen peroxide. Expression of Bc_KC_sr2, Bc_KC_sr3,
and Bc_KC_sr4 was also altered when changing temperature
and incubation time. Data base searches indicate Bc_Kc_
sr5 and Bc_KC_sr6 as tmRNA and 6S RNA, respectively.
Although the functional characterization of the SRNAs was
not carried out, the bioinformatics studies led the authors to
suggest that the identified SRNAs play a role in the biosynthe-
sis of Fe—S clusters and siderophore, oxidative stress defence,
acting as transcription and translation regulators.

The sRNA BrrF was found as overexpressed in Burk-
holderia cenocepacia J2315, when grown under conditions
of iron depletion (Sass and Coenye 2020). The predicted
targets of this SRNA include the iron-containing enzymes of
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Fig.2 Schematic representa-
tion of known sRNAs and their
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impact on Bcc bacteria. An * %
indicates a predicted func- Biofilm Antibiotic
;onl\l;otchlly der,‘zonsmteda formation/Aggregation resistance
e, N, C: iron, nitrogen, an )
carbon metabolism. ROS, RIT11b/NcS35 NcS35; RIT11b*
reactive oxygen species. y 4 \
Created with BioRender. [
com (license number XF26K-
PKMo64) jr ‘ Virulence Metabolism
RIT11b B. cenocepacia BrrF; NcS27;
| SRNAS BC_Kc_sr1,2*
. ; s “
{ WY .
(R Membrane e
- s
proteins Oxidative stress

NcS25; NcS16*; NcS37*

BrrF; NcS17%;
BC_Kc_sr3,4*

the tricarboxylic acid cycle acnA, fumA, sdhA and sdhC, as
well as the iron-containing enzymes sodB and katB involved
in oxidative stress defence. The predicted targets were
experimentally confirmed. The authors concluded that BrrF
is a regulator of central metabolism and oxidative stress
response, contributing to iron-sparing and maintenance of
iron homeostasis under iron starvation conditions.

Aiming at the identification of SRNAs playing a role in B.
cenocepacia virulence, Pita et al. (2023) used the nematode
Caenorhabditis elegans as an infection model and extracted
total RNA from bacteria inside the nematode guts after 48 h
of infection. The extracted RNA was analyzed by RNA-seq.
The authors were able to find a total of 108 new sSRNAs and
31 sRNAs previously described by other authors. One sRNA,
named RIT11b, was found as downregulated in bacteria infect-
ing C. elegans, directly affecting B. cenocepacia phenotypes
including virulence, biofilm formation, and swimming motility.
The authors further showed that the overexpression of RIT11b
led to the reduced expression of the dusA and pyrC targets, pre-
viously found as involved in biofilm formation, epithelial cell
adherence, and chronic infections in other bacteria. The in vitro
direct interaction of RIT11b with the messengers corresponding
to dusA and pyrC was demonstrated. This was the first report of
a sRNA directly involved in B. cenocepacia virulence that was
functionally characterized. Table 1 summarizes the functionally
characterized sSRNAs from Bcec bacteria.

The expression of a single SRNA can be affected
by distinct stress conditions

In other bacteria, a single SRNA can be found as belonging
to more than one regulon (Papenfort and Melamed 2023),
and thus one can expect a specific SRNA to be upregulated
or downregulated under distinct stress conditions. To unveil

Bce sRNASs putatively involved in response to more than
one stress conditions, we retrieved published data on Bcc
sRNAs expression under distinct conditions, including infec-
tion of Caenorhabditis elegans, low oxygen, oxidative stress,
low iron, low pH, and growth as biofilm. A total of 34 Bcc
sRNAs were identified as differentially expressed under at
least two different conditions (Table 2). From the host—path-
ogen perspective, it is worth to mention that SRNAs RIT23a,
RIT31, RIT43, RITS53, RIT77, and RIT90 were found as
upregulated in conditions of Caenorhabditis elegans infec-
tion and under biofilm growth conditions, suggesting the
occurrence of common regulatory features in bacterial
physiology when adapting to the host and when adopting
the biofilm mode of growth. Other examples are RIT1 and
RITS81, found as upregulated when the bacteria infect C.
elegans and when growing under limitation of oxygen and
when in the biofilm mode of growth. Data summarized on
Table 2 also show examples of opposite responses, as is the
case of RIT11b, downregulated when bacteria infect the C.
elegans and upregulated when growing as a biofilm.

sRNAs from non-Bcc Burkholderia spp.

sRNAs have also been found in other non-Bcc bacteria,
namely from B. pseudomallei, the causative agent of meli-
oidosis, clinically presenting as a febrile disease, ranging
from a chronic debilitating local infection to acute lethal
septicemia with an associated mortality of ten to more
than 40% (White 2003). Khoo et al. (2012) developed a
pipeline integrating several SRNA prediction bioinformat-
ics tools and found a total of 1306 sRNA putative genes
within available genomes of B. pseudomallei, 21 of them
with homologs in the Rfam database (Kalvari et al. 2021).
Only 15 sRNAs were shortlisted due to their conservation
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in Burkholderia spp. or different B. pseudomallei strains,
and the expression of eight of these SRNAs were experi-
mentally demonstrated to be expressed. None of them was
functionally characterized.

Stubben et al. (2014) cultured B. thailandensis (a species
closely related to B. pseudomallei) under 54 distinct growth
conditions and used a Burkholderia-specific microarray with
probes for all intergenic regions greater than 90 bases. This
approach allowed the identification of 38 novel sSRNA, and the
expression of five of them was experimentally validated. The
sRNAs BTH_s1 and s39 exhibited differential expression pro-
files depending on the growth phase, exposure to antibiotics or
supplementation with serum. BTH_s39 was demonstrated to
affect bacterial metabolism and adaptation to the host.

Conclusions

Post-transcriptional regulation of gene expression is keen to
bacterial opportunistic pathogens like the members of Bcc,
allowing its fast, accurate, and successful adaptation to the
challenging environment of their hosts. Several SRNAs have
been functionally characterized in Bcc and closely related
pathogens like the B. pseudomallei group. So far, sSRNAs are
known to regulate several traits of Bcc, impacting their biology
and relations with their hosts. These include carbon and nitro-
gen metabolism, resistance to stresses like oxidative stress, fine
tuning of transporters, resistance to antibiotics (JR Feliciano,
GR Matos and JH Leitdo, unpublished results), and virulence
towards the nematode C. elegans. A schematic summary of
known sRNAs and their impacts in Bce is depicted in Fig. 2.

Regardless of the already known functions of SRNAs, the
number of SRNAs with unknown functions in Bcc bacteria
remains amazingly high. Future research on this topic will
certainly add further clarity to our knowledge on the biol-
ogy and gene expression regulation of these highly versatile
and adaptable bacteria. This new knowledge will also bring
the opportunity to design novel SRNA-based strategies to
control the pathogenicity of Bcc bacteria.

Acknowledgements The authors acknowledge Fundagdo para a Cién-
cia e a Tecnologia for funding project 2022.07091.PTDC, IBB—Insti-
tute for Bioengineering and Biosciences or projects UIDB/04565/2020
and UIDP/04565/2020, and i4HB (project LA/P/0140/2020). G.R.M.
acknowledges a research grant from project 2022.07091.PTDC.

Author contribution JHL, JRF, and GRM conceived and designed the
research. JHL managed project funding. JHL, JFR, and GRM wrote
the manuscript. JHL and JRF revised the manuscript. All authors read
and approved the manuscript.

Funding Open access funding provided by FCTIFCCN (b-on).

Data availability All data generated or analyzed during this study are
included in this published article.

@ Springer

Declarations

Ethical approval This article does not contain any studies with human
participants or animals performed by any of the authors.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Altuvia S (2007) Identification of bacterial small non-coding RNAs:
experimental approaches. Curr Opin Microbiol 10:257-261.
https://doi.org/10.1016/j.mib.2007.05.003

Coenye T, Drevinek P, Mahenthiralingam E, Shah SA, Gill RT, P, Van-
damme P, Ussery DW (2007) Identification of putative noncod-
ing RNA genes in the Burkholderia cenocepacia J2315 genome.
FEMS Microbiol Lett 276:83-92. https://doi.org/10.1111/j.1574-
6968.2007.00916.x

Drevinek P, Holden MT, Holden MTG, Ge Z, Jones AM, Ketchell I,
Gill RT, Mahenthiralingam E (2008) Gene expression changes
linked to antimicrobial resistance, oxidative stress, iron depletion
and retained motility are observed when Burkholderia cenocepa-
cia grows in cystic fibrosis sputum. BMC Infect Dis 8:121. https://
doi.org/10.1186/1471-2334-8-121

Ghosh S, Dureja D, Khatri I, Subramanian S, Raychaudhuri S, Ghosh
S (2017) Identification of novel small RNAs in Burkholderia
cenocepacia KC-01 expressed under iron limitation and oxida-
tive stress conditions. Microbiology 163:1924—1936. https://doi.
org/10.1099/mic.0.000566

Govan JRW, Deretic V (1996) Microbial pathogenesis in cystic fibro-
sis: mucoid Pseudomonas aeruginosa and Burkholderia cepacia.
Microbiol Rev 60:539-574. https://doi.org/10.1128/mr.60.3.539-
574.1996

Govan JRW, Doherty CJ, Nelson JW, Brown PH, Greeni AP, Mad-
dison J, Dood M, Webb AK (1993) Evidence for transmission of
Pseudomonas cepacia by social contact in cystic fibrosis. Lancet
342:15-19. https://doi.org/10.1016/0140-6736(93)91881-L

Holden MTG, Seth-Smith HMB, Crossman LC, Sebaihia M, Bentley
SD, Cerdefio-Tarraga AM, Thomson NR, Bason N, Quail MA,
Sharp S, Cherevach I, Churcher C, Goodhead I, Hauser H, Hol-
royd N, Mungall K, Scott P, Walker D, White B, Rose H, Iversen
P, Mil-Homens D, Rocha EPC, Fialho AM, Baldwin A, Dowson
C, Barrell BG, Govan JR, Vandamme P, Hart CA, Mahenthiral-
ingam E, Parkhill J (2009) The genome of Burkholderia cenoce-
pacia J2315, an epidemic pathogen of cystic fbrosis patients. J
Bacteriol 91:261-277. https://doi.org/10.1128/JB.01230-08

Isles A, Maclusky I, Corey M, Gold R, Prober C, Fleming P, Levi-
son H (1984) Pseudomonas cepacia infection in cystic fibrosis:


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.mib.2007.05.003
https://doi.org/10.1111/j.1574-6968.2007.00916.x
https://doi.org/10.1111/j.1574-6968.2007.00916.x
https://doi.org/10.1186/1471-2334-8-121
https://doi.org/10.1186/1471-2334-8-121
https://doi.org/10.1099/mic.0.000566
https://doi.org/10.1099/mic.0.000566
https://doi.org/10.1128/mr.60.3.539-574.1996
https://doi.org/10.1128/mr.60.3.539-574.1996
https://doi.org/10.1016/0140-6736(93)91881-L
https://doi.org/10.1128/JB.01230-08

Applied Microbiology and Biotechnology (2024) 108:280

Page90of10 280

an emerging problem. J Pediatr 104:206-210. https://doi.org/10.
1016/50022-3476(84)80993-2

Kalvari I, Nawrocki EP, Ontiveros-Palacios N, Argasinska J, Lamkie-
wicz K, Marz M, Griffiths-Jones S, Toffano-Nioche C, Gautheret
D, Weinberg Z, Rivas E, Eddy SR, Finn RD, Bateman A, Petrov
AI(2021) Rfam 14: expanded coverage of metagenomic, viral and
microRNA families. Nucl Acid Res 49(D1):D192-D200. https://
doi.org/10.1093/nar/gkaal047

Kenna DTD, Lilley D, Coward A, Martin K, Perry C, Pike R, Hill R,
Turton JF (2017) Prevalence of Burkholderia species, including
members of Burkholderia cepacia complex, among UK cystic
and non-cystic fibrosis patients. J Med Microbiol 66(4):490-501.
https://doi.org/10.1099/jmm.0.000458

Khoo JS, Chai SF, Mohamed R, Nathan S, Firdaus-Raih M (2012)
Computational discovery and RT-PCR validation of novel Bur-
kholderia conserved and Burkholderia pseudomallei unique
sRNAs. BMC Genomics 13(Suppl 7):S13. https://doi.org/10.
1186/1471-2164-13-S7-S13

Kiekens S, Sass A, Van Nieuwerburgh F, Deforce D, Coenye T (2018)
The small RNA NcS35 regulates growth in Burkholderia cenoce-
pacia J2315 mSphere 3(1): e00579-17. https://doi.org/10.1128/
mSphere.00579-17

Lauman P, Dennis JJ (2021) Advances in phage therapy: targeting the
Burkholderia cepacia complex. Viruses 13(7):1331. https://doi.
org/10.3390/v13071331

Martina P, Leguizamon M, Prieto CI, Sousa SA, Montanaro P, Draghi
WO, Stimmler M, Bettiol M, de Carvalho CCCR, Palau J, Figoli
C, Alvarez F, Benetti S, Lejona S, Vescina C, Ferreras J, Lasch
P, Lagares A, Zorreguieta A, Leitdo JH, Yantorno OM, Bosch
A (2018) Burkholderia puraquae sp nov, a novel species of the
Burkholderia cepacia complex isolated from hospital settings and
agricultural soils. Int J Syst Evol Microbiol 68:14-20. https://doi.
org/10.1099/ijsem.0.002293

Melamed S, Adams PP, Zhang A, Zhang H, Storz G (2010) RNA-RNA
interactomes of ProQ and Hfq reveal overlapping and competing
roles. Mol Cell 77(2):411-425. https://doi.org/10.1016/j.molcel.
2019.10.022

Papenfort K, Melamed S (2023) Small RNAs, large networks: post-
transcriptional regulons in gram-negative bacteria. Annu
Rev Microbiol 77:23-43. https://doi.org/10.1146/annur
ev-micro-041320-025836

Peeters E, Sass A, Mahenthiralingam E, Nelis H, Coenye T (2010)
Transcriptional response of Burkholderia cenocepacia J2315 ses-
sile cells to treatments with high doses of hydrogen peroxide and
sodium hypochlorite. BMC Genomics 11:90. https://doi.org/10.
1186/1471-2164-11-90

Pita T, Feliciano JR, Leitdo JH (2018) Small noncoding regulatory
RNAs from Pseudomonas aeruginosa and Burkholderia cepacia
complex. Int J Mol Sci 19(12):3759. https://doi.org/10.3390/ijms1
9123759

Pita T, Feliciano JR, Leitao JH (2023) Identification of Burkholderia
cenocepacia non-coding RNAs expressed during Caenorhabdi-
tis elegans infection. Appl Microbiol Biotechnol 107(11):3653—
3671. https://doi.org/10.1007/s00253-023-12530-3

Ramos CG, Grilo AM, da Costa PJP, Leitdao JH (2013) Experimen-
tal identification of small non-coding regulatory RNAs in the
opportunistic human pathogen Burkholderia cenocepacia J2315.
Genomics 101:139-148. https://doi.org/10.1016/j.ygeno.2012.
10.006

Rau MH, Bojanovi¢ K, Nielsen AT, Long KS (2015) Differential
expression of small RNAs under chemical stress and fed-batch
fermentation in Escherichia coli. BMC Genomics 16:1051.
https://doi.org/10.1186/s12864-015-2231-8

Saetrom P, Sneve R, Kristiansen KI, Sngve O Jr, Griinfeld T, Rognes T,
Seeberg E (2005) Predicting non-coding RNA genes in Escherichia

coli with boosted genetic programming. Nucleic Acids Res
33(10):3263-3270. https://doi.org/10.1093/nar/gki644

Sass AM, Coenye T (2020) Low iron-induced small RNA BrrF
regulates central metabolism and oxidative stress responses in
Burkholderia cenocepacia. PLoS ONE 15(7):e0236405. https://
doi.org/10.1371/journal.pone.0236405

Sass AM, Schmerk C, Agnoli K, Norville PJ, Eberl L, Valvano MA,
Mahenthiralingam E (2013) The unexpected discovery of a
novel low-oxygen-activated locus for the anoxic persistence of
Burkholderia cenocepacia. ISME J 7(8):1568—1581. https://doi.
org/10.1038/ismej.2013.36

Sass AM, Van Acker H, Forstner KU, Van Nieuwerburgh F, Deforce
D, Vogel J (2015) Coenye T (2015) Genome-wide transcrip-
tion start site profiling in biofilm-grown Burkholderia cenoce-
pacia J2315. BMC Genomics 16:775. https://doi.org/10.1186/
$12864-015-1993-3

Sass A, Kiekens S, Coenye T (2017) Identification of small RNAs
abundant in Burkholderia cenocepacia biofilms reveal putative
regulators with a potential role in carbon and iron metabolism.
Sci Rep 7(1):15665. https://doi.org/10.1038/s41598-017-15818-3

Sass AM, De Waele S, Daled S, Devreese B, Deforce D, Van Nieu-
werburgh F, Coenye T (2019) Small RNA NcS27 co-regulates
utilization of carbon sources in Burkholderia cenocepacia J2315.
Microbiology 165(10):1135-1150. https://doi.org/10.1099/mic.0.
000848

Sass AM, Coenye T (2023) The Small RNA NcS25 regulates biological
amine-transporting outer membrane porin BCAL3473 in Burk-
holderia cenocepacia. mSphere 8(2):¢0008323. https://doi.org/
10.1128/msphere.00083-23

Schnoor SB, Neubauer P, Gimpel M (2023) Recent insights into the
world of dual-function bacterial SRNAs. Wiley Interdiscip Rev
RNA e1824. https://doi.org/10.1002/wrna.1824

Schumacher MA, Pearson RF, Mgller T, Valentin-Hansen P, Brennan
RG (2002) Structures of the pleiotropic translational regulator Hfq
and an Hfq-RNA complex: a bacterial Sm-like protein. EMBO J
21(13):3546-3556. https://doi.org/10.1093/emboj/cdf322

Sharma CM, Vogel J (2009) Experimental approaches for the discovery
and characterization of regulatory small RNA. Curr Opin Micro-
biol 12:536-546. https://doi.org/10.1016/j.mib.2009.07.006

Shimoni Y, Friedlander G, Hetzroni G, Niv G, Altuvia S, Biham O,
Margalit H (2007) Regulation of gene expression by small non-
coding RNAs: a quantitative view. Mol Syst Biol 3:138. https://
doi.org/10.1038/msb4100181

Sousa SA, Ramos CG, Moreira LM, Leitdo JH (2010) The Afg gene is
required for stress resistance and full virulence of Burkholderia
cepacia to the nematode Caenorhabditis elegans. Microbiology
156:896-908. https://doi.org/10.1099/mic.0.035139-0

Sousa SA, Seixas AMM, Marques JMM, Leitdo JH (2021) Immuniza-
tion and immunotherapy approaches against Pseudomonas aer-
uginosa and Burkholderia cepacia complex infections. Vaccines
9(6):670. https://doi.org/10.3390/vaccines9060670

Storz G, Altuvia S, Wassarman KM (2005) An abundance of RNA
regulators. Annu Rev Biochem 74:199-217. https://doi.org/10.
1146/annurev.biochem.74.082803.133136

Stubben CJ, Micheva-Viteva SN, Shou Y, Buddenborg SK, Dunbar JM,
Hong-Geller E (2014) Differential expression of small RNAs from
Burkholderia thailandensis in response to varying environmental
and stress conditions. BMC Genomics 15(1):385. https://doi.org/
10.1186/1471-2164-15-385

Valentin-Hansen P, Eriksen M, Udesen C (2004) The bacterial Sm-like
protein Hfq: a key player in RNA transactions. Mol Microbiol
51(6):1525-1533. https://doi.org/10.1111/j.1365-2958.2003.
03935.x

Velez LS, Aburjaile FF, Farias ARG, Baia ADB, Oliveira WJ, Silva
AMEF, Benko-Iseppon AM, Azevedo V, Brenig B, Ham JH, Souza
EB, Gama MAS (2023) Burkholderia semiarida sp. nov. and

@ Springer


https://doi.org/10.1016/s0022-3476(84)80993-2
https://doi.org/10.1016/s0022-3476(84)80993-2
https://doi.org/10.1093/nar/gkaa1047
https://doi.org/10.1093/nar/gkaa1047
https://doi.org/10.1099/jmm.0.000458
https://doi.org/10.1186/1471-2164-13-S7-S13
https://doi.org/10.1186/1471-2164-13-S7-S13
https://doi.org/10.1128/mSphere.00579-17
https://doi.org/10.1128/mSphere.00579-17
https://doi.org/10.3390/v13071331
https://doi.org/10.3390/v13071331
https://doi.org/10.1099/ijsem.0.002293
https://doi.org/10.1099/ijsem.0.002293
https://doi.org/10.1016/j.molcel.2019.10.022
https://doi.org/10.1016/j.molcel.2019.10.022
https://doi.org/10.1146/annurev-micro-041320-025836
https://doi.org/10.1146/annurev-micro-041320-025836
https://doi.org/10.1186/1471-2164-11-90
https://doi.org/10.1186/1471-2164-11-90
https://doi.org/10.3390/ijms19123759
https://doi.org/10.3390/ijms19123759
https://doi.org/10.1007/s00253-023-12530-3
https://doi.org/10.1016/j.ygeno.2012.10.006
https://doi.org/10.1016/j.ygeno.2012.10.006
https://doi.org/10.1186/s12864-015-2231-8
https://doi.org/10.1093/nar/gki644
https://doi.org/10.1371/journal.pone.0236405
https://doi.org/10.1371/journal.pone.0236405
https://doi.org/10.1038/ismej.2013.36
https://doi.org/10.1038/ismej.2013.36
https://doi.org/10.1186/s12864-015-1993-3
https://doi.org/10.1186/s12864-015-1993-3
https://doi.org/10.1038/s41598-017-15818-3
https://doi.org/10.1099/mic.0.000848
https://doi.org/10.1099/mic.0.000848
https://doi.org/10.1128/msphere.00083-23
https://doi.org/10.1128/msphere.00083-23
https://doi.org/10.1002/wrna.1824
https://doi.org/10.1093/emboj/cdf322
https://doi.org/10.1016/j.mib.2009.07.006
https://doi.org/10.1038/msb4100181
https://doi.org/10.1038/msb4100181
https://doi.org/10.1099/mic.0.035139-0
https://doi.org/10.3390/vaccines9060670
https://doi.org/10.1146/annurev.biochem.74.082803.133136
https://doi.org/10.1146/annurev.biochem.74.082803.133136
https://doi.org/10.1186/1471-2164-15-385
https://doi.org/10.1186/1471-2164-15-385
https://doi.org/10.1111/j.1365-2958.2003.03935.x
https://doi.org/10.1111/j.1365-2958.2003.03935.x

280 Page100f10

Applied Microbiology and Biotechnology (2024) 108:280

Burkholderia sola sp. nov., two novel B. cepacia complex spe-
cies causing onion sour skin. Syst Appl Microbiol 46(3):126415.
https://doi.org/10.1016/j.syapm.2023.126415

Vogel J, Wagner EG (2007) Target identification of small noncoding
RNAs in bacteria. Curr Opin Microbiol 10(3):262-270. https://
doi.org/10.1016/j.mib.2007.06.001

Wagner EG, Simons RW (1994) Antisense RNA control in bacteria
phages, and plasmids. Ann Rev Microbiol 48(1):713-742. https://
doi.org/10.1146/annurev.mi.48.100194.003433

Wassarman KM (2018) 6S RNA, a global regulator of transcription.
Microbiol Spectr 6(3). https://doi.org/10.1128/microbiolspec.
RWR-0019-2018

White NJ (2003) Melioidosis. The Lancet 361:1715-1722. https://doi.org/
10.1016/S0140-6736(03)13374-0

@ Springer

Zlosnik JEA, Henry DA, Hird TJ, Hickman R, Campbell M, Cabrera
A, Laino Chiavegatti G, Chilvers MA, Sadarangani M (2020)
Epidemiology of Burkholderia infections in people with cystic
fibrosis in Canada between 2000 and 2017. Ann Am Thorac
Soc 17(12):1549-1557. https://doi.org/10.1513/AnnalsATS.
201906-4430C

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.syapm.2023.126415
https://doi.org/10.1016/j.mib.2007.06.001
https://doi.org/10.1016/j.mib.2007.06.001
https://doi.org/10.1146/annurev.mi.48.100194.003433
https://doi.org/10.1146/annurev.mi.48.100194.003433
https://doi.org/10.1128/microbiolspec.RWR-0019-2018
https://doi.org/10.1128/microbiolspec.RWR-0019-2018
https://doi.org/10.1016/S0140-6736(03)13374-0
https://doi.org/10.1016/S0140-6736(03)13374-0
https://doi.org/10.1513/AnnalsATS.201906-443OC
https://doi.org/10.1513/AnnalsATS.201906-443OC

	Non-coding regulatory sRNAs from bacteria of the Burkholderia cepacia complex
	Abstract 
	Key points
	Introduction
	Bacterial sRNAs
	Identification and functional characterization of sRNAs in Bcc bacteria
	The expression of a single sRNA can be affected by distinct stress conditions
	sRNAs from non-Bcc Burkholderia spp.

	Conclusions
	Acknowledgements 
	References


