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ABSTRACT

The 16S rRNA gene (16S rDNA) codes for RNA that plays a fundamental role during translation in the ribosome and is used
extensively as a marker gene to establish relationships among bacteria. However, the complementary non-coding 16S rDNA
(nc16S rDNA) has been ignored. An idea emerged in the course of analyzing bacterial 16S rDNA sequences in search for
nucleotide composition and substitution patterns: Does the nc16S rDNA code? If so, what does it code for? More
importantly: Does 16S rDNA evolution reflect its own evolution or the evolution of its counterpart nc16S rDNA? The
objective of this minireview is to discuss these thoughts. nc strands often encode small RNAs (sRNAs), ancient components
of gene regulation. nc16S rDNA sequences from different bacterial groups were used to search for possible matches in the
Bacterial Small Regulatory RNA Database. Intriguingly, the sequence of one published sRNA obtained from Legionella
pneumophila (GenBank: AE017354.1) showed high non-random similarity with nc16S rDNA corresponding in part to the V5
region especially from Legionella and relatives. While the target(s) of this sRNA is unclear at the moment, its mere existence
might open up a new chapter in the use of the 16S rDNA to study relationships among bacteria.
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INTRODUCTION

The genome of all life on Earth is composed by nucleic acids
(DNA or RNA) containing information for survival, adaptation
and preservation of the species. This genetic information is ar-
ranged in such away that specific regions of the genome code for
molecules that play an active role in the biology of the cell such
as proteins, RNAs (e.g. ribosomal RNA or rRNA) and other small
regulatory RNAs (sRNAs). Some regions serve as regulatory se-
quences for coding regions (e.g. promoters, enhancers) and the
coding capacity of some other regions is simply unknown. All

genomes evolve over time (albeit at different rates) and therefore
today there is great variation among and within genomes from
different species (Bustamante et al. 2005; Lukjancenko, Wasse-
naar and Ussery 2010), both in the way the genome is organized
and in the way the genetic information is utilized to thrive.

16S rRNA gene (rDNA)

Genomes code for rRNA molecules that play a fundamental role
during translation ofmessenger RNAs (mRNAs) in the ribosome.
The 16S rDNA codes for the 16S rRNA that togetherwithmultiple
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Figure 1. Thinking beside the box. On the left (green), the coding strand of the 16S rDNA codes for RNA that is crucial during translation of mRNAs in the ribosome.
The translated proteins evolve accordingly to different theories. On the right (black), the nc 16S rDNA has been ignored by scientists in microbiology and related fields,
including ourselves. This communication deals with the possibility that the nc16S rDNA codes for small regulatory RNAs and raises intriguing questions for future

studies.

proteins compose the small 30S subunit of bacterial ribosomes
(Wimberly et al. 2000). The 30S subunit is independent from the
large 50S subunit right until translation is needed and its main
function is to hold the mRNA during translation and select the
correct transfer RNA for each codon (new evidence indicates the
existence of a novel and frequent 70S-scanning mode of trans-
lation initiation, see Yamamoto et al. 2016).

The purpose of this minireview is to discuss whether the
non-coding 16S rDNA (nc16S rDNA) codes something (Fig. 1).
Here we will not discuss other ribosomal RNAs and will largely
omit characteristics of the 16S rDNA such as its variable gene
copies in bacterial genomes and intragenomic divergence (Aci-
nas et al. 2004; Sun et al. 2013), the relationship between intrage-
nomic divergence and environmental adaptation (Lopez-Lopez
et al. 2007; Sanchez-Perez et al. 2008; Jensen, Frost and Torsvik
2009) and the fact that identical 16S rDNA sequences can be
found in bacteria with highly divergent ecophysiologies (Jaspers
and Overmann 2004). These topics are important in a context
of 16S rDNA and ribosomal/bacterial evolution but can or have
been discussed elsewhere.

Does the nc strand code?

Grassé (1977) was the very first who had the idea that proteins
might be encoded in the opposite nc strands of protein-coding
DNA sequences in overlapping fashion. Later, Casino et al. (1981)
could not distinguish between coding and complementary DNA
strands based on the presence of open reading frames, intron
sequences and splicing points especially in the human ε-globin
gene. This implies an extremely complex intrinsic organization
of genomes (von Sternberg 1996), where both the coding and
the nc strands have precise information about the specific order
of amino acids in proteins and/or other products such as small
RNAs (sRNAs). This phenomenon of symmetric transcription

has also been reported in viruses (Spiegelman et al. 1972; Aloni
1973) and mitochondrial DNA (Aloni and Attardi 1971; Tabak,
Grivell and Borst 1983; Villegas et al. 2007). Similarly, Alff-
Steinberger (1984) suggested that there is evidence for a coding
pattern on the nc strand of the Escherichia coli genome, but Sharp
(1985) concluded (based on a limited number of sequences from
one bacteriophage, Bacillus spp. and Saccharomyces cerevisiae)
that nc strands do not encode proteins. Other early papers
include the observation that coding sequences with in-phase,
100% overlapping antisense open-reading frames (ORFs) are
present in every genome from bacteria to humans (Merino et al.
1994), suggesting that this phenomenon is common among
many life forms and therefore very ancient, while others shed
light into the relationship between absence of stop codons
and G+C content in ncDNA (Forsdyke 1995). More recent work
has confirmed the presence of overlapping protein-coding
sequences in several organisms such as Chlamydia (Jensen
et al. 2006) and Streptomyces (Tunca et al. 2009), while others
have proposed interesting evolutionary models to explain this
phenomenon (Mir and Schober 2014).

16S rDNA evolution

The 16S rDNA is ∼1500 nucleotides long and it contains con-
served regions, meaning the nucleotide sequences in those re-
gions are the same overmost bacteria, including organismswith
extreme differences in genome composition and phenotypic be-
havior, and also contains nine regions that vary considerably
in nucleotide composition among bacteria. Today, it is gener-
ally believed that evolution of the 16S rDNA (coding strand) and
other ribosomal RNA genes is dictated primarily by its fitness
within the ribosomal translational machinery. If a difference is
observed in a particular position in a nucleotide sequence align-
ment (e.g. transition or transversion), it is assumed that those
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differences in nucleotides yield different secondary and tertiary
structures therefore affecting translation (Cheng et al. 2012). This
phenomenon (along evolution of ribosomal proteins and over-
all ribosomal architecture) has been called functional special-
ization of ribosomes and is supported by a growing number of
publications (Gilbert 2008; Filipovska and Rackham 2013).

While different methodologies can be employed to study 16S
rDNA evolution, public 16S databases offer a unique opportu-
nity to do so massively in hundreds of different types of mi-
croorganisms from many diverse environments. We have used
>300 000 rDNA sequences from the Ribosomal Database Project
(RDP) to determine nucleotide composition and evolution of
the entire phylum of Firmicutes (Garcia-Mazcorro and Cabrera-
Castillo 2016), the most represented phylum in RDP. The orga-
nization of entries as well as the ease of the tools to download
the data makes RDP a good option to do this type of analysis
(Garcia-Mazcorro 2013). Briefly, the results show that on aver-
age 16S rDNA from Firmicutes possess more guanines (G, 31%)
followed by adenines (A, 27%), cytosines (C, 22%) and thymines
(T, 20%). On average, transitions outnumbered transversions by
2.7-fold; therewere slightlymore G↔A transitions (77/sequence)
compared to C↔T transitions (74/sequence); and A↔T transver-
sions were higher followed by G↔T, A↔C and C↔G. Most se-
quence alignments were explained by models such as the HKY
(Hasegawa-Kishino-Yano) with a proportion of invariable sites
accordingly to the Bayesian Information Criterion. It was during
this analysis on 16S evolution that an intriguing idea emerged:
Does 16S rDNA evolution reflect its own evolution or the evolu-
tion of its counterpart nc16S rDNA? The implications of raising
this question are wide and may open new avenues for classi-
fying 16S sequences into groups (e.g. classification by the types
and numbers of functional transcripts encoded in the ncDNA
strand as opposed to or in addition to nucleotide similarity).

The nc16S rDNA

We and others have used the 16S rDNA extensively to describe
bacterial communities and their relationships, even at the global
scale (Gilbert, Jansson and Knight 2014). However, there is no
indication in the literature as to believe that we have consid-
ered the nc16S rDNA (even the early publications from Carl
Woese do not mention the nc16S, see for example Woese and
Fox 1977). One database of bacterial sRNA targets verified by
experiments (sRNATarBase, Cao et al. 2010) contains a list of
rRNAs sequences, some of which match bacterial 16S rDNA,
but their origin is unclear (i.e. individual sequences are not
associated with specific publications and a revision of the lit-
erature in the website did not reveal research related to ncr-
RNA). The objective of this minireview is to discuss the pos-
sibility that the nc16S rDNA code something as well as the
potential contribution of this possibility into the use, analysis
and evolution of the 16S rDNA. Additionally, here we present
data suggesting that the nc16S rDNA contain code for small
regulatory RNAs.

sRNAs are extremely common in bacteria (Argaman et al.
2001; Rivas et al. 2001;Wassarman et al. 2001; Chen et al. 2002; Vo-
gel et al. 2003) and other organisms. Therefore, it is possible that
nc16S rDNA (and perhaps many other unexplored nc regions)
contains sRNAs targeting, for example, mRNAs. To explore this
possibility, we used good quality almost full-length 16S rDNA
from various bacterial groups from RDP (previously filtered out
for unpublished research). These sequences (reverse comple-
ments) were uploaded into the Bacterial Small Regulatory RNA
database (BSRD, Li et al. 2012). The BSRD contains sRNAs col-

lected from over 783 bacterial species and 957 strains from sev-
eral large public databases. Importantly, the BSRD and other
databases only contain previously described sRNAs (i.e. it cannot
predict new sRNAs). Intriguingly, we found that several nc16S
rDNA sequences matched one ncRNA (name: lpr0011, GenBank
accession number: AE017354.1) found in Legionella pneumophila
(Gammaproteobacteria, Weissenmayer et al. 2011). The authors
examined the gene expression of the sRNAs using the Cluster of
Orthologous Groups of Proteins (Tatusov et al. 2000) but could
not assign any function to this particular sRNA (available as
Table S7, Supporting Information, in their publication); there-
fore, confirmation of the expression of this sRNA is needed using
techniques such as northern blot or quantitative real-time PCR.
Interestingly, the authors detected two additional sRNA (lpr0060
and lpr0066) with rRNA as potential targets. These sequences
were expectably found in the BSRD but did not match any 16S
rDNA in RDP. Interestingly, a tool for global target prediction for
bacterial small nc RNAs (sTarPicker, Ying et al. 2011) was able to
findmany potential targets (including a good proportion of ribo-
somal proteins but not rRNA) for the sRNA using four different
genomes from Legionella (Table S1, Supporting Information).

The sRNA from Legionella (lpr0011, AE017354.1) corresponds
to a relatively long 77 nucleotide region representing ∼5% of
the whole nc16S rDNA. This sRNA encompasses the V5 region
(29 nucleotide long) plus a 42 nucleotide-long semiconserved
region downstream and a short 6 nucleotide region upstream
on the 16S rDNA. Although this sRNA is distributed among dif-
ferent bacterial groups (of course, a region of the 16S rDNA),
Legionella and relatives showed the highest similarity (Table 1).
The V5 region has been shown to be one of the least heteroge-
neous (less variable) within bacterial genomes (Sun et al. 2013)
although it shows high variability among bacterial groups and is
actually considered not to be a good target for development of
genus-specific probes in pathogenic bacteria (Chakravorty et al.
2007). Interestingly, here we show that this V5 region is actually
the most conserved throughout the sRNA sequence among Le-
gionella and relatives (Table 2) and that the entire sRNA from all
related sequences form a structure with few loops and bulges
and a relatively long apical loop (Fig. 2), all key secondary struc-
ture determinants of micro RNA (miRNAs) precursors at least in
eukaryotes (Ritchie, Legendre and Gautheret 2007). Firmicutes
sequences showed higher variability in nucleotide composition
(Table 3) and predicted secondary structures (data not shown).
A more extensive analysis of 16S rDNA sequences may provide
a more comprehensive overview of this preliminary data (work
currently in progress).

The finding that the nc16S V5 rDNA codes for an sRNA in-
variably leads to the question of whether it is possible that small
fragments of nc16S rDNA could also target themature 16S rRNA.
This can have a direct effect on translation (albeit unspecific
if it does not target mRNAs). While researchers in the field of
RNA interference have focused mostly in the mRNAs targets
of sRNAs, the existence of antisense RNAs inhibiting transla-
tion by direct competition with ribosomes has also been de-
scribed (Darfeuille et al. 2007). A recent review elegantly summa-
rizes the evidence for RNA interference happening within the
ribosome (Pircher, Gebetsberger and Polacek 2014) but to our
knowledge there has been no sRNA associated with ncrRNA.
RNA interference on the ribosome (as opposed to interference
on mRNAs) makes sense when one thinks that the ribosome
evolved in an RNA world but mRNA-based RNA-seq approaches
often treat any ribosome-boundncRNAs as contaminants (hope-
fully this minireview would help others to start thinking other-
wise, especially in light of new research showing that ncRNAs
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Table 1. RDP sequence IDs from several bacterial groups and their
corresponding matches in the BSRD (E value cutoff: 0.1).

RDP sequence IDs
Sequence matches in the BSRD
(GenBank Accession numbers)

Proteobacteria

S000272704 (Legionella) AE017354.1 (E: 6e-18)
S000661227 (Pseudoalteromonas) AE017354.1 (E: 6e-18)
S000573711 (Haemophilus) AE017354.1 (E: 1e-16)
S000710606 (E. coli/Shigella) AE017354.1 (E: 1e-15)
S001034662 (Comamonas) AE017354.1 (E: 5e-15)
S000340260 (Coxiella) AE017354.1 (E: 3e-13)
S003097645 (Desulfonema) AE017354.1 (E: 6e-12)
S000858396 (Campylobacter) AE017354.1 (E: 5e-12)
S000626456 (Bradyrhizobium) AE017354.1 (E: 1e-9)
S002054181 (Haematobacter) AE017354.1 (E: 2e-8)

Firmicutes

S000762693 (Allobaculum) AE017354.1 (E: 8e-5)
S000510673 (Staphylococcus) AE017354.1 (E: 5e-4)
S000837439 (Gemmella) AE017354.1 (E: 0.019)
S000818970 (Anaerococcus) AE017354.1 (E: 0.019)
S000516422 (Faecalibacterium) AE017354.1 (E: 0.071)
S000346335 (Bacillus) None
S001494467 (Dolosigranulum) None
S000709472 (Enterococcus) None
S000536394 (Streptococcus) None
S001456122 (Veillonella) None

Actinobacteria

S000565825 (Propionibacterium) AE017354.1 (E: 2e-8)
S002053830 (Janibacter) AE017354.1 (E: 5e-6)
S000378605 (Streptomyces) AE017354.1 (E: 0.001)
S000623860 (Gaiella) None

Bacteroidetes

S000684818 (Haliscomenobacter) AE017354.1 (E: 1e-9)
S000973582 (Porphyromonas) AE017354.1 (E: 8e-5)
S001392228 (Cloacibacterium) AE017354.1 (E: 7e-5)
S000344103 (Prevotella) None

are frequently bound to ribosomes, Carlevaro-Fita et al. 2016).
Importantly, these ncRNA ‘entities’ are not passive hitchhikers
of the translation apparatus but appear to be an emerging type of
nc riboregulators of protein biosynthesis (Pircher, Gebetsberger

and Polacek 2014). We think that it is also important to add that
RNA interference at the ribosome level does not necessarily have
to target themature 30S subunit; in fact, this bindingmay be less
likely once everything is assembled. Therefore, this potential
phenomenon of RNA interference could also happen right af-
ter transcription of the 16S rDNA (i.e. just before getting packed
with the proteins in the 30S subunit similarly to RNA interfer-
ence of mRNAs before they get translated).

Other sRNA databases could also help shed light into the
nature of the nc16S rDNA. To this end, we used the same
16S rDNA sequences from RDP used for searching within the
BSRD (Table 1). These sequences (reverse complements) were
uploaded into the miRNA database (miRBase, Kozomara and
Griffiths-Jones 2014), which contains data of miRNAs from an-
imals, plants and viruses. It is important to note that in animals
and other organisms a functional interaction between miRNA
and its target RNA is thought to require only partial base pair-
ing (Broughton and Pasquinelli 2016), thus providing miRNAs
with wide regulatory potential. Interestingly, we found several
matches between nc16S rDNA and miRNAs although the asso-
ciated E valueswere high, suggesting randommatches (Table S2,
Supporting Information, note that the E values also relate to the
size of the database). Regardless, some sequences were found to
be very similar (1 nucleotide difference) and/or have comparable
lower E values (Table S2, Supporting Information) and therefore
we can conclude that non-bacterial miRNAs share resemblance
to nc16S rDNA. Whether this represents a common ancient ori-
gin needs to be investigated.

Although small-interference RNAs (siRNAs) and miRNAs
were originally considered distinct (siRNAs were thought to be
the defenders of genome integrity in response to foreign nu-
cleic acids, while miRNAs were thought to be the main regula-
tors of gene expression), it is becoming increasingly difficult to
discern between the two (Carthew and Sontheimer 2009). Impor-
tantly, in all cases the identities of the genetic fragments to be si-
lenced are specified by the nucleotide composition of the sRNA,
which recognizes its target by perfect or imperfectWatson–Crick
base pairing. Anymatch between eukaryotic siRNAs and the 16S
rDNA can thus have important implications. To explore simi-
larities between nc16S rDNA and siRNAs, we used a subset of
randomly sequences from the 991 120 siRNA sequences (∼20
nucleotides each) available at the siRNAdb (Chalk et al. 2005).
This database consists of eukaryotic siRNAs only and siRNAs
are thought to act by perfect matching with mRNAs; there-
fore, eukaryotic siRNAs should not share any resemblance to

Table 2. Similarities among representative sRNAs from Proteobacteria.

Nucleotides in red represent differences compared to the sRNA from Legionella (GenBank: AE017354.1). Underlined sequence portions represent those portions that

were detected in BSRD. The V5 region (based on the E. coli 16S, Baker, Smith and Cowan 2003) was highlighted (gray) for better visualization. These six sequences were
used to predict secondary structures (Fig. 2).

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sle/article/363/16/fnw
171/2197741 by U

niversidad  Autónom
a de N

uevo León user on 30 M
ay 2024



Garcia-Mazcorro and Barcenas-Walls 5

Figure 2. Secondary structures of a representative set of sRNAs from different bacterial groups using the Vienna RNA Websuite (Gruber et al. 2008). Please note that
the structures are colored by base-pairing probabilities and that for unpaired regions the color denotes the probability of being unpaired.

Table 3. Similarities among representative sRNAs from Firmicutes.

Nucleotides in red represent differences compared to the sRNA from Legionella (GenBank: AE017354.1). Underlined sequence portions represent those portions that
were detected in BSRD. The V5 region (based on the E. coli 16S, Baker et al. 2003) was highlighted (gray) for better visualization.

bacterial ncrRNA (if they do, it would have important implica-
tions as this could imply ancient conservation of sRNAs). Ex-
pectably, no matches were found in RDP (with very few ran-
dom exceptions) even though RDP allows to search imperfect
matches (in other words, RDP would still be able to detect even
weak matches). This means that, in contrast to miRNAs, some
siRNAs are very specific to eukaryotes and do not pose any sim-
ilarity whatsoever to bacterial ncrRNA.

Following the suggestions from one anonymous reviewer, we
also used the same 16S rDNA sequences from RDP used for
searching within the BSRD (Table 1) to search potential similari-
ties within the Gene Expression Omnibus (GEO), a public reposi-
tory of high-throughput functional genomic data from different
organisms, including bacteria. A BLAST search within the GEO
only revealed random matches with 16S sequences and a few
transcripts from several plants.
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Is the evolution of nc strands involved in the evolution
of coding strands?

This question is hard to tackle. Mutations happen randomly but
occur at different rates depending on a number of intertwined
factors (Brison 2003). Generally, however, it is thought that only
the coding regions get affected by natural selection (note that
natural selection is not the only theory that explains evolution,
see for example the paper by Hoelzer, Smith and Pepper 2006,
on self-organization). Nonetheless, if a mutation occurs in the
16S rDNA and this mutation persists (i.e. get fixed) over time,
then it would be fixed on the other complementary strand as
well. This thinking also applies to the ncDNA. On the other hand,
if only one strand would be affected by natural selection, then
we would expect completely different rules applying to the two
strands but this seems not to be the case. For example, it has
been shown that both coding and nc regions of genes are gov-
erned by the same universal rule of TA/CG deficiency-TG/CT ex-
cess (Yomo and Ohno 1989). This symmetry is surprising be-
cause, again, it is thought that natural selection plays a role in
the evolution of only one of the complementary strands. This
and other early contributions (Ohno 1990; Zull and Smith 1990)
indeed suggest that the initial acquisition of a function by a new-
born gene (including regions for sRNAs) and entire genomes has
to be, therefore, intrinsic in its construction (Yomo and Ohno
1989).

As discussed above, the possibility that ncrRNAs code
something is intriguing but it poses complex issues to explore
molecular evolution. The calculation of the relative number of
mutations per site in both strands separately is particularly wor-
risome. Although this is in fact possible (Kaur and Makrigiorgos
2003; Tabone et al. 2006), the question of how molecular evo-
lution happens in vivo (where both strands interact with each
other, with other cellular components as well as any environ-
mental condition) threat us to remain eternally. The bacterial
genome duplicate by creating two copies of itself; therefore,
each strand was thought to be equally exposed to random er-
rors (Snyder and Champness 2007) although it is known that
DNA replication does not occur with the same accuracy on both
DNA strands, at least in E. coli (Fijalkowska et al. 1998). In fact,
Schroeder et al. (2016) recently showed that local sequence con-
text is the major determinant of mutagenesis in bacteria during
DNA replication. A possible clue to the puzzle of simultaneous
molecular evolution on both DNA strands may involve theoreti-
cal analysis based on the rate of transcription of each strand (e.g.
is the transcription rate the same between rRNA and sRNAs? If
not, does this relate to differences in the number of mutations
and therefore to differences in mutation fixation and evolution-
ary rates?).

Final comments

The purpose of this work is to raise concerns about the nature,
characteristics and implications of the nc16S rDNA, which is ig-
nored by most scientists (including ourselves) working with the
16S rDNA. There is no reason to ignore sRNAs as thosemolecules
are very common in all genomes (including bacterial) but to our
knowledge no one has considered the possibility of having these
sequences in the nc16S rDNA. Even recent throughout reviews
on RNA interference in bacteria do not mention this possibility
(Repoila and Darfeuille 2009; Pircher, Gebetsberger and Polacek
2014). Importantly, here we show that the nc16S rDNA from Le-
gionella and relatives do showhigh non-random similaritieswith
a published sRNA. The question of whether there are more sR-

NAs hiding in the nc16S (or other ncrRNA) needs further inves-
tigation. If the nc16S rDNA codes for sRNAs (ancient regulators
of genetic expression), it would be interesting to experimentally
investigate its potential targets. In particular, we are intrigued
by two possibilities: that the sRNAs aim many (option 1) or just
a few (option 2) targets (Fig. 1). Note that although the Legionella
sRNA (lpr0011) matches a variable region (V5) of the 16S rDNA,
this particular section is actually conserved but is accompanied
by a variable region downstream on the 16S rDNA. It is likely that
this variation gives this ancient sRNA the ability to target mul-
tiple mRNAs and other RNAs (generalist theory) as opposed to
one or few specific types of RNA (specialist theory). This specu-
lation is based on the fact that the so called trans-acting sRNAs
are known to target multiple mRNAs via imperfect base pairing
(Pircher, Gebetsberger and Polacek 2014) and is supported by the
many potential targets predicted by sTarPicker (Table S1, Sup-
porting Information).

Based on the results, discussions and speculations described
above, the willingness of communicating microbiologists and
other scientists about the nc16S rDNA is not unfounded and
deserves closer consideration. Reports on antisense RNA ex-
pression are becoming more common in the literature, but
validation and functional characterization is still lacking for
most of them. This minireview shows preliminary data that the
nc16S may code something but whether this is a general phe-
nomenon among bacteria needs further scrutiny. It is also im-
portant for the reader to be aware that some sRNA molecules
are the result of non-specific transcription with no physiolog-
ical function (Thomason and Storz 2010). Nonetheless, we are
convinced that researching the nc16S rDNA can help us all
to better understand the nature of the 16S rDNA, its perfor-
mance and functional specialization during translation, its use
in molecular phylogeny and, ultimately, the beauty of bacterial
biology.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSLE online.
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