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Abstract
Background: Bacterial species are often defined on the basis of their 16S rRNA.
However, this method is not sufficient to distinguish very recently diverged species,
and some species contain 16S rRNAs that are so divergent that the organism could
be considered to belong to two different species. Further, a large number of rRNA
operons is often associated with a short doubling time since it is needed for protein
synthesis.

Results: In this paper, we generate the standard 16S tree of members of the Vibri-
onaceae and compare it to a tree generated from amino acid sequence comparisons
of the L3 ribosomal proteins. Additionally we construct a pan-genome tree, which
we consider to be the most reliable tree. The branching of the L3 tree generally
corresponds to that of the pan-genome tree, however in the L3 tree the resolution of
different serotypes is not determined. The 16S rRNA tree shows different branching
from both L3 and 16S trees.
Using a dataset of over 200 bacterial and archaeal genomes we compare growth
rate to genomic features, notably, the number of rRNA operons. We do not find
a correlation between the doubling time and the number of rRNA operons in the
species living in aquatic habitats, whereas we do find this correlation for prokaryotes
living in the soil habitat and for those associated with humans/mammals. We also
determine the sequence similarity of the all rRNA operons in one genome for the
Vibrionaceae family and find it to be lower in the sea prokaryotes with many copies of
the rRNA operon.

Conclusion: The L3 tree seems to be a less computationally complex method of
constructing a phylogenetic tree compared to the pan-genome tree, and the L3 tree
produces more reliable results than the 16S rRNA tree. Additionally, our data indi-
cates that prokaryotes from aquatic habitats might use their multiple rRNA operons
in distinct environmental conditions.

Introduction
The 16S rRNA is a part of the small sub-
unit of the ribosome and is often reported

to be conserved within a bacterial species
[1]. Therefore, 16S rRNA comparisons
are frequently used to identify bacterial
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species and to derive phylogenetic trees.
However, Fox et al. [2] pointed out the
limits of this method in 1992, by com-
paring 16S rRNA trees to the results of
DNA-DNA hybridization experiments.
The 16S rRNA sequences in different bac-
terial species can be so similar that they
cannot be distinguished only by looking
at the 16S rRNA sequences. This is es-
pecially true for very recently diverged
species.

A large number of the sequenced
prokaryotes only possess one or two
rRNA operons. However, members of
the Vibrionaceae family possess a higher
than average number of copies of the
rRNA operon, and can have up to 15 in
the case of P. profundum. For this family,
and for others that have many copies of
the rRNA operon, problems arise when
establishing phylogenetic trees by 16S
rRNA comparison. Since commonly only
one of the 16S rRNA sequences is used
to establish a tree, different trees can be
found when using different 16S rRNAs
of the same genome. A genome can even
be identified as belonging to different
species depending on which 16S rRNA
sequence is used.

We show these limitations by compar-
ing the following phylogenetic trees for
selected members of Vibrionaceae (those
with completely sequenced genomes): 1.
a standard 16S tree generated by selecting
the 16S rRNA with the highest score for
each genome, 2. a tree generated from
similarity of the L3 ribosomal protein
from each genome and 3. a pan-genome
tree (shell version) generated from an
amino acid comparison of proteins of
each genome.

To investigate the similarity within all
16S rRNA sequences, we generated a tree
of all the 16S rRNA sequences for mem-
bers of the Vibrionaceae.

Another interesting question to con-
sider is: why do some bacterial species
have several copies of the rRNA operon?

It has been stated that having many
copies of the rRNA operon could help
bacteria to obtain a high growth rate
[3, 4]. In E. coli the number of ribosomes
is increased ten-fold during exponential
growth [5]. Several copies of rRNA oper-
ons can help achieve these high copy
numbers of ribosomes. Furthermore, the
location of these genes close to the ori-
gin of replication makes them even more
abundant during fast growth since sev-
eral rounds of replication take place in
parallel [4].

The minimal doubling time a bacterium
can achieve depends on a number of ge-
nomic traits and the organization of the
genome [4].
To elucidate to what extent the number
of rRNA operons is correlated with these
traits, we compared doubling time to
other factors that contribute to the growth
rate: the number of rRNA operons, the
number of tRNA operons, the AT con-
tent of the genome, the AT content of the
rRNA operons, genome size and number
of genes.

Finally, we grouped the bacteria by
habitat to see if a better understanding
could be gained by looking at a narrower
range of species.
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Materials and Methods
The genomes used in this study were an-
notated as complete genomes in NCBI
as of Nov 9th 2012. Only genomes for
which doubling time data could be found
in the literature were selected. The list
of genomes including accession numbers,
doubling time, the optimal growth tem-
perature, and sources for the last two
numbers is published as supplementary
Table 1.

Phylogenetic Trees

Using the CMG Biotools [6] a 16S rRNA
tree was derived from genomes selected
to be representative of the Vibrionaceae
family. The 16S rRNA tree was con-
structed using RNAmmer [7] to extract
16S rRNA sequences. Of these, the one
with the highest score was chosen and
submitted to ClustalW to construct the
tree. The tree was drawn using njplot. A
bootstrap value of 1000 was selected (the
bootstrap values represents how many of
in our case 1000 trees have the indicated
branch).

The L3 proteins were extracted and
clustered with ClustalW, using the same
method and bootstrap values as for the
16S rRNA tree. Finally, the tree was
drawn using figtree.

The pan-genome tree was constructed
as described by Snipen et al. [8]. The shell
version of the tree was chosen.

rRNA homology

To explore the relationships between the
16S rRNAs across all the species in the Vib-
rionaceae, we extracted all 147 16S rRNAs

from 24 replicons over 15 genomes, and
then clustered the rRNAs using ClustalW.
The tree was rendered using figtree.

To quantify the relationships in this
tree, we determined the homology be-
tween each of the 16S rRNA for all mem-
bers of Vibrionaceae. 16S rRNA alignments
were calculated using the Python module
pairwise2 from the BioPython package
[9], and the percent similarity was deter-
mined by taking the number of identical
nucleotides and dividing by the total
length of the alignment. This measure
was calculated for all intragenome 16S
rRNAs pairs, and the minimum and max-
imum of each pairwise comparison was
taken for each genome. Then, these val-
ues were averaged over all genomes for
each species, and the average minimum
and maximum values for each species
were compared.

Comparison of several growth traits

Several statistics were calculated for each
genome:
The number of tRNA operons was deter-
mined by using trnascan-SE 1.3.1 (January
2012) (aka trnascan-1.4) [10].
The rRNA operons were counted by run-
ning RNAmmer 1.2 (September 2008)
over the selected genomes [11].
The number of genes and number of base
pairs was extracted from the annotations
in the GenBank files downloaded from
NCBI[12].
The percent GC was calculated from the
genome using the BioPython software
package [9]. The code used for the pro-
cessing of the gbk files is available in the
convert_gbk_fasta.py script in the CBS
Genome Atlas package [13].
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If more than one genome of the same
species was analyzed the average of the
obtained numbers was calculated.

Correlation tests were done with the
programme R [14] using the Spearman
correlation test. The null hypothesis,
that no correlation can be observed (ρ=0,
where ρ is the correlation factor), was
rejected for p-values < 0.01.

Results
Phylogenetic Trees

The phylogenetic trees derived by 16S
rRNA comparison and the pan-genome
tree can be seen in Figures 1 and 3.
Comparing the 16S rRNA tree and the
pan-genome tree, we see that in both trees
the V. cholerae genomes cluster closely to-
gether, but the pan-genome tree has a
better resolution since it resolves clus-
ters for both of the different V. cholerae
serotypes O1 and O395. In addition to
that, in the pan-genome tree the V. cholerae
genomes are more closely related to the
other human pathogenic species (V. para-
haemolyticus and V. vulnificus) than to the
squid colonizing V. fischeri and the deep
sea bacterium P. profundum. This is not
the case in the 16S rRNA tree.

Figure 2 shows the tree generated from
the L3 genes of the Vibrionaceae. The clus-
ter of human pathogenic species is very
similar to the pan-genome tree. It shows
the different serotypes of V. cholerae to-
gether on one branch and V. parahaemolyti-
cus, V. harveyi and V. vulnificus closely
related to them. The L3 tree does not
resolve the V. cholerae into strains, how-
ever. Another difference is that unlike

in the pan-genome tree, V. fischeri is not
clustered together with P. profundum.

Interestingly, V. harveyi clusters with V.
parahaemolyticus in all trees, even though
V. harveyi is a bioluminescent free living
bacteria, pathogenic to fish and marine
invertebrates, whereas V. parahaemolyticus
causes gastroenteritis after consumption
of contaminated seafood [15].

rRNA homology

Additionally, an alternative tree based on
all 16S rRNA sequences was computed
and is shown as a supplementary Fig-
ure 1. In this tree, we can see that some
species cluster very closely together, but
for example, P. profundum (CR354531) and
V. cholerae (CP002555) have 16S rRNAs
that appear in very many clusters in the
tree.

There is one large cluster which pre-
dominantly contains V. cholerae, but some
of the V. vulnificus also cluster in this re-
gion.

V. parahaemolyticus forms a well defined
cluster. V. harveyi and V. fischeri form clus-
ters, but additionally have members that
stray outside these clusters.

These results are quantified by the min-
imum and maximum percentage homolo-
gies of 16S rRNAs within one genome,
and reflect these findings. They can be
seen in Figure 4.
Although one V. cholerae is present in most
clusters in the tree, most V. cholerae rRNAs
are contained within one cluster. The aver-
aged homology over all V. cholerae species
we examined is above 96%.
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V. parahaemolyticus, which shows the most
well defined cluster also has the highest
minimum homology of 99.6%.
V. harveyi shows the lowest minimum ho-
mology, at 88.9%. The RNAmmer scores
for the lowest three of the rRNAs were
1397.4 (V. harveyi), 1437.5 (V. cholerae),
1741.9 (V. cholerae), whereas the others
have an average of 1928 with standard
deviation of 65.7. Although given low
scores by RNAmmer, these rRNAs have
good HMM alignments and scores that
fall well within the cutoff to be consid-
ered a match by RNAmmer.

Comparison of several growth traits

Results of the correlation tests of different
growth traits including the number of
rRNA operons, performed on over 200

different species of Archaea and Bacteria
are shown in Tables 1-4.

Some of the examined growth traits are
highly correlated independent of the habi-
tat of the Bacteria/Archaea, for example
the genome size and the number of genes
or the number of rRNA operons and the
number of tRNA operons (genome size
and number of genes: p-value=2.2−16

ρ = 0.986; rRNA and tRNA operons: p-
value=2.2−16 ρ = 0.793). Correlation was
determined using the Spearman corre-
lation test and the null hypothesis was
rejected for p-values < 0.01 (null hypothe-
sis: ρ=0 meaning no correlation).

In the correlation tests performed on
the data of all Bacteria and Archaea we
analyzed, the number of rRNA operons
is correlated to all of the other examined
growth traits except for the AT content
and AT content of the rRNA. The results
are shown in Table 1.

Next, we wanted to see if there are
differences between prokaryotes that live
in different habitats, so we divided the
prokaryotes into three general habitats:
sea and freshwater systems, soil and as-
sociated with humans or animals (mostly
mammals).

For the prokaryotes living in the sea
or in freshwater systems, the number
of rRNA operons is not correlated to
the doubling time, whereas this correla-
tion exists in all other habitats. Further,
the sea/freshwater is the only habitat
where a correlation between the num-
ber of rRNA operons and the optimal
growth temperature could be observed
(p-value=8.56−7 ρ = −0.612). At least
for the human/animal habitat, a correla-
tion between rRNA operon amount and
growth temperature cannot exist because
there is hardly any variability in the opti-
mal growth temperature; it almost always
37

◦C, corresponding to human body tem-
perature.

In the soil habitat, no correlation be-
tween the number of rRNA operons and
the genome size or number of genes could
be observed. These trait were correlated
in all other habitats. Overall, the least cor-
relations could be observed in this habitat.

For the human/animal habitat, the
highest number of correlations could be
observed. Here the number of rRNA
operons is correlated to all other traits ex-
cept the AT content of the whole genome
and the optimal growth temperature (as
mentioned above). Additionally, this is
the only habitat where a correlation be-
tween the genome size or number of
genes and the doubling time could be ob-
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served (genome size and doubling time:
p-value= 4.49−6 ρ = −0.511; number of
genes and doubling time: p-value=1.28−6

ρ = −0.535).

Table 1: Results of the Spearman correlation test for all analyzed Bacteria and Archaea.
Observed correlations are highlighted in grey (the null hypothesis, that there
is no correlation, was rejected for p-values < 0.01). The p-values and the
correlation factors ρ are shown.

tRNA oper-
ons

doubling
time

genome
size

nr of genes AT content AT con-
tent of 16S
rRNA

OGT

rRNA oper-
ons

P<2.2E-16

ρ=0.793

p=1.12E-15

ρ=-0.535

P=2.72E-16

ρ=0.545

P=5.82E-16

ρ=0.539

P=0.576

ρ=-0.041

P=0.235

ρ=-0.086

P=0.002

ρ=-0.224

tRNA oper-
ons

P=1.52E-08

ρ=-0.393

P<2.2E-16

ρ=0.638

P=<2.2E-16

ρ=0.65

P=1.83E-6
ρ=-0.335

P=0.003

ρ=0.226

P=0.028

ρ=-0.16

doubling
time

P=0.06215

ρ=-0.128

P=0.01747

ρ=-0.163

P=0.386

ρ=-0.059

P=0.677

ρ=0.03

P=0.002

ρ=-0.203

genome
size

P<2.2E-16

ρ=0.986

P<2.2E-16

ρ=-0.533

P=6.28E-7
ρ=0.349

P=3.15E-10

ρ=-0.42

nr of genes P<2.2E-16

ρ=-0.528

P=1.71E-7
ρ=0.366

P=8.04E-9
ρ=-0.388

AT content p=2.2E-016

ρ=-0.654

P=0.024

ρ=0.157

AT con-
tent of 16S
rRNA

P=0.004

ρ=0.206
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Vibrio_vulni�cus MO6-24/O

Vibrio_vulni�cus CMCP6

Vibrio_cholerae_O1_biovar_El_Tor str. N16961
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Figure 1: A tree of members of the Vibrionaceae family constructed by sequence
comparison of one 16S rRNA sequence per species (the rRNA sequence with
the highest score in RNAmmer was chosen). The bootstrap value is 1000

and the scale at the top refers to the length of the branches, whose vertical
position is varied for esthetic reasons only. In this tree, we can see that the
V. cholerae genomes cluster closely together, but the different serotypes O1

and O395 are not clearly resolved. Additionally, even though the V. cholerae
genomes should be closely related to the other human pathogenic species,
that is V. parahaemolyticus and V. vulnificus, we can only see a relatedness
between the latter and the V. cholerae. Strangely, V. parahaemolyticus is
clustered together with the squid colonizing V. fischeri.
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Figure 2: A tree of members of the Vibrionaceae family constructed from homology
between L3 proteins using the program ClustalW. L3 is a ribosomal protein
that exists only in one copy per genome. The bootstrap value is 1000 and the
scale at the top refers to the length of the branches, whose vertical position
is varied for esthetic reasons only.
Different serotypes of the same species cluster together, but are not further
resolved. The human pathogenic members of the Vibrionaceae, V. cholerae, V.
vulnificus, V. parahaemolyticus are shown to be more closely related to each
other than to the ocean living V. fischeri and P. profundum. An exception is
the fish and invertebrate pathogen V. harveyi. It clusters with the human
pathogenic species and is closely related to V. parahaemolyticus. P. profundum
is separated early. In general, the branching is similar to the pan-genome
tree.
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Figure 3: A tree of members of the Vibrionaceae family constructed from the pan-
genome. We selected the shell version of the tree. The bootstrap values are
given as percentages.
The pan-genome tree provides the best resolution of the three phylogenetic
trees, resolving the different V. cholerae serotypes. Strains belonging to the
same species cluster together. The tree also shows a closely related cluster of
the human pathogenic Vibrio species, including the non-human pathogenic
V. harveyi. The squid-colonizing V. fischeri and the ocean living P. profundum
cluster together on a branch separated early from the human pathogens.
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Figure 4: A comparison of the sequence similarity of the 16S rRNA within one
genome. The sequence similarity was determined between all intra-genome
16S rRNA sequences for members of the Vibrionaceae family. Shown is the
minimal and the maximal sequence similarity.

Table 2: Results of the Spearman correlation test for Bacteria and Archaea living in the
sea or in freshwater habitats. Observed correlations are highlighted in grey
(the null hypothesis, that there is no correlation, was rejected for p-values <
0.01). The p-values and the correlation factors ρ are shown.

tRNA oper-
ons

doubling
time

genome
size

nr of genes AT content AT con-
tent of 16S
rRNA

OGT

rRNA oper-
ons

P=1.16E-5
ρ=0.577

P=0.824

ρ=0.031

P=9.38E-7
ρ=0.602

P=8.93E-7
ρ=0.603

P=0.076

ρ=0.239

P=5.49E-7
ρ=-0.612

P=8.56E-7
ρ=-0.612

tRNA oper-
ons

P=0.9052

ρ=0.016

P=4.36E-5
ρ=0.502

P=1.18E-5
ρ=0.533

P=0.027

ρ=-0.285

P=0.649

ρ=-0.066

P=0.009

ρ=-0.339

doubling
time

P=0.012

ρ=0.308

P=0.03

ρ=0.267

P=0.695

ρ=0.049

P=0.095

ρ=-0.226

P=0.004

ρ=-0.343

genome
size

P=<2.2E-16

ρ=0.976

P=0.553

ρ=-0.074

P=0.001

ρ=-0.437

P=1.16E-11

ρ=-0.729

nr of genes P=0.272

ρ=-0.137

P=0.004

ρ=-0.383

P=2.05E-10

ρ=-0.698

AT content P=0.002

ρ=-0.404

P=0.642

ρ=-0.059

AT con-
tent of 16S
rRNA

P=1.13E-12

ρ=0.791
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Table 3: Results of the Spearman correlation test for analyzed Bacteria and Archaea
that have soil denoted as main habitat. Observed correlations are highlighted
in grey (the null hypothesis, that there is no correlation, was rejected for
p-values < 0.01). The p-values and the correlation factors ρ are shown.

tRNA oper-
ons

doubling
time

genome
size

nr of genes AT content AT con-
tent of 16S
rRNA

OGT

rRNA oper-
ons

p=2.41E-12

ρ=0.9
P=1.32E-8
ρ=-0.786

P=0.601

ρ=0.09

P=0.507

ρ=0.114

P=0.014

ρ=0.408

P=0.413

ρ=-0.141

P=0.739

ρ=0.057

tRNA oper-
ons

P=0.0002

ρ=-0.579

P=0.159

ρ=0.236

P=0.073

ρ=0.299

P=0.311

ρ=0.171

P=0.914

ρ=-0.019

P=0.139

ρ=0.251

doubling
time

P=0.232

ρ=0.191

P=0.371

ρ=0.143

P=0.001

ρ=-0.484

P=0.003

ρ=0.476

P=0.161

ρ=-0.223

genome
size

P=<2.2E-16

ρ=0.976

P=0.002

ρ=0.475

P=0.02

ρ=0.387

P=0.094

ρ=-0.268

nr of genes P=0.006

ρ=-0.419

P=0.049

ρ=0.331

P=0.047

ρ=-0.316

AT content P=1.61E-7
ρ=-0.747

P=0.234

ρ=0.193

AT con-
tent of 16S
rRNA

P=0.515

ρ=-0.112

Table 4: Results of the Spearman correlation test for analyzed Bacteria and Archaea
that are known to live associated with humans or animals (mainly mammals).
Observed correlations are highlighted in grey (the null hypothesis, that there
is no correlation, was rejected for p-values < 0.01). The p-values and the
correlation factors ρ are shown.

tRNA oper-
ons

doubling
time

genome
size

nr of genes AT content AT con-
tent of 16S
rRNA

OGT

rRNA oper-
ons

P=3.91E-14

ρ=0.782

P=6.86E-15

ρ=-0.773

P=2.11E-9
ρ=0.646

P=8.82E-10

ρ=0.657

P=0.029

ρ=-0.261

P=0.002

ρ=0.364

P=0.181

ρ=0.165

tRNA oper-
ons

P=3.04E-6
ρ=-0.539

P=3.57E-12

ρ=0.729

P=1.72E-12

ρ=0.737

P=4.77E-6
ρ=-0.529

P=7.79E-7
ρ=0.576

P=0.544

ρ=0.077

doubling
time

P=4.49E-6
ρ=-0.511

P=1.28E-6
ρ=-0.535

P=0.431

ρ=0.094

P=0.093

ρ=-0.203

P=0.538

ρ=0.07

genome
size

P=<2.2E-16

ρ=0.989

P=2.01E-11

ρ=0.69

P=7.31E-12

ρ=0.711

P=0.575

ρ=0.068

nr of genes P=3.57E-10

ρ=-0.657

P=8.1E-11

ρ=0.686

P=0.606

ρ=0.063

AT content P=<2.2E-16

ρ=-0.859

P=0.402

ρ=-0.102

AT con-
tent of 16S
rRNA

P=0.474

ρ=0.088
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Discussion

Comparing the three trees we created
(16S rRNA, L3 and pan-genome) the pan-
genome tree seems to be the most accu-
rate. In this tree, species cluster together,
the resolution is high enough to distin-
guish between different serotypes, and
human pathogenic species cluster closely
together. This general structure of the
pan-genome tree is in accordance with a
tree of the Vibrionaceae family published
by Khalke et al. [16]. However, since
the pan-genome tree is generated by an
all-to-all protein BLAST, it is very compu-
tationally expensive to calculate.

The 16S rRNA tree of the Vibrionaceae
family shows some unexpected clustering.
For example V. parahaemolyticus is clus-
tered together with the fish colonizing V.
fischeri rather than with the other human
pathogenic species. Further the resolution
is not high enough to distinguish between
different serotypes. This is most probably
due to the fact that 16S rRNA sequences
do not differ enough within closely re-
lated bacteria [2]. Moreover especially in
the Vibrionaceae the high number of rRNA
operons makes it possible to create sev-
eral different trees depending on which
rRNA operon in a genome is chosen to
create the tree (see supplementary Figure
1, a tree of all 16S rRNA sequences found
in members of the Vibrionaceae family).

The tree derived by sequence compar-
ison of the L3 ribosomal protein shows
accurate clustering corresponding to the
pan-genome tree. However the resolution
is not as good as in the pan-genome tree.
Nonetheless, this is a method that is as
computationally inexpensive as the 16S
rRNA comparison and seems to produce

more accurate results, at least in some
cases. Moreover, only one copy of the
L3 ribosomal protein was found in the
sequences we analyzed omitting the possi-
bility to create different trees by choosing
different copies of the protein sequence.

Another method of generating the phy-
logenetic tree for future study could be to
look only at the PFAM domains (func-
tional protein domains) instead of the
whole protein comparison as in the pan-
genome tree. This could be explored as a
computationally scalable method to gen-
erate an accurate tree [17].

In the correlation analysis of different
growth traits, we found high correlation
coefficients between, for example, the
number of genes and the genome size.
This can be seen as a validation of our
statistical method.

The division of the analyzed prokary-
otes into different habitats reveals inter-
esting results. In the soil habitat, the
lowest number of correlations can be seen
between different traits. The lack of over-
all trends in this environment can be
explained by the fact that the soil is a
complex environment in which specific
and very different strategies are needed
[18]. For this reason, our analysis does
not show clear trends in the soil environ-
ment.

The highest number of correlations can
be found in the human/animal habitat.
At least in some regions, this is a very
competitive environment and therefore
selects for fast growth [19]. Specifically,
the numbers of rRNA operons, tRNA
operons and the genome size are corre-
lated to fast growth.
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A correlation of the optimal growth
temperature to any of the other growth
traits could only be observed in the
aquatic habitats. This can be explained by
the fact that there is an extremely small
variation in optimal growth temperature
in the other habitats, which is not suffi-
cient to determine a trend.

Surprisingly, we found no correlation
between the number of rRNA operons
and the doubling time in the prokaryotes
living in the sea or in freshwater systems.
A closer look at the data revealed that all
thermophiles we analyzed contain only
one or two copies of the rRNA operon
per genome. In addition to that prokary-
otes with an optimal growth temperature
under 20

◦C contain six or more copies of
the rRNA operon. It has been speculated
that thermophiles do not need to select
for fast growth rates because diffusion is
faster and activation energy is lower at
high temperatures, allowing fast growth
[4].

However deep sea bacteria, such as P.
profundum that contains 15 copies of the
rRNA operon, are often able to live at
a large range of different temperatures
and pressures and show large variations
in gene expression when the pressure is
changed [20]. The missing correlation (or
anticorrelation) between the amount of

rRNA operons seems to support the the-
ory that different rRNA operons are used
under different environmental conditions.
The usage of different rRNA operons at
different temperatures has been reported
in the case of Alteromonas macleodii [21].

This theory is further supported by
the finding that the rRNA operons in
P. profundum differ more than in human
pathogenic members of the Vibrionaceae
family. The minimal similarity within V.
cholerae is unexpected low. However, one
V. cholera strain contains two 16S rRNA se-
quences that differ significantly from the
others in this strain, and these contribute
the lowest similarity scores. At the same
time, these rRNAs have relatively low
scores in RNAmmer. It is possible that
this sequence was incorrectly predicted
as 16S rRNA. It is necessary to perform
this test on a larger number of genomes
and to compare the values statistically to
make a general statement on intraspecies
16S rRNA similarity.

Another next step to further investigate
this topic could be to compare the AT con-
tent of the 16S rRNA sequences from one
organism to each other, instead of averag-
ing over one genome as in the present
study. A difference in the AT content
could hint at usage of rRNA operons at
different temperatures.
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