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Abstract

MicroRNAs (miRNAs) are key players in regulation of gene expression at post-transcription
level in eukaryotic cells. MiRNAs have been intensively studied in plants, animals and
viruses. The investigations of bacterial miRNAs have gained less attention, except for the
recent studies on miRNAs derived from Streptococcus mutans ATCC 25175 and Escheri-
chia coliDH10B. In this study, high-throughput sequencing approach was employed to
investigate the miRNA population in bacteria of the genus Thalassospira using both the
miRDeep2 and CID-miRNA methods. A total of 984 putative miRNAs were identified in 9
species of the genus Thalassospira using both miRDeep and CID-miRNA analyses. Fifty
seven conserved putative miRNAs were found in different species of the genus Thalassos-
pira, and up to 6 miRNAs were found to be present at different locations in the T. alkalitoler-
ans JCM 18968", T. lucentensis QVIT2" and T. xianhensis P-4". None of the putative
miRNAs was found to share sequence to the reported miRNAs in E. coliDH10B and S.
mutans ATCC 25175. The findings provide a comprehensive list of computationally identi-
fied miRNAs in 9 bacterial species of the genus Thalassospira and addressed the existing
knowledge gap on the presence of miRNAs in the Thalassospira genomes.

Introduction

MicroRNA (miRNA) is a class of small, non-coding RNA molecules containing 19-22 nucleo-
tides. Since the discovery of miRNA in Caenorhabditis elegans [1], a large number of predicted
miRNA molecules has been reported in animals, plants and viruses as key players in regulation
of gene expression networks [2-5]. In bacteria, the small non-coding RNAs (sRNAs) have
been demonstrated to have a similar function to eukaryotic miRNA, in modulating the target
mRNAs in various ways at a post-transcriptional level [6]. A number of SRNAs have been
identified in bacteria, some of which were identified in marine bacteria such as Vibrio spp. and
Synechococcus spp. that are functional analogues to plant miRNAs in response to environmen-
tal changes [7, 8]. The investigations of bacterial miRNAs, however, have gained little
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attention, except for the recent studies on miRNAs derived from Streptococcus mutans ATCC
25175 and Escherichia coli DH10B [9, 10].

The genus Thalassospira includes Gram-negative, aerobic and halophilic bacteria dwelling
in a marine environment [11]. Bacteria of this genus are involved in the biodegradation of a
variety of hydrocarbons [12-14]. For example, T. tepidiphila 1-1B" and T. povalilytica Zumi
95" have the ability to degrade polycyclic aromatic hydrocarbons and polyvinyl alcohol [12,
13); and T. australica NP 3b2" is able to utilise poly (ethylene) terephthalate (PET) plastic as a
carbon source [14]. Currently the genus Thalassospira is comprised of 10 validly named spe-
cies, of which the whole genome sequences of four species (T. australica NP 3b27, T. lucenten-
sis QUIT2", T. profundimaris WP0211" and T. xiamenensis M-5") have been assembled and
deposited in public databases [15-17]. The presence of miRNAs in bacteria of this genus has,
however, not been demonstrated. Here, the investigation of miRNA populations was carried
out using 9 validly named Thalassospira species, i.e., T. alkalitolerans JCM 18968, T. lucenten-
sis QMT2", T. mesophila JCM 189697, T. povalilytica Zumi 957, T. profundimaris WP0211", T.
tepidiphila 1-1BY, T. xiamenensis M-5', T. xianhensis P-4T and T. australica NP 3b2". Since
Thalassospira lohafexi 139Z-12" was not validly published until 2015 [11], this species was not
included in this study. A deep sequencing approach has been used to identify miRNAs in bac-
teria in other studies [10]. Thus, the aim of this work was to identify the potential miRNAs in
bacteria of the genus Thalassospira using computational approaches from small RNA sequence
dataset generated by high-throughput sequencing technology.

Materials and methods
Bacterial strains and growth conditions

Nine type strains of Thalassospira species were obtained from various culture collections and
used in this study. T. australica JCM 312227, T. alkalitolerans JCM 189687, T. mesophila JCM
18969", T. povalilytica JCM 18746", T. tepidiphila JCM 14578" and T. xianhensis JCM 14850"
were obtained from RIKEN BRC-Japan Collection of Microorganisms (JCM) and T. lucenten-
sis DSM 14000", T. profundimaris DSM 17430" and T. xiamenensis DSM 17429 were
obtained from German Collection of Microorganisms and Cell Cultures (DSMZ). Bacteria
were aerobically grown at their stationary phase in marine broth 2216 (BD, U.S.A.) at 22 °C
for 48 h [18, 19]. Bacterial cells were collected by centrifugation and used for RNA extraction
or stored at -80°C in marine broth 2216 (BD, USA) supplemented with 20% (v/v) glycerol.

RNA isolation and construction of small RNA libraries

Total RNAs were extracted from bacterial cells of Thalassospira species using TRIsure reagent
(Bioline, Australia) according to the manufacturer’s instructions. The RNA concentration and
purity were determined by measuring the absorbance at 260 nm and A260/A280 ratio using
Nanodrop (ThermoFisher, Australia). The integrity of extracted RNAs was examined by a
Bioanalyzer (Agilent Technology, USA). A RIN value > 5 was applied for selection of good
RNA quality with RIN (RNA integrity number) generated for each sample based on the ratio
of ribosomal bands and the presence or absence of degradation products on the electropho-
retic image. Small RNA-Seq libraries were prepared using the TruSeq Small RNA library prep-
aration kit for Illumina (New England Biolabs, USA). Briefly, rRNA was depleted with Ribo
Zero. RNAs were fragmented by heat and divalent cations and the 1% strand cDNA was
synthesised with SuperScript II Reverse Transcriptase (Invitrogen). The DNA fragments were
3’adenylated, ligated with 3’ and 5" adapters and amplified via PCR (13 cycles). The amplified
products were loaded on 6% polyacrylamide for small RNA (18-35 nucleotides) selection. The
amplicons of small RNA were purified and sequenced using Illumina Hiseq2500 sequencing
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platform with 50 bp single end chemistry. The raw sequencing data generated from this study
was submitted to the NCBI Sequence Read Archive (http://www.ncbi.nlm.nih.gov/sra) under
accession number PRJNA505357.

Bioinformatics analysis of bacterial miRNAs

The raw reads (18-35 nucleotides) generated from the Illumina sequencing were first filtered
by removing any contaminations including rDNA, Illumina small RNA adapter sequences or
low-quality reads with < 18 nt length using Cutadapt [20]. The remaining reads after filtering
were then aligned against the Thalassospira genome sequences available in the NCBI database
using Bowtie (version 1.1.2) with parameters setting (-n 0 -e 80 -1 18 -a -m 5—best-strata)
[21]. The whole genome sequences used as references for these 9 Thalassospira species were
listed in S1 Table. The mapped sequences to genomes were further processed to remove
redundancy and normalised expression was computed as CPM (Reads counts per Million)
[22]. After normalisation, these mapped sequences were used to predict miRNAs. Two differ-
ent miRNA prediction algorithms, miRDeep2 and CID-miRNA were used to detect miRNA
in this study. The miRDeep2 software (version 2.0.0.7, http://www.mdc-berlin.de/rajewsky/
miRDeep) was utilised to predict miRNAs based on an investigation of the secondary structure
of the miRNA precursor sequences and integration of miRNA precursors with Dicer, provid-
ing the precursors and mature miRNA sequences [23]. CID-miRNA [24] is a method to iden-
tify miRNA precursors based on secondary structure filter and an algorithm of stochastic
context free grammar (SCFG) [24]. This method only predicts the miRNA precursors. There-
fore, MatureBayes (http://mirna.imbb.forth.gr/MatureBayes.html) was employed to identify
mature miRNAs based on the sequence and structure of the miRNA precursors provided by
CID-miRNA [25]. The small sequences mapped to the genome were processed through miR-
Deep2 ver2.0.0.7 as well as CID-miRNA and MatureBayes for identifying mature miRNAs
with default parameters. The detected mature miRNAs were further investigated by searching
any shared miRNA sequences generated in both methods using BLAST algorithm (version 4)
with default setting. The potential precursor sequences predicted by both methods were also
BLAST-searched to find any shared precursor sequences. Any shared miRNA sequences were
then confirmed using ClustalW2 (https://www.ebi.ac.uk/Tools/msa/clustalw2/) with default
setting. In order to find any conserved miRNA across the genus, the predicted mature miR-
NAs were aligned to those reported in Escherichia coli DH10B and Streptococcus mutans
ATCC 25175 [9, 10]. The candidates were also aligned to miRNAs predicted within the genus
Thalassospira to identify any conserved miRNAs across all bacteria within the genus.

Phylogenetic analysis and genome comparison

The 16S rRNA gene sequences of validly described Thalassospira species were collected from
NCBI (https://www.ncbi.nlm.nih.gov/) and compared using the ClustalW2 (https://www.ebi.
ac.uk/Tools/msa/clustalw2/) with default setting. Evolutionary phylogenetic trees were then
generated using the neighbour-joining (NJ) algorithm [26]. Genetic distances for the NJ tree
were calculated using Kimura’s two-parameter model [27], with the robustness of 1,000 repli-
cations, using MEGA 7 software [28].

Results and discussion
Generation of small RNA libraries and data evaluation

Small RNA-seq libraries were constructed for nine Thalassospira species, including T. alkalito-
lerans JCM 18968", T. lucentensis QMT2", T. mesophila JCM 18969, T. povalilytica Zumi 95",
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Table 1. Bacterial small RNA-Seq data yield from Hiseq2500 sequencing.

Samples T. australica | T. alkalitolerans |T. lucentensis | T.mesophila | T. povalilytica | T. profundimaris | T. tepidiphila | T. xiamenensis T.
NP 3b2" JCM 18968" | QMT2" JCM 18969" | Zumi 95" wpo211" 1-1B” M-5" xianhensis
p-4"
Original 22,991,595 31,431,409 28,737,289 27,213,115 28,225,762 25,272,618 25,641,708 28,144,650 24,546,591
number of
reads”
Reads after 3,177,403 5,068,260 4,606,730 2,954,668 3,761,719 5,327,201 4,368,445 1,712,391 3,300,999
filter and
collapse®
Reads aligning | 2,285,671 160,990 2,511,917 102,497 95,972 2,046,567 1,230,299 1,143,173 631,902
to reference
genome®
Aligned reads, | 71.94 3.18 54.53 3.47 2.55 38.42 28.16 66.76 19.14

%

% total reads obtained from different bacterial species
b reads obtained after filtering
“: reads were aligned to the Thalassopsira genome sequences using the Bowtie algorithm. The reads obtained from this experiment were set from 18-33 nt using an

Illumina genome analyser with a low error rate (0.005 error per base).

https://doi.org/10.1371/journal.pone.0212996.t001

T. profundimaris WP0211", T. tepidiphila 1-1B", T. xiamenensis M-5", T. xianhensis P-4" and
T. australica NP 3b2". Next-generation small RNA-seq was used for detection of the presence
of small RNAs. The results yielded 242,204,737 sequence reads of 18-33 nucleotides (nt)
length, ranging from 22.99 to 31.43 million reads for 9 libraries (Table 1). The reads were
curated for any contamination or artefacts such as rDNA or Illumina small RNA adaptor
sequences using Cutadapt [20]. The cleaned reads were then aligned to the Thalassospira
genome sequences available in the NCBI database using Bowtie software [21].

Since the whole genome sequences of T. australica NP 3b2", T. lucentensis QMT2", T. pro-
fundimaris WP0211" and T. xiamenensis M-5" were available in the NCBI database, the small
RNA sequence reads were aligned to these genome sequences. The remaining 5 Thalassospira
species that did not have the whole genome sequence were aligned to these references based
on their phylogenetically closest species [14] (S1 Table, S1 Fig). By aligning 34.23 million col-
lapsed reads from nine species of the genus Thalassospira to the genome sequences available in
NCBI, it was found that a proportion of cleaned reads was mappable to the reference genomes,
ranging from 38.42% to 71.94% for 4 species with available genome sequences and from 2.55%
to 28.16% for the remaining 5 species without whole genome sequenced (Table 1). The aligned
reads were further analysed for miRNA identification.

Identification of miRNAs using the mirDeep2 method

Identification of bacterial miRNAs is in early stages in comparison to that in animals and
plants. Therefore, no specific method has been developed for investigation of miRNAs in bac-
teria. miRDeep2 software (http://www.mdc-berlin.de/rajewsky/miRDeep) was first presented
as an algorithm to predict miRNA in human and animals [23]. This software was later used to
successfully identify miRNAs in plant [29]. Based on the applicability in different organisms,
miRDeep2 software was, therefore, employed to detect putative bacterial miRNAs from the
millions of short sequences generated from the dataset. The miRDeep2 software was designed
to detect putative miRNAs based on an investigation of the secondary structure of the miRNA
precursor sequences. The potential miRNA precursors were then integrated with a model for
miRNA precursor processing using Dicer, releasing the mature miRNA sequences, star
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Fig 1. An example of miRDeep output for T.prof_5p_16873. (A) Predicted secondary structure of miRNA precursor
with the mature, star and loop sequences (highlighted in red, yellow and purple, respectively). The scores associated to
the miRNA, the read counts for mature, star and loop sequences and the total read count are also given. (B) Sequences
of the predicted miRNA precursors mapped to the mature, star and loop sequences on the genome (obs line) and the
experimental sequence reported in miRBase (exp line). The frequency (reads column) and mismatches of the read with
the genomic sequence (mm column) are also given with the mismatches shown in capital letters.

https://doi.org/10.1371/journal.pone.0212996.9001

sequences (also called miRNA5p and miRNA3p sequences) and the loop [23]. By using miR-
Deep2, 86 potential miRNA precursor sequences could be identified from the dataset. The
mature miRNA, star sequence and the loop were also identified within each precursor (Fig 1).

The identified 86 putative mature miRNAs were located in either the 5> arm or the 3’ arm of
the precursors, with 11 sequences from T. australica NP 3b2", 11 from T. lucentensis QMT2",
14 from T. profundimaris WP0211%, 6 from T. xiamenensis M-5", 11 from T. alkalitolerans
JCM 18968, 5 from T. mesophila JCM 18969", 4 from T. povalilytica Zumi 95", 9 from T. tepi-
diphila 1-1B" and 15 from T. xianhensis P-4™ (Table 2) being obtained.
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Table 2. miRNAs of bacteria of the genus Thalassospira identified using miRDeep2.

miRNA name*

Location

Sequence (5’-3)

Length (nucleotides)

| Number of reads

T. australica NP 3b2"T

T.aust_3p_10018 JRJE01000008.1_scaffold_30_10018 TAACGTCTGTCCTTCGGATT 20 2252
T.aust_5p_26441 JRJE01000032.1_scaffold_0_26441 CTTGGCAGGCTGGGCGCTCC 20 845
T.aust_3p_11556 JRJE01000009.1_scaffold_3_11556 TTTTGACTGGATCGGCAACCGTGAT 25 151
T.aust_5p_26002 JRJE01000032.1_scaffold_0_26002 TTTGGCGGGGTCGGGAACC 19 88
T.aust_5p_15617 JRJE01000022.1_scaffold_18_15617 ATCCTCTCCCCGCAACCA 18 2888
T.aust_5p_9704 JRJE01000008.1_scaffold_30_9704 ATTGGCGTCACAGATCAGGGGCAT 24 15
T.aust_3p_23062 JRJE01000031.1_scaffold_1_23062 GAAATCCCTGATCGCGCAG 19 13
T.aust_5p_10770 JRJE01000009.1_scaffold_3_10770 ACAAATCTCGGCAAGGCC 18 229
T.aust_5p_13346 JRJE01000019.1_scaffold_20_13346 CGAACTCTGCACCAAGGC 18 12
T.aust_5p_22895 JRJE01000031.1_scaffold_1_22895 CGAATCTCTCATCACCCACCA 21 4199
T.aust_5p _5988 JRJE01000005.1_scaffold_5_5988 AAACCGGATCCTGCAGCC 18 9
T. alkalitolerans JCM 18968"
T.alka_5p_5662 ATWNO01000006.1_5662 TCACCGGTTGGGAAGGCGCTGA 22 15
T.alka_3p_6962 ATWNO01000007.1_6962 CTTCCCGCCCCATGGCCGA 19 14
T.alka_3p_6323 ATWNO01000007.1_6323 AATTAATGGGTCCTGACC 18 336
T.alka_5p_4136 ATWNO01000004.1_4136 TTTCGGGTGGGCAGCGCC 18 1
T.alka_3p_1438 ATWNO01000001.1_1438 CGCATGGGCGGAGCTTTTCGTTAG 24 13
T.alka_3p_6324 ATWNO01000007.1_6324 AATTAATGGGTCCTGACC 18 336
T.alka_3p_2121 ATWNO01000002.1_2121 ATTGATTGCGGCCATCCG 18 11
T.alka_5p_4462 ATWNO01000005.1_4462 CAAGAACCGCCATCTGCATGCC 22 9
T.alka_5p_1889 ATWNO01000002.1_1889 ATGCTTTTTGGCCGCATT 18 1
T.alka_3p_75 ATWNO01000001.1_75 CGAGGTCGAACATGATGAA 19 25
T.alka_5p_3621 ATWNO01000003.1_3621 ATGTTGCCGGTGCGGCGGCGGGC 23 7
T. lucentensis QMT2"
T.luce_5p_27853 ATWNO01000011.1_27853 CCGAGGTCCGGTATCGCCTGACT 23 13160
T.luce_5p_31831 ATWNO01000015.1_31831 ATCGTGGCCGCACTGGAGCC 20 907
T.luce_3p_14305 ATWNO01000004.1_14305 CGCGCAGGCGGGGATCTCGAGC 22 1860
T.luce_5p_11956 ATWNO01000003.1_11956 ATCGCTGCGGGCAATAAAAGACC 23 60
T.luce_5p _2660 ATWNO01000001.1_2660 TTACCCGTGAGGTCGGCTGTGCGAT 25 163
T.luce_5p_10500 ATWN01000003.1_10500 ATAATGACGTCCGTTGCGAC 20 922
T.luce_3p_13875 ATWNO01000004.1_13875 AAACGGGGTCGGGGGGCTG 19 3395
T.luce_3p_12006 ATWNO01000003.1_12006 ACCACAGGTGCGGGCATGGGCATG 24 158
T.luce_5p_14218 ATWNO01000004.1_14218 AAAGCCCCGGCGCGATTGTCC 21 158
T.luce_3p_14713 ATWNO01000004.1_14713 TTTGCGCGATGGGTCCCTGAT 21 17
T.luce_3p_22524 ATWNO01000007.1_22524 TCACAGTCGAGACGCTCTCTCACC 24 50057
T. mesophila JCM 18969
T.meso_5p_3464 ATWNO01000007.1_3464 ATAAGGAGTAGGCGAATGAGC 21 69
T.meso_3p_3562 ATWNO01000007.1_3562 TCACAGTCGAGACGCTCTCTCACC 24 10
T.meso_3p_3026 ATWNO01000006.1_3026 CTTGGCGTCGAAGGCATGA 19 2
T.meso_5p_2868 ATWNO01000006.1_2868 TTTGGCAAGGCACAGCGCGCAG 22 9
T.meso_3p_3086 ATWNO01000006.1_3086 CTGCGCGCTGTGCCTTGCC 19 9
T. povalilytica Zumi 95"
T.pova_5p_4964 AMRNO01000014.1_4964 ATCTTTCGATGGTCGTGGCA 20 251
T.pova_5p_4720 AMRNO01000012.1_4720 CCAAGCGCGGTGCGGACCG 19 21
T.pova_5p_661 AMRNO01000001.1_661 ATGGGCATCCTGACCGAAGGCACG 24 8
T.pova_5p_390 AMRNO01000001.1_390 CTTGAAGACCTGCATCAGCGTTC 23 7
T. profundimaris WP0211"
T.prof_5p_16873 ‘ AMRNO01000003.1_16873 ACGAATAGCATGTCGATGGC 20 50145
(Continued)
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Table 2. (Continued)

miRNA name*

Location

Sequence (5°-3’)

Length (nucleotides)

Number of reads

T.prof_5p_35057

AMRNO01000009.1_35057

ATCGCCTGAACGCGCGCCTGACCG

24

1316

T.prof_5p_36012 AMRNO01000010.1_36012 GTCCGGTGGTCTGGGCACCATG 22 1679
T.prof_5p_14768 AMRNO01000003.1_14768 ATCCTGCCCCCGCAACCA 18 721
T.prof_5p_660 AMRNO01000001.1_660 CTATGCAGACACCCCGGAC 19 1702
T.prof 5p_26017 AMRNO01000006.1_26017 ATCACGTTGAGCCAAAAGAAAAGC 24 18
T.prof 5p_15266 AMRNO01000003.1_15266 ATACAACTGATGTCGCCTGC 20 693
T.prof_3p_2147 AMRNO01000001.1_2147 ATCCTCGGAATAGGTATAGGCTTCC 25 57
T.prof_3p_20338 AMRNO01000004.1_20338 ATCAATCGCCGGGATCATGATCCC 24 76
T.prof_5p_12543 AMRNO01000002.1_12543 ATATACGGCCTGGCATAATC 20 2
T.prof_5p_2228 AMRNO01000001.1_2228 TTTGCGGAATGCCACCCGGCAACG 24 10
T.prof_5p_19418 5" AMRN01000004.1_19418 GTGTTCTTTTGGTCGCGCATGCCG 24 11
T.prof_3p_6436 AMRNO01000001.1_6436 AAAAGACCGTCCTGCCACCG 20 6
T.prof_3p_49 AMRNO01000001.1_49 CTCCTGAGCCGGGCCAAT 18 9
T. tepidiphila 1-1B™

T.tepi_5p_8152 AMRNO01000002.1_8152 ATAATGACGTCCGTTGCGA 19 90
T.tepi_5p_16607 AMRNO01000006.1_16607 TTCAAGTCTGATGCCCGCGCC 21 9
T.tepi_5p_22622 AMRNO01000010.1_22622 GTCCGGTGGTCTGGGCACCATG 22 252
T.tepi_5p_2762 AMRNO01000001.1_2762 GCAGTGGCTTGGCGGGATCGGGAT 24 148
T.tepi_5p_19992 AMRNO01000008.1_19992 GGGCCGAGATCGAAAGCAACACG 23 17
T.tepi_5p_8570 AMRNO01000003.1_8570 ATCCTGCCCCCGCAACCA 18 1135
T.tepi_5p_11638 AMRNO01000004.1_11638 TTTGTCGTTCTGGGCTGGCA 20 12
T.tepi_5p_21088 AMRNO01000009.1_21088 ATTGATATCGCATCGGTTACCGA 23 65
T.tepi_5p_23416 AMRNO01000011.1_23416 GTATATTGCCAATTTTGT 18 88
T. xiamenensis M-5"

T.xiam_3p_12910 CP004388.1_12910 CTTGCCGCCGGTATGCTCGCATC 23 2582
T.xiam_5p_18209 CP004388.1_18209 ATGCAGATCGGTTTGCGCACC 21 47
T.xiam_5p_1950 CP004388.1_1950 ACGGTTTGCGTCGGTCACGCTGGC 24 331
T.xiam_5p_12633 CP004388.1_12633 ATGGACTCCCGCTTTCGC 18 12
T.xiam_5p_12105 CP004388.1_12105 ATTTGCATGCCCGTCTGGC 19 13
T.xiam_3p_3097 CP004388.1_3097 AGCATTCAAGCATCGGCGGGAT 22 13
T. xianhensis P-4"

T.xian_5p_4477 CP004388.1_4477 TAGGCGGGAGTCCACCGGGC 20 5
T.xian_3p_19710 CP004388.1_19710 GGATCAGCTGGGTAACATC 19 11
T.xian_3p_20546 CP004388.1_20546 CTTGCACCGGGCCGCTTTCGGATG 24 14
T.xian_3p_19849 CP004388.1_19849 ACGCGACCGCGGCAAGGAAA 20 24
T.xian_5p_25207 CP004388.1_25207 AAAGCAGGAAGAATACGAACAGA 23 27
T.xian_5p_31617 CP004388.1_31617 ATGCACCCGGACCGAAACCC 20 558
T.xian_3p_3269 CP004388.1_3269 AAAGCGCGCCCCCTTGCTCCC 21 43
T.xian_5p_9480 CP004388.1_9480 ATTCAGGAATCTGTTCTGACGCAGC 25 26
T.xian_5p_19360 CP004388.1_19360 ATTTTAGTCCGCGTCGCAAC 20 13
T.xian_3p_38616 CP004388.1_38616 CAAACAGCTGAAGGCCTCCC 20 166
T.xian_3p_35228 CP004388.1_35228 ATTCCGATGATCTGGTGATTG 21 11
T.xian_3p_13589 CP004388.1_13589 TTGCCGATCATCGCCCTTGCCCTG 24 32
T.xian_5p_34659 CP004388.1_34659 CTTCAGTTCCTCGACCTT 18 13
T.xian_3p_4479 CP004388.1_4479 CTGACTGGATTCCCGCGT 18 9
T.xian_3p_32022 CP004388.1_32022 ATCATGCCGGGCAGATCA 18 8

*: The identified miRNAs were named as <name of bacteria>_<location of miRNA in the precursor>_<position of miRNA in the genome>.

https://doi.org/10.1371/journal.pone.0212996.t002
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The identified putative miRNAs are 18-25 nucleotides in length (Table 2), which is in
the range previously reported for animal and plant miRNAs [30]. These results are also
consistent with the length distribution of miRNAs recently detected in E. coli DH10B and
Streptococcus mutans ATCC 25175 [8, 9]. Based on the number of read counts, these puta-
tive miRNAs appear to have various expression levels among nine libraries, ranging from
one to thousands of reads in each library, under the normal growth condition. Among the
86 detected putative miRNAs, the highest expression was found in T.prof_5p_16873, with
50145 reads, while the lowest expression was shared between T.alka_5p_4136 and T.
alka_5p_1889 with only one read each being found in the libraries. Of the 86 detected
putative miRNAs, thirteen were in high abundance, with over a thousand reads [10] with
three miRNAs from T. australica NP 3b2", four from T. lucentensis QMT2", four from T.
profundimaris WP0211" and one each from T. tepidiphila 1-1B" and T. xiamenensis M-5"
being identified. The high degree of expression of these putative miRNAs suggested that
they may play specific roles involving in the growth and development processes of these
bacteria (Fig 2).
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Fig 2. Expression of miRNAs detected in bacteria of the genus Thalassospira. Based on number of reads, the high degree of expression of miRNAs was

found in T. australica NP 3b2", T. lucentensis QMT2", T. profundimaris WP0211", T. tepidiphila 1-1B" and T. xiamenensis M-5".
https://doi.org/10.1371/journal.pone.0212996.9002
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Identification of miRNAs using CID-miRNA method

The 86 putative miRNAs detected in nine Thalassospira species using miRDeep method
appeared to be rather low in number compared to 400 miRNAs identified in E. coli DH10B
[10] and 900 miRNAs in Streptococcus mutans ATCC 25175 [9]. Therefore, an alternative
method, CID-miRNA[24] was employed in the expectation of identifying further potential
miRNAs from the dataset. CID-miRNA is a web-server developed for the identification of the
miRNA precursors based on the secondary structure filter and an algorithm of stochastic con-
text free grammar (SCFG) [24]. The server was first used to predict the potential miRNA pre-
cursors in human genome [24] which was later applied in animals such as mouse, zebrafish
and sea squirt [31]. Using this method, 449 potential miRNA precursors were identified from
over 242 million reads of T. australica NP 3b2" (77 potential miRNA precursors), T. lucenten-
sis QMT2" (161), T. profundimaris WP021 17 (78), T. xiamenensis M-5" (16), T. alkalitolerans
JCM 18968 (21), T. mesophila JCM 18969" (1), T. povalilytica Zumi 95" (2), T. tepidiphila 1-
1B" (61) and T. xianhensis P-4 (32).

In order to identify the mature miRNAs, these precursor sequences were further analysed
by employing another web tool, MatureBayes (http://mirna.imbb.forth.gr/MatureBayes.html).
MatureBayes is designed to incorporate to the Naive Bayes classifier for identifying the puta-
tive mature miRNA molecules based on the sequence and structure of the miRNA precursors
[25]. This tool provided putative mature miRNA positions in the 5" and 3’ direction of the
miRNA precursors, resulting in 898 putative mature miRNAs in the 9 Thalassospira species,
comprised of T. australica NP 3b2T (154 miRNAs), T. lucentensis QMT2" (322 miRNAs), T.
profundimaris WP0211" (156 miRNAs), T. xiamenensis M-5" (32 miRNAs), T. alkalitolerans
JCM 18968" (42 miRNAs), T. mesophila JCM 18969" (2 miRNAs), T. povalilytica Zumi 95" (4
miRNAs), T. tepidiphila 1-1B” (122 miRNAs) and T. xianhensis P-4" (64 miRNAs) (S2 Table).
These identified putative miRNAs were used for further analysis of miRNA conservation.

Comparison of bacterial miRNAs identified using miRDeep2 and CID-
miRNA

In order to determine whether any miRNAs were detected by both methods, miRNA data gen-
erated from miRDeep were BLAST-searched to those produced by CID-miRNA. The results
showed that there were no shared putative mature miRNA sequences. miRDeep2 predicts
putative miRNAs based on distribution of minimum free energy (MFE) and stability of sec-
ondary structure established for nematode, C. elegans, while CID-miRNA utilised secondary
structure filter and stochastic context free grammar trained on human miRNAs [23, 24]. The
differences of parameter setting may cause no overlap of putative mature miRNA sequences
detected in both methods. Thakur et al [32] also pointed out that application of new parame-
ters improved the accuracy of plant miRNA prediction using miRDeep in compared to the
default setting for animals.

Study on miRNA biogenesis showed that one or more mature miRNAs can be produced
from one pre-miRNA molecule [33]. These identified putative miRNAs, therefore, were
aligned to the potential precursor miRNA sequences generated by both methods. BLAST-
search between putative mature miRNA sequences identified from miRDeep2 and the poten-
tial precursor miRNAs detected by CID-miRNA was carried out and vice versa. 5 putative
mature miRNA sequences identified by CID-miRNA (T.luce_5p_228121, T.luce_3p_228121,
T.xian_5p_2738, T.xian_5p_2740 and T.xian_3p_2740) were found to locate in 3 potential
precursor miRNAs producing T.luce_5p_11956, T.xian_5p_4477 and T.xian_3p_4479 from
miRDeep2. The precursor miRNA sequences producing 5 putative mature miRNAs from
CID-miRNA were then aligned to 3 potential precursor miRNAs from miRDeep2 using
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Fig 3. Sharing sequences of potential miRNA precursors identified in both miRDeep2 and CID-miRNA methods. (A) T.luce_228121 precursor from CID-
miRNA and T.luce_5p_11956 precursor from miRDeep2. (B) T.xian_2738 precursor from CID-miRNA and T.xian_5p_4477 precursor from miRDeep2. (C) T.
xian_2740 precursor from CID-miRNA and T.xian_3p_4479 precursor from miRDeep2. The asterisk (*) indicate that the nucleotides are identical to the top
sequence. The putative mature miRNAs are highlighted in grey. (CID-miRNA) indicated the potential precursor detected by CID-miRNA method.
(miRDeep2) indicated the potential precursor detected by miRDeep2 method.

https://doi.org/10.1371/journal.pone.0212996.9003

ClustalW2. The result showed the overlap of 3 precursor miRNAs predicted in both methods
in which the putative mature miRNAs identified by each method located at different positions
within the precursor sequences (Fig 3).
The shared sequences from the same Thalassospira species proved the probability of puta-
tive miRNAs finding in both methods. Thus, a total of 984 putative miRNA candidates were
preliminarily obtained from both methods with default setting together for 9 species (Table 3).
Further work, such as real time PCR or Northern blot analysis, is needed to verify these puta-
tive miRNAs.

Table 3. Identification of miRNAs using miRDeep2 and CID-miRNA methods.

Organism miRDeep?2 analysis CID-miRNA analysis Total

T. alkalitolerans JCM 18968" 11 42 53
T. australica NP 3b2" 11 154 165
T. lucentensis QMT2" 11 322 333
T. mesophila JCM 18969" 5 2 7

T. povalilytica Zumi 95" 4 4 8

T. profundimaris WP0211" 14 156 170
T. tepidiphila 1-1B” 9 122 131
T. xianhensis P-4T 15 64 79
T. xiamenensis M-57 6 32 38

https://doi.org/10.1371/journal.pone.0212996.t003

PLOS ONE | https://doi.org/10.1371/journal.pone.0212996

March 12,2019

10/17


https://doi.org/10.1371/journal.pone.0212996.g003
https://doi.org/10.1371/journal.pone.0212996.t003
https://doi.org/10.1371/journal.pone.0212996

©PLOS|ONE

microRNAs in marine bacteria of the genus Thalassospira

Conservation of miRNAs in the genus Thalassospira and miRNAs
previously described in Streptococcus mutans ATCC 25175 and E. coli
DH10B

Previous studies showed the conservation of some miRNAs across animals or the plant king-
dom [34, 35]; however, novel sequences can only be found in a particular species. The con-
served and novel miRNAs in bacteria still remain largely unknown, in comparison to intensive
studies of miRNAs in eukaryotic organisms and viruses. In this study, 984 putative miRNA
candidates of the genus Thalassospira were BLAST-searched against those reported for E. coli
DH10B (400 miRNAs) and S. mutans ATCC 25175 (900 miRNAs) [9, 10] in order to identify
any conserved miRNA. However, no conserved sequences could be found without any mis-
match or with three and fewer nucleotide substitution. E. coli is an enteric bacterium com-
monly found in low intestine of humans and animals [36], S. mutans is an oral pathogen that
causes human dental caries [37], while bacteria of the Thalassospira genus are environmental
bacteria [14]. The differences in their characteristics may influence the low degree of conserva-
tion of miRNAs among these bacteria. The results obtained in this study is in agreement with
previous studies that reported the lack of significant sequence similarity in non-coding RNA
homologues of different bacterial species [38, 39].

In order to identify any conserved miRNAs among species of the genus Thalassospira, the
putative miRNA sequences obtained were compared. It appears that the nine species shared 57
common putative miRNAs. Among these, T. profundimaris WP0211" and T. tepidiphila 1-1B*
had the highest number of conserved miRNAs, with 45 sequences presenting in both species.
Five putative miRNAs in T. alkalitolerans JCM 18968" were also found in the T. lucentensis
QMT2", while T. xianhensis P-4" and T. xiamenensis M-5" shared 4 conserved sequences.
One sequence was shared between T. australica NP 3b2" and T. tepidiphila 1-1B", T. lucenten-
sis QUIT2" and T. tepidiphila 1-1B" and T. lucentensis QMIT2" and T. mesophila JCM 18969"
(Table 4). As seen from the data, T. lucentensis QMT2" has identical miRNA sequences as T.
alkalitolerans JCM 18968 (5 sequences), T. tepidiphila 1-1BT (1) and T. mesophila JCM
189697 (1), while T. tepidiphila 1-1B" also shared sequences with T. profundimaris WP0211"
(45) and T. australica NP 3b2" (1).

A comparative analysis of 16S rRNA sequence similarities revealed that the highest number
of common miRNAs shared by the phylogenetically close species; e.g., T. tepidiphila 1-1B"
were found to be phylogenetically closely related to T. profundimaris WP0211" (99.3%
sequence similarity); T. xianhensis P-4" and T. xiamenensis M-5" also shared 99.3% 16S rRNA
similarity, while T. mesophila JCM 18969" and T. alkalitolerans JCM 18968 shared 95.3% and
94.9% of 16S rRNA sequence similarity, respectively, with T. lucentensis QMT2" [14]. Con-
served miRNA sequences found in these species may indicate a close genetic relationship and
that these miRNAs have a similar role in the regulation of the growth and development of bac-
teria. It is interesting to note that two species, T. australica NP 3b2" and T. tepidiphila 1-1B,
which are capable of hydrocarbon degradation [12, 14], shared one conserved miRNAs and
the potential targets of this putative miRNA needs to be investigated for any role related to this
process. In addition, T. alkalitolerans JCM 189687, T. lucentensis QMT2" and T. xianhensis P-
4" were also found to have the same sequence presented in different genomic locations
(Table 5). These miRNAs can have an influence on their expression and function at different
genomic locations [40]. It will be of great interest to identify the target mRNA of these miR-
NAs and investigate their roles and the mechanisms of gene regulation in the physiology of
these unique environmental bacteria.

PLOS ONE | https://doi.org/10.1371/journal.pone.0212996 March 12,2019 11/17


https://doi.org/10.1371/journal.pone.0212996

microRNAs in marine bacteria of the genus Thalassospira

PLOS|ONE

P
g

(panunuo))
1L%S dg1doy 1 | 6484 dgmyord -, L9DOLOLODLIDDIDIYOILOL
1S ds1day L | 684 ds myoxd T, 9ILOOYOIVIILOIDILYIIOOL
Gss61 de 1day
"L | 6010 dg¢ mjoxd 1, YI¥DDIYILOOILOOLILIYOLD
Gss61 dg 1day
"L | 6010¢ ds myoxd 7, DI¥OIOIDIOYIDILOLILYYD
£879¢ dg 1day
L | s8/ps dgmyoxd g, LOOYOYYYOLIDDITYOIDOLL
£8%9¢ dg 1d%y
"L | $8/¥s dgmyoxd 7, 9009LIDJILIOVIYYOODDDD
9697 dg 1doy
"L | 8p11% d¢mjoxd 7, LIOIVOLOLODLLILOODIDLL
9¢697 dg 1day
L | 8p11¥ dg myoxd -7, 9ILYYDI9DVYIDIIIVYIYOVY
cevel de 1day
"L | 68667 dg mjoid -, 91000909 IYYODIDVIVIIOD
cevel dg 1day
"L | 68667 ds nyoid ], OYDOV¥IIVYDIDLIVYIDLLODD
9¢66¢ dg 1day
"L | ¥Izsy dgmyoxd g, 9DIYDDIVIIIIDDLVYOLOOVY
9¢667 dg 1doy
L | ¥1esy dgmyoxd -, OYVYDODIDLIDIDDLODIDDIDD
9poce dg1doy
"L | 8ev6y demyoxd 7, DI99ILIOIIOVIDLOLILOVY
9p0ce dg 1day
"L | 8cv6y dgmyoxd -, DIIJIVOLIOIDLYIDIVILYY
2659 dg1day L | 7096 d¢ myoud ", OYOILIOLLLLILLLIODDIILD
7659 ds1dar "L | 7096 ds myoid "], LILYDLOOYODIDOVYYYYILY
1€%6 dg1dar 1, | Sepp1 de myoid T, LIDDIOYYOLIDDIODI99IID
1€%6 ds1dar "1, | Sepp1 dg myoad °T, ¥D09VYII9DILOIIVIOVYOVY
69.v7 dg 1day
"L | s88s¢ dgmyoxd 1, DLIDIOLIOLIOODDIIYIIOL
69.%7 dg 1day
"L | s88s£ dgmjoxd -, YOLYD9DIODIIDIVYIVIOOY
8¢586F dg oo
"L ¥89% de e ¥D09DLLLODDILIYOLILOILIOD
8€686F dg eom]
"L ¥89% dseye 9OIYLOLLIOIODDIILYODDIOL
6¥6817 dg=on[
"L 6181 ds eye - LYDOYOIVIIDVYOIIOOVILY
¥16075 dg 9om]
"L ey deTee LOYYOOILLOLOLVYLIVYIYD
¥1607s ds9om]
"L ey ds eye IYIIVYILYODOVYOOIDLYYLL
1S o L1 LI120dM 169681 LZLWO 129€ 189681 WO

SISUDUIWIDIX *,

-d sisuayuvix ",

-1 vpydiprday ° 1,

stvupunfoad |,

WOI pirydosaus -,

sisuajuadng “J,

dN patpiysnv °J,

SUDLJOJVYID ],

douanbas yNyrur

‘va1dsossvppy I, snuag o) Jo BLI2)OEQ JO SIS JUIIIPIP UT SYNYIW PIAIISUO)) °F d[qe,

12/17

PLOS ONE | https://doi.org/10.1371/journal.pone.0212996 March 12,2019


https://doi.org/10.1371/journal.pone.0212996

microRNAs in marine bacteria of the genus Thalassospira

PLOS|ONE

P
g

(panuiguo))
97897 dg werx | 89991 dg ™ uerx

"L L 1929019990 LLIIVIIOOYOY
Sopg de 1day "1 | 917z dg nyoid -, 9LIOIYIOLIDIIDYIOVYILL
sops ds1dar "L | 91zzI dg myoid ‘g, YOLIOLO9D9DIOLIODDDDLD

9/¢k¢ dgT1doy
"L | Tzs1s dgmyoxd g, 99DIYILYODLILIIDDLODY

9/6¥¢ dg 1day
L | 7515 dgmgoxd g, LYOIOLOLILOOOYOVIDIVOL

F9z11 dg 1doy
L | 0z1£1 dgTmgoad -, LOYILDD99DI9909IIVOOVY

$9z11 dgT1doy
"L | oz121 dg ngoxd -, ¥OOVYYIDOVOVYYILOLOLOLL

1zeg dg 1dsy
L | sveey dg myoxd g, LI99OYVYYYYYOLOLLLLILIOD

12ze€ ds 1doy
"L | sve6¥ dsmjoid -, OLILILIOOVOLOIIILIOIOL

869¢1 d¢ 1day
‘L | $6917 dgnyoxd '1, LIVYOYOVOVOVLILOOIOLLO

869¢1 dg 1day
L | #6917 ds myoxd 7, DOVYLIVYLODDLIOVYYYIOY

£6451 dgT1dsy
"L | sezy dgmyoxd -, 00910099 I1OLYODIIINDID

26461 dgT1day
"L | sezvr dgmyoxd 1, L99DIIYIIDLYYOVYIIDIYL

LT6LT dg1day
L | styey dgmyoxd g, 9ILDOYYILOIOOVILIOLLLIOD

£T6L7 dg1d%y
"L | sthey dgmjoxd -, D99OYYYOIVOLOOVIOLLILY

15757 dgT1dsy
"L | 1998¢ dgmyoxd -1, DOVYYIO09D000DIVYYOLLY

16757 dg 1day
"L | 1998¢ dgmyoxd 7, 9LIYOLLODDIDIVYIVYOLLL

7811 dg 1day
"L | 8%061 dg¢ mjoxd -, 990DIIVOVYIODIDILODILD

78411 dg 1day
"L | 8¥061 dsmyoxd 7, ¥O9DIVIOLLOLILIOOIYOIOL
0257 dgT1day 1| 008¢ dg myoxd 1, YYO9ILIOLOLVYLOVOLYOLD

8¢607 d¢ 1day
"L | 09zze dgmyoxd 1, 09ILYIYIDLLYDOVODILLODD

8¢607 dg 1day
L | 09zze dgmyoxd 7, ¥OOOILVYIVYODIOIVIOLIVY
7.6 deTday T, 8/, d¢™nyoxd "7, YOLIYLIIODIOLODLVIVIOIDLL
7Ls dgiday g, 82/ dgnyoxd ], 9)LLOIVYOVYYOILOLYDIIVD

S ¥ LAt LI120dM 169681 LCLWO 129€ 189681 WO

SISUDUIWIDIX *,

-d sisuayuvix ",

-1 vpydiprday ° 1,

stvupunfoad |,

WO pprydosaus -,

sisuajuadng “J,

dN patpiysnv °J,

SUDLJOJHVYID ],

ouanbas yNyrux

(ponunuoD) §d[qe],

13/17

PLOS ONE | https://doi.org/10.1371/journal.pone.0212996 March 12,2019



https://doi.org/10.1371/journal.pone.0212996

microRNAs in marine bacteria of the genus Thalassospira

PLOS|ONE

.

00V 966¢ F¢0-auod[eunol/L2¢ L0 1/B10°10py/:sdny

0258 ds1dar g,

89/¥1 dg joid L,

YOOVYVYIODDD00D0DLIODLY

Tz9ze dg 1day
"L

2109¢~dgjoxd 1,

DILYOOVIDDOLILODLODIDLD

795¢ dg osaur,

¥rsTe dgoony ]

OOYDLOLIOLODIOVYOVYDILOVIOVIL

7s18 dg1dayy,

00501 dg—oonT ],

OV¥DIOLLODIDLODVYOLVYVY LY

9067 dg 1day
"L

€IG6% dg isne
"L

OLYDIOVILOLLYOVYVYLLLYYD

70411 dg wrerx

7789 dg uerx

L L OOOVLOOLILVYVILLLLLLOODDOVY
7011 dg wrerx | gzgg dg uerx

L "L D0DDVYILIODDDOVVYVYVYVYLLYVYD
97897 dg werx | 899971 d¢ uerx

"L "L DOLODOLIOLOLIYILLLLLLOLYD

1S
SISUUIMIDIX "],

bl
-d sisuayuvix ",

L1
-1 vpydiprday ° 1,

LIT70dM
stvupunfoad |,

169681
WO virydosau ],

(LD
sisuajuadng “J,

L29€
dN vayvagsnp °J,

189681 WOI
Ssup4a]op YV “ I,

ouanbas yNyrux

(ponunuoD) §d[qe],

14/17

PLOS ONE | https://doi.org/10.1371/journal.pone.0212996 March 12,2019


https://doi.org/10.1371/journal.pone.0212996.t004
https://doi.org/10.1371/journal.pone.0212996

9-PLOS |ONE

microRNAs in marine bacteria of the genus Thalassospira

Table 5. miRNAs present in different locations of the same Thalassospira species.

miRNA sequence T. alkalitolerans JCM 18968~ T. lucentensis QMT2" T. xianhensis P-4~
AATTAATGGGTCCTGACC T.alka_3p_6323 T.alka_3p_6324

ATTCCCGCGTGCGCGGGAATGA
TTCGGTGCTCACGTACTTTTAG
TGCGCTCCGATGCGCGTGAACC
TCGTGCGTCAGCTTGGCGTGAC
TCACCCGACCTGACCATGGTCG

https://doi.org/10.1371/journal.pone.0212996.t005

T. xian_3p_2740 T. xian_3p_2738
T. luce_5p_528656 T. luce_5p_528636
T. luce_3p_528656 T. luce_3p_528636
T. luce_5p_389406 T. luce_5p_389408
T. luce_3p_389406 T. luce_3p_389408

Conclusions

Over 242 million reads of 18 to 33 nucleotides length were generated from nine bacterial spe-
cies using high-throughput sequencing technology. Using miRDeep2 and CID-miRNA analy-
ses, a total of 984 putative miRNAs were eventually identified, with typical miRNA length of
19-25 nucleotides. Compared to other species, these detected putative miRNAs were not con-
served to those reported in E. coli DH10B and S. mutans ATCC 25175. This study presents the
first comprehensive list of computationally identified miRNAs in 9 bacterial species of the
genus Thalassospira without experimental verification. The further work, however, is needed
to validate these candidates experimentally. In addition, further identification of miRNA tar-
gets will provide insights into the fundamental functions of miRNAs in the physiology of these
bacteria.
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