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Abstract
Background: The Gram-positive foodborne pathogen Listeria monocytogenes can resist several stress
conditions, and therefore, food processing facilities employ methods with high energy demand, such as high
pressure processing (HPP), to eliminate L. monocytogenes. Detection of novel genomic and transcriptomic
functions may enable food processing methods to better target pathogens. In this study, we aimed to reveal
organization of the transcriptional units of barotolerant L. monocytogenes strain RO15 using novel sequencing
methods such as Cappable-seq and direct RNA sequencing. The identi�ed transcriptional units allowed
prediction of transcription terminator, promoter, and operon structures. Moreover, RNA modi�cation of the whole
transcriptome by direct RNA-seq in L. monocytogenes strain RO15 and ScottA revealed post-transcriptional
mechanisms in L. monocytogenes. RNA editing was investigated in both strain RO15 and ScottA to elucidate
functions of RNA editing during HPP.

Results: We observed 1641 transcription start sites (TSSs) in L. monocytogenes strain RO15 based on Cappable-
seq. Comparison of HPP-treated and control samples indicated that some prophage genes might alter their TSSs
used under different conditions. Short Illumina RNA-seq reads indicate that RNA editing (A to I) occurs in L.
monocytogenes on several genes. Some of the target genes, such as hpf, RNA editing happened only after HPP,
indicating that RNA editing might be an important mechanism in L. monocytogenes when recovering óf the HPP
injury. TACG was the most common motif of RNA editing in both strains (RO15 and ScottA). We observed that
RNA editing sites cannot be identi�ed by long Nanopore direct RNA-seq reads with the current methodologies.
The whole transcriptome RNA modi�cation analysis showed that thousands of bases were modi�ed in both
strains. Motif analysis of the RNA modi�cation sites detected via direct RNA sequencing indicated that a GATGA-
like motif is used in L. monocytogenes during RNA modi�cation. Lastly, we were able to construct the whole
transcriptome annotation using the long reads, which revealed operon structures in both L. monocytogenes
RO15 and ScottA.

Conclusion: Here, we employed two novel sequencing methods, Cappable-seq and direct RNA sequencing, for L.
monocytogenes. The results enhanced our understanding of transcriptional units of L. monocytogenes. We
revealed that RNA editing is used in L. monocytogenes during HPP recovery, which brings a new perspective to
developing novel methods to eliminate L. monocytogenes during food processes. Whole transcriptome RNA
modi�cation analysis was performed for the �rst time in bacteria, potentially providing a new basis for studying
novel post-transcriptional functionalities in bacteria.

Introduction
Food contaminated with pathogens is causing signi�cant hardship for societies due to food and economic
losses [1]. It also increases waste, and thus, the carbon footprint of food production. Based on the alerts in the
Rapid Alert System for Food and Feed (RASFF) that were followed by food recalls or withdrawals, Listeria
monocytogenes is one of the main pathogens contributing to economic losses [2]. Moreover, L. monocytogenes
can cause severe infections in humans like listeriosis [3], an illness that can lead to hospitalization and mostly
affects persons with compromised immune response. Listeriosis has a mortality rate of 20–30% depending on
the immune status of the patient and the L. monocytogenes strain causing the disease [4]. Listeriosis outbreaks
have been reported for different types of foods such as milk, �sh, cheese, ready-to-eat foods, vegetables, and
meat [5, 6]. L. monocytogenes can survive in different stress conditions, e.g. low temperatures, high pressures,
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and acidity, posing a challenge for the food industry [3, 7]. Food products should therefore be carefully treated to
avoid L. monocytogenes contamination or survival. High pressure processing (HPP) is a non-thermal method to
inactivate pathogenic microbes, including Listeria sp. [8]. Previously, we have studied the effect of HPP on L.
monocytogenes, in particular its recovery after HPP stress [9–13].

In bacteria, RNA polymerase initiates transcription by recognizing and binding to speci�c sequence elements on
the DNA. Sequences bound by RNA polymerase depend on the sigma factor subunits of the RNA polymerase
complex. For example, the most investigated alternative sigma factor in Listeria is sigma B, which helps RNA
polymerase to bind upstream regions of stress response-related genes [14, 15]. The �rst DNA nucleotide position
that is transcribed into RNA by the RNA polymerase complex is called the transcription start site (TSS).
Identi�cation of TSS can be done with speci�c RNA-seq protocols named differential RNA-seq and Cappable-seq
(cap-seq), both of which enrich the 5′ end of transcripts [16, 17]. Previous studies have shown that identi�cation
of TSS is useful for investigating RNA polymerase binding sites, �nding novel genes and small RNAs (sRNAs),
and identifying global transcriptional units in several bacterial species [18–22].

Most of the regulation of gene expression occurs at the transcription level. An additional level of variation can be
produced after transcription by a process called RNA editing [23]. After RNA molecules are produced by the RNA
polymerase, their sequences can be edited, leading to a difference between the DNA template and transcript [23].
It has been reported that the tadA gene is responsible for adenosine (A) to inosine (I) RNA editing on both tRNA
and mRNA in Escherichia coli [24] and Pseudomonas putida [25]. By RNA editing, E. coli regulates toxicity and
toxin activity [24], and P. putida regulates stress adaptation and pathogenicity [25]. Moreover, the GACG motif
has been shown to be the binding target for the tadA gene in mRNAs [25]. RNA editing, to our knowledge, has not
been demonstrated in L. monocytogenes thus far.

RNA molecules have been classically studied by short read sequencing methods like Illumina [13, 26, 27]. Using
Oxford Nanopore Technology (ONT), direct RNA sequencing (RNA-seq) can be achieved, covering long
continuous RNA molecules. ONT is a recent method producing long RNA-seq reads from native RNA molecules
without additional steps [28]. Since the method does not require ampli�cation or reverse transcription steps, it
allows identi�cation of RNA modi�cations in addition to the sequence of the assayed molecules [28]. RNA
modi�cations regulate several different biological processes [29], such as mRNA splicing [30], and cellular fate
[31]. Previously, RNA modi�cation identi�cation using direct RNA-seq has been used successfully in eukaryotes
[32, 33] and viruses [34, 35]. To our knowledge, the RNA modi�cation pattern of the full transcriptome has not
been widely evaluated before in bacteria. However, modi�cations of ribosomal RNA (rRNA) have been examined
extensively in e.g. E. coli. rRNA modi�cations have several central roles in bacteria, including antibiotic
resistance, quality control of the rRNA structure, and ribosomal subunits assembly [36].

We have been working on the L. monocytogenes response to HPP, aiming to improve inactivation of these
bacteria. Our studies were performed at the level of comparing genomes and gene expression using DNA
sequencing and RNA-seq approaches combined with bioinformatics [10–13]. In general, there are only limited
datasets available on organization of the transcriptional units of L. monocytogenes [21]. Therefore, we sought to
elucidate the organization of the transcriptional units in L. monocytogenes RO15, which is a barotolerant strain,
using a cap-seq approach and direct RNA sequencing by ONT. The differential usage of TSS was also evaluated
in light of the HPP treatment prepared for the samples. Moreover, we examined two L. monocytogenes strains,
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RO15 and ScottA, for possible RNA editing events using our already published data [12, 13]. We used the direct
RNA sequencing data also to identify RNA modi�cations in rRNA and mRNA of L. monocytogenes.

Results
Organization of transcription by prediction of TSSs in Listeria monocytogenes strain RO15

To identify TSSs, data from all samples were processed with the ANNOgesic bioinformatic toolbox (see Methods
for details) [37]. In total, 1641 TSSs were identi�ed across the genome of L. monocytogenes RO15 (Table 1).
Among all TSS, 1233 had highest coverage within 300 bp upstream of an ORF and were classi�ed as primary
TSS. Secondary TSSs (i.e. TSSs with lower coverage within 300 bp upstream of an ORF) were detected with 90
genes. The number of TSSs located within the coding sequence of a gene (i.e. internal TSSs) was 233. Moreover,
199 TSSs located on the antisense strand of a protein coding gene (antisense TSSs) and 55 orphan TSSs not
assigned to any coding DNA sequence (CDS) were detected.

Table 1
Number of detected TSSs in the RO15 strain. Analysis was performed using the ANNOgesic tool (see Methods

for details).

  All Primary Secondary Internal Antisense Orphan

Number of TSS detected in combined
data:

1641 1233
(75%)

90 (5%) 233
(14%)

199
(12%)

55
(3%)

Number of TSS detected in 200 MPa 0
min:

1152 907
(79%)

75 (7%) 142
(12%)

97 (8%) 47
(4%)

Number of TSS detected in 200 MPa 0
min control:

1269 1001
(79%)

75( 6%) 162
(13%)

103 (8%) 47
(4%)

Number of TSS detected in 400 MPa 0
min:

814 655
(80%)

46 (6%) 95
(12%)

59 (7%) 37
(5%)

Number of TSS detected in 400 MPa 0
min control:

1275 1005
(79%)

75 (6%) 168
(13%)

102 (8%) 50
(4%)

Number of TSS detected in 400 MPa
24 h:

1236 979
(79%)

75 (6%) 155
(13%)

97 (8%) 48
(4%)

Number of TSS detected in 400 MPa
24 h control:

1188 945
(80%)

67 (6%) 147
(12%)

99 (8%) 45
(4%)

A separate secondary ANNOgesic analysis was performed using only condition-speci�c samples (control and
HPP-treated) to identify TSSs related to different conditions (Table 1). However, based on manual inspection,
using only one sample without replication caused several false-negatives. Therefore, we mainly used combined
data.

The TSSs of strain EGD-e have been previously identi�ed, and strain EGD-e was shown to contain 1576 TSSs
[21]. To compare our TSS prediction in RO15 and EGD-e TSSs, [21] we lifted over (mapped) the EGD-e TSSs to
the RO15 genome. For this, we �rst aligned these two genomes assigning their collinearity (Figure S1). Almost all
EGD-e TSSs (1531 of 1576) were successfully mapped to the RO15 genome and the following analysis revealed
that 876 of 1531 lifted TSS positions were the same as the TSS positions that we predicted in RO15 (Table S1).
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Prediction of sRNAs
Prediction of sRNAs using ANNOgesic tool indicated that L. monocytogenes RO15 had 81 sRNAs (Table S2).
Most of them (53 of 81) were identi�ed as intergenic sRNA. In total, 20 sRNAs were recognized as untranslated
region (UTR) -derived sRNA (four 3'UTR derived and 16 5'UTR derived). Only six of them were identi�ed as
antisense sRNA (asRNA). Lastly, two of the predicted sRNAs were recognized as InterCDS sRNA (located within
the coding sequence). After the sRNA prediction, we performed a gene count to investigate sRNA up- and
downregulation during HPP treatment. We have not seen any anticorrelation for fold changes between asRNA
and the corresponding gene (Figure S2). Previously, 70 antisense TSSs were predicted in EGD-e [21], and nine
asRNAs were veri�ed by Northern blot [21]. Within the 70 antisense TSSs of EGD-e [21], 10 (10 of 70 antisense
TSS) of the same antisense TSSs was also predicted in RO15 based on our TSS lift over data (Table S3).
Moreover, we checked the nine veri�ed asRNA [21] in our data and observed that antisense TSS can be seen in
RO15 at the beginning of two of the veri�ed asRNA in EGD-e (Figure S3). For one of them, an sRNA was
predicted in the same location by ANNOgesic, but since it was not overlapping with the following gene, it is
marked as intergenic sRNA (Figure S3).

Prediction of terminators, UTR length, and circ-RNAs
ANNOgesic tool allowed us to predict rho-independent transcription terminators, UTR length, and circular RNAs
(circ-RNAs). The transcription terminator prediction resulted in the prediction of 79 terminators in the RO15
genome (Table S4). UTR prediction indicated that the median 5’ UTR length is 33 bases in L. monocytogenes
RO15 when we use primary TSSs. UTR length was also calculated using both primary and secondary TSSs,
resulting in a median of 34 bases (Figure S4). The distribution indicates that most of the UTRs were shorter than
100 nucleotides (Figure S4). In addition, we were able to predict 10 circ-RNAs using ANNOgesic tool, all of which
were localized on the forward strand (Table S5). We also performed differential expression, including circ-RNAs,
and found that some of the circ-RNAs were upregulated after HPP (Figure S5).

Prediction of Promoters
When localizing the TSS, we were prompted to look for the promoter structures based on our data. Upstream
region sequence (-50 bp to 1 bp) of all predicted TSSs was analysed using the MEME suite to identify promoter
motifs in L. monocytogenes. For each TSS type, MEME suite reported motifs with low E-value. Predicted motifs
showed that there was only one well-conserved region on the promoter regions, with a -10 position “TATAAT”-like
motif. Promoter motif sequences of all types of TSSs were similar to each other. All types of TSSs were clearly
observed to be either “A” or “G”. The “TATAAT”-like motif was slightly different in secondary TSS promoter
regions compared with other types of TSS regions (Fig. 1).

TSS of prophages
While analysing the genome of RO15 strain [12] and gene expression in response to HPP stress [13], we found
that prophages were linked to the phenotypic characteristics of the strain [12]. We next analysed in detail the
TSS and genome organization of these loci. RO15 had �ve different prophage regions with a size of 10.7 kb
(prophage 1, 125824–136550), 33.2 kb (prophage 2, 673631–706883), 47.9 kb (prophage 3, 2175980–
2223958), 42.7 kb (prophage 4, 2559206–2601984), and 41.3 kb (prophage 5, 2729417–2770759) (Table 2).
Prophage 5 (Fig. 2) was also seen as a circular form, representing a free virus genome version [12]. We
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speci�cally checked these regions to understand the prophage gene TSS structure. Prophage 5 had the largest
number of TSSs across all prophage regions (Table 2). The ratio of antisense TSS was also higher in prophage 5
than in the other prophages (Table 2). It has previously it has been shown that 10 prophage genes (Table S6)
might be speci�c to barotolerant strains [12]. Therefore, we �rst focused on these 10 prophage genes (Table S6).
Only the gene OCPFDLNE_02580 (annotated as a hypothetical protein) had a clear TSS (Figure S6) based on our
prediction. The TSS could be detected in all conditions, although direct RNA-seq reads were present only in the
HPP treated sample (Figure S6).

Table 2
Prophage regions in RO15 and the number of TSS. Phaster score > 90; intact, Phaster score 70–90; questionable.

Prophage Region Number of
genes

Primary
TSS

Internal
TSS

Anti sense
TSS

Orphan
TSS

Total

Prophage 1

(125824–136550 bp)

Phaster score 70

17 1 1 0 0 2

Prophage 2

(673631–706883 bp)

Phaster score 110

44 1 4 1 0 6

Prophage 3 (2175980–
2223958 bp)

Phaster score 70

79 7 4 3 1 15

Prophage 4 (2559206–
2601984 bp)

Phaster score 80

64 7 0 3 2 12

Prophage 5 (2729417–
2770759 bp)

Phaster score 84

67 10 1 7 0 18

Moreover, we investigated condition-speci�c prophage TSSs. We predicted an internal TSS (TSS:679897_f) for
the gene OCPFDLNE_00657 (located in prophage 2, annotated as cytosine-speci�c methyltransferase). For this
internal TSS, cap-seq reads were only seen for control samples (Figure S7). However, neither Illumina RNA-seq
nor Nanopore direct RNA-seq allowed us to observe a clear expression signal for the gene OCPFDLNE_00657.
Similarly, the predicted primary TSS (TSS:2178605_r) for gene OCPFDLNE_02163 (located in prophage 3,
annotated as DUF4429 domain-containing protein) was only seen in control samples (Figure S7). The gene
OCPFDLNE_02163 was also downregulated in HPP-treated samples at several time points. The predicted
antisense TSS (TSS:2221338_f) for the gene OCPFDLNE_02235 (located in prophage 3, annotated as phage
terminase large subunit) had only cap-seq reads in HPP-treated samples (Figure S7). The gene
OCPFDLNE_02235 was mainly upregulated in treated samples, except for 400 MPa at the 48-hour time point
[13].

TSS of anti-CRISPR genes
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We were speci�cally interested in TSSs of anti-CRISPR genes due to the observed prophage activity related to
HPP treatment seen earlier in this strain [13]. TSS predictions showed that both predicted anti-CRISPR genes
(acrIIA1 (OCPFDLNE_02770, OCPFDLNE_02583) and acrIIA2 (OCPFDLNE_02582)) belonged to one operon that
contains four genes and one TSS (Fig. 3). Nanopore direct RNA-seq long reads also supported these four genes
expressed together (Fig. 3). On the Cas gene region, we did not observe any Illumina/Nanopore RNA-seq or cap-
seq reads, therefore, no TSS was predicted in this region. L. monocytogenes RO15 has two long CRISPR array
regions (region 1; 526524 bp − 527202 bp, region2; 543628 bp − 547169 bp), including 10 and 54 spacers
sequences, respectively. Six of the total of 64 spacer sequences are self-spacers [12]. Interestingly, we observed
both RNA-seq (short and long reads) and cap-seq reads at the beginning of both CRISPR region array regions
and TSS was predicted for both CRISPR array regions (Figure S8).

TSS of genes/pathways relevant for recovery of after HPP
treatment
There were several genes and pathways for which expression correlates with HPP treatment [13]. We examined
the TSSs of selected target genes from these lists. A large operon, including cobalamin biosynthesis genes
(OCPFDLNE_01234 - OCPFDLNE_01251), is upregulated during HPP treatment [13]. One primary TSS was
predicted for this large operon (OCPFDLNE_01234 - OCPFDLNE_01251), but there was no difference between
control and treated samples from the point of TSS prediction and usage of the sites (Figure S9). Similarly, we did
not observe any difference for TSS prediction between control and treatment samples (Figure S9) for
ethanolamine utilization genes (OCPFDLNE_01215 - OCPFDLNE_01231), which are downregulated with HPP
[13].

Identi�cation of RNA variants
We investigated RNA modi�cations of two different forms: �rst, the variants in which nucleotide identity is
altered by the modi�cation (RNA editing) and second, in a later section, more general RNA modi�cations, which
are methylation or other modi�cations that do not alter the identity of the base, only its possible functionality are
described. We analysed the already published RNA-seq data [13] in detail while working on the TSS analysis and
identi�ed sequence variants that were not sequencing mistakes and not observed in the gDNA-based PacBio or
Illumina data [12]. We identi�ed several A > G (T > C for reverse strand) variants in both strains, which have been
described as RNA editing signals in other bacteria [24, 25]. The numbers of samples with variants were higher in
HPP treatment conditions in several transcripts but not in all (Table 3, Table 4, Figure S10, Table S7). A fraction
of the variants was only seen in HPP-treated samples. Nevertheless, some of the variants were also seen in
control samples such as p�A, mdxE, secA, and kdpD in strain RO15 and actA, ldh, dhaS, LMOSA_26480, and
mdxE in strain ScottA. Almost all variants were observed as partial variants, meaning around 50% of the RNA-
seq reads had a variant base in the transcript. We also observed that the editing percentage increases with time
of HPP (Figure S11, Figure S12). However, we did not observe a clear change in expression pattern for the genes
with RNA variants; both upregulation and downregulation were detected for those genes (Figure S13).
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Table 3
List of A > G variant positions and the corresponding gene in strain RO15. Positions of A to G (T to C on reverse
strand) variants in RNA of RO15. Locus tag of corresponding gene and gene name also shown. Variants were

detected in variable numbers of samples, some seen in nearly all samples (p�A). For the sake of clarity, variants
detected in more than �ve samples (total of 104) are presented (Table S7).

Variant
Pos.

Locus Tag Gene
Name

Ref. Variant # of

treated
sample
variant
seen (n = 
51)

# of

control
sample
variant
seen (n = 
53)

ref.
codon

variant
codon

204136 OCPFDLNE_00200 spoVG_1 A G 9 1 TAT > 
Y

TGT > 
C

322606 OCPFDLNE_00309 walR A G 5 0 ACG 
> T

GCG > 
A

429958 OCPFDLNE_00419 mngB_1 A G 8 0 TAC > 
Y

TGC > 
C

497744 OCPFDLNE_00478 dhaS A G 12 0 ACG 
> T

GCG > 
A

573660 OCPFDLNE_00547 pbpX A G 6 0 TAC > 
Y

TGC > 
C

1213571 OCPFDLNE_01217 pdtaS A G 9 3 TTA > 
L

TTG > 
L

1451307 OCPFDLNE_01455 p�A A G 51 47 TTA > 
L

TTG > 
L

1544500 OCPFDLNE_01549*   T C 9 0 TAC > 
Y

TGC > 
C

1768810 OCPFDLNE_01761 yfhP A G 10 0 TTA > 
L

TTG > 
L

1801548 OCPFDLNE_01798* iolU_2 T C 7 0 ACG 
> T

GCG > 
A

2170275 OCPFDLNE_02153* rimI T C 5 3 ACG 
> T

GCG > 
A

2269171 OCPFDLNE_02280* mdxE T C 37 10 TAT > 
Y

TGT > 
C

2298917 OCPFDLNE_02315* nrdE T C 5 0 TAT > 
Y

TGT > 
C

2428075 OCPFDLNE_02434 pepC A G 8 1 ATG > 
M

GTG > 
V

2467402 OCPFDLNE_02484 patB A G 7 0 ACG 
> T

GCG > 
A

2485029 OCPFDLNE_02503*   T C 7 1 TTA > 
L

TTG > 
L
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Variant
Pos.

Locus Tag Gene
Name

Ref. Variant # of

treated
sample
variant
seen (n = 
51)

# of

control
sample
variant
seen (n = 
53)

ref.
codon

variant
codon

2646986 OCPFDLNE_02684* secA T C 26 14 TTA > 
L

TTG > 
L

2649787 OCPFDLNE_02685* hpf T C 21 1 CTA > 
L

CTG > 
L

2760956 OCPFDLNE_02809*   T C 6 2 ACG 
> T

GCG > 
A

2857805 OCPFDLNE_02934* kdpD T C 5 5 TTA > 
L

TTG > 
L

3016678 OCPFDLNE_03082* garK_2 T C 3 0 TTA > 
L

TTG > 
L

2288303 sRNA_92 rli47 A G 8 1 - -
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Table 4
List of A > G variant positions and the corresponding gene in strain ScottA. Positions of A to G (T to C on reverse

strand) variants in RNA of the ScottA genome. Locus tag of corresponding gene and gene name also shown.
The numbers of samples in which the variants were detected are also shown. For the sake of clarity, variants

detected in more than �ve samples (total of 107) are presented (Table S7).
Variant
Pos.

Locus_tag Gene name Ref Variant # of

treated
sample
variant
seen
(n = 
53)

# of

control
sample
variant
seen
(n = 
54)

ref.
codon

variant
codon

242871 LMOSA_10890 spoVG A G 12 0 TAT > 
Y

TGT > 
C

252859 LMOSA_10970 actA A G 39 26 ACA > 
T

ACG > 
T

257308 LMOSA_11030 ldh A G 53 54 ATT > 
I

GTT > 
V

320780 LMOSA_11570 rpoB A G 5 1 CTA > 
L

CTG > 
L

403379 LMOSA_12240 - A G 2 6 ACG 
> T

GCG > 
A

568103 LMOSA_13830 dhaS A G 13 21 ACG 
> T

GCG > 
A

720351 intergenic_region intergenic_region A G 10 0 - -

1282535 LMOSA_21080 - T G 11 4 TTT > 
F

TTG > 
L

1586671 LMOSA_24230 - T C 7 0 TAC > 
Y

TGC > 
C

1630529 LMOSA_24610 glpF T C 4 1 TAC > 
Y

TGC > 
C

1717344 LMOSA_25410 pepV T C 15 1 TAC > 
Y

TGC > 
C

1731486 LMOSA_25560 - A G 5 1 TAC > 
Y

TGC > 
C

1775078 LMOSA_25880 - T C 10 0 ACG 
> T

GCG > 
A

1843087 LMOSA_26480 - T C 53 52 GGA 
> G

GGG > 
G

2229297 LMOSA_630 rimI T C 4 2 ACG 
> T

GCG > 
A

2281668 LMOSA_1140 mdxE T C 14 4 TAT > 
Y

TGT > 
C
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Variant
Pos.

Locus_tag Gene name Ref Variant # of

treated
sample
variant
seen
(n = 
53)

# of

control
sample
variant
seen
(n = 
54)

ref.
codon

variant
codon

2301135 LMOSA_1310 - A G 8 0 rev
reads

rev
reads

2324765 LMOSA_1570 gloA A G 12 0 TAC > 
Y

TGC > 
C

2481510 LMOSA_2970 pepC A G 11 1 ATG > 
M

GTG > 
V

2520887 LMOSA_3290 patB A G 10 0 ACG 
> T

GCG > 
A

2548257 LMOSA_3580 - T C 7 0 TTA > 
L

TTG > 
L

2619490 LMOSA_4270 rpoN T C 6 3 CTA > 
L

CTG > 
L

2675586 LMOSA_4770 hpf T C 21 0 CTA > 
L

CTG > 
L

2715706 LMOSA_5200 - T C 9 2 ACG 
> T

GCG > 
A

2996208 LMOSA_7990 glxK T C 5 0 TTA > 
L

TTG > 
L

We analysed the localization of the RNA edited sites with MEME (Fig. 4). The modi�ed sites have different
preferences between RO15 and Scott A stains. Although the predicted consensus motif by MEME was not similar
between the two strains, the same two four-base motifs (TACG and GTAA) were the most common edited motifs
in both strains (Fig. 4).

Direct RNA-seq with long reads
To use ONT direct RNA-seq on bacteria, we needed to develop a custom sequencing protocol since it requires
poly-A tails. We added poly-A tails preferentially to mRNAs to produce direct RNA reads (Fig. 5, see Methods
section).

We sequenced four samples that were used in our previous HPP experiment [13] with ONT to produce long direct
RNA sequencing reads (Table 5). Long direct RNA reads allowed us to validate the predicted TSS and
transcription terminators. Moreover, long read data revealed the operon-like structures due to the long continuous
reads (Table 5). The annotation of transcripts using long reads revealed 940 transcripts in RO15 and 925
transcripts in ScottA (Supplemental File 1, Supplemental File 2).
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Table 5
Statistics of direct RNA-seq. In each run we had the yeast enolase transcript as control, which lowered the reads

mapped to the target genome.
Strain and samples
identity

Number of

reads
obtained

Number of

reads mapped

(% of total
obtained)

Number of
reads

mapped to
rRNA

(% of total
mapped)

Mean read
length

of mapped
Reads

Longest
mapped

read length

RO15

400 MPa 24h

(R173)

454540 198231
(43.61%)

153444
(77.41%)

692.2 7874

RO15

Control 24h (R312)

338926 180960
(53.39%)

135159
(74.69%)

765.3 4937

ScottA

400 MPa 24h (R158)

314044 200127
(63.73%)

179614
(89.75%)

903.3 6072

ScottA

Control 24h (R317)

1613144 1500901
(93.04%)

1321491
(88.10%)

969.5 9121

De novo RNA modi�cation site prediction

De novo detection of modi�ed bases was performed using Tombo software [38]. The results indicated that 4415
modi�ed bases were identi�ed for the L. monocytogenes RO15 HPP-treated sample (400 MPa treated – 24 h),
2665 modi�ed bases for L. monocytogenes RO15 control sample (0.1 MPa – 24 h), 2665 for the ScottA HPP-
treated sample (400 MPa – 24 h), and 8558 for the ScottA control sample (0.1 MPa – 24 h). In all samples, the
majority of the modi�ed bases were located within protein coding genes (Table S8, Table S9, Table S10, Table
S11), while modi�ed bases were also observed in rRNA transcripts, transfer-messenger RNAs (tmRNAs), and
intergenic regions. The 15 bp length sequence surrounding the modi�ed base was used for further motif
enrichment analysis, which revealed a signi�cant GATGA-like motif adjacent to the modi�ed bases (Figure S14).

We observed that in RO15 some portion of the RNA-modi�ed bases were co-localized with the genome DNA-
modi�ed bases according to our recent PacBio data [12] (Table S8, Table S9). However, based on the binomial
test, the same strand co-localization of RNA and DNA modi�cations was seen by chance (p > 0.05).

We used Tombo “level_sample_compare” to perform a two RNA sample comparison (control vs. treatment) for
modi�ed base detection. In RO15, we did not observe a signi�cant difference between control and treatment
samples. In ScottA, a signi�cant difference (D-statistic > 0.8) was observed at the base located at nucleotide
1919280. The base position is located within the gene EGJ25327.1 (Locus tag; LMOSA_24140, annotated as a
hypothetical protein).

We did not observe a clear RNA modi�cation signal for the RNA edited sites in direct RNA-seq reads RO15 or
ScottA. However, for some of the genes (p�A, iolU, and hpf in RO15 and hpf in ScottA), a partial variant (single
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nucleotide variation; SNV) was observed in direct RNA-seq reads at the position one nucleotide before (or after,
depending on gene strand) the observed RNA editing sites (Figure S15, Figure S16).

Moreover, we noted that none of the partial variants that were identi�ed with Illumina RNA-seq were captured by
Nanopore direct RNA-seq (Figure S17).

Discussion
Sequencing technologies and methodologies are improving constantly, allowing investigations of features of
both genome and transcriptome from different perspectives. In this study, we used state-of-the-art methods, such
as cap-seq and direct RNA-seq, to obtain a genome-wide view of the transcriptional units and to evaluate RNA
modi�cations in L. monocytogenes. Moreover, previous Illumina RNA-seq reads [13] were re-investigated with the
aim of identifying RNA editing sites in L. monocytogenes.

TSSs of L. monocytogenes EGD-e and non-pathogenic L. innocua have been studied previously [21]. Here, we
evaluated a new strain and possible alternative usage of TSSs when cells were treated with HPP, causing
extreme stress. We report, for the �rst time, identi�cation of TSSs in L. monocytogenes by the cap-seq approach.
To compare our RO15 TSS prediction results and previous studies’ results on strain EGD-e [21], we lifted the
identi�ed EGD-e TSSs to the RO15 genome. Most TSSs could be lifted to the RO15 genome, but only 57% of the
lifted TSSs (876/1531) were in the same position as our TSS prediction using cap-seq. To understand such
differences, we obtained the EGD-e reads that were used previously [21] and mapped the RO15 genome.
Comparison of the EGD-e data [21] with our cap-seq reads indicated that EGD-e reads [21] are noisier than our
cap-seq, which may cause false-positives. Moreover, these two studies ([21] and this study) use different
sequencing, mapping, and TSS prediction methods, which might explain discrepant results. One might also
speculate that TSSs across the genomes may differ between strains due to a large difference between strains
such as a different clonal complex and multilocus sequence type.

Subsequently, we focused on the group of genes found to be relevant for the recovery process after HPP
treatment [13], including prophages, anti-CRISPR genes, ethanolamine utilization, and cobalamin synthesis. We
looked at TSSs in these regions more closely and compared control and treated samples’ TSS predictions. The
only clear difference between control and treated samples TSS predictions was found in the prophage regions.
Here, two TSSs were predicted in control samples, and one TSS was predicted in treated samples. Therefore, we
speculated that prophages can change TSS usage possibly due to stress-induced mechanisms.

Previously, we detected acrIIA1 and acrIIA2 anti-CRISPR genes within strain RO15 genome using homology-
based prediction based on known anti-CRISPR genes [12]. It is possible that new candidate anti-CRISPR genes
can be identi�ed using the 'guilt-by-association' approach [39]. Based on our TSS prediction, anti-CRISPR genes
(acrIIA1 and acrIIA2) were found in an operon consisting of four genes. Moreover, long RNA-seq reads also
supported the predicted four-gene operon structure. We believe that the rest of the genes in the operon might be
acrIIA3 and acrIIA4, which were de�ned before in L. monocytogenes [40] but without any sequence homology. A
four-gene operon can be identi�ed in EGD-e, which suggests that in addition to lmo2274, lmo2275, and lmo2276
the gene lmo2273 might be an acr family gene without homology to know family members.

In Listeria, sRNAs play a role in several processes including pathogenicity and host interaction [41]. In total, 81
sRNA were predicted in L. monocytogenes RO15 using our data. Previously, similar methods (cap-seq and
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ANNOgesic analysis) were employed for Bacteroides thetaiotaomicron [18], and the study successfully validated
several predicted sRNAs using Northern blot assays [18]. Therefore, we expected to obtain accurate predictions
from the ANNOgesic sRNA predictions. Within the predicted 81 sRNA L. monocytogenes RO15, six of them were
identi�ed as asRNA. However, identi�ed asRNAs and corresponding genes were not anticorrelated based on the
log2fold change (Figure S2). It is possible that the expression of asRNAs is di�cult to identify with RNA-seq, and
therefore, we cannot see a clear anticorrelation. We predicted 199 antisense TSS, but only six asRNA were
identi�ed by ANNOgesic in L. monocytogenes RO15. Previously, nine asRNA were veri�ed in L. monocytogenes
EGD-e using earlier TSS sequencing methods and Northern blot assays [21]. We mapped these nine asRNA [21]
to L. monocytogenes RO15 and observed that antisense TSS were predicted at the start of only two out of the
nine veri�ed asRNAs. These two strains (EGD-e and RO15) may harbour different asRNAs.

The median 5’ UTR length was calculated as 33 bases in L. monocytogenes RO15. Previously, it was predicted
that both L. monocytogenes EGD-e and L. innocua BUG499 also have a median length of 33 nucleotides 5’ UTR
[21] and B. thetaiotaomicron a median length of 32 nucleotides 5’ UTR [18]. Moreover, a very similar 5’ UTR
length distribution was also predicted in E. coli and Klebsiella pneumoniae [42]. Thus, our prediction of 5’ UTR
length of L. monocytogenes RO15 is in line with published data for L. monocytogenes and other bacteria. It
should be also noted that variation in median 5’ UTR length was reported in some species such as median 5’
UTR length of 27 nucleotides in cyanobacterium Prochlorococcus MED4 [43] and 42 nucleotides in
cyanobacterium Synechocystis sp. PCC6803 [44].

The ANNOgesic “circrna” module predicted 10 circ-RNAs in L. monocytogenes RO15. Interestingly, all 10
predicted circ-RNAs were on the positive strand. Transcriptional analysis indicated that circ-RNAs are
differentially expressed after HPP. The function of circ-RNA in bacteria is unknown, but it has been shown that
bacteria can translate circ-RNA [45].

Prokaryotic promoter regions generally include − 35 and − 10 elements, which affect promoter activity [46].
Promoter motif analysis indicated that only the TATAAT-like − 10 region could be clearly identi�ed in L.
monocytogenes RO15, while no clear − 35 consensus motifs were found. However, promoters of some genes
appear to have a -35 motif starting with “TTG” similar to the “TTGACA” -35 region of E. coli [47]. Since no clear − 
35 motif was predicted, we believe that several genes in L. monocytogenes RO15 lack a -35 element in the
promoter region. In addition, we observed an extended − 10 element “TG” (also known as -15 element) [48] in
RO15, which might compensate for the lack of a -35 element [49].

In re-analysing our published RNA-seq data [13], we observed RNA variants (A to G, or A to I) compared with the
genome sequence for several genes in both RO15 and ScottA, especially after pressure treatment. A to I editing in
the hokB transcript was shown to increase toxicity of E. coli [24]. More recently, it has been shown that A to I RNA
editing in the �iC transcript increases tolerance of P. putida to oxidative stress [25]. In our study, as RNA editing
was mostly seen in HPP-treated samples, we hypothesize that RNA editing may be related to HPP stress
response of L. monocytogenes. Therefore, RNA edited transcripts might have an important role in HPP stress in
L. monocytogenes, and these genes can be a target for future research. In total, 12 genes were RNA edited in
both strains. Especially the gene hpf encoding a ribosome hibernation-promoting factor drew our attention since
the difference between treated samples and control samples increased over time. The gene hpf has an important
role in Listeria. When Listeria encounters a stress condition, hpf converts translationally active 70S into inactive
100S ribosomes, which contributes to stationary-phase survival [50]. During HPP recovery L. monocytogenes
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might improve e�ciency of ribosome hibernation by editing the hpf transcript. It has been also reported that the
hpf gene can be found in phages [51]. However, in both RO15 and ScottA, the hpf gene was not present in any
prophage region.

Direct RNA sequencing is a novel method that creates long reads from native RNA, which allow us to predict full-
length transcripts and RNA modi�cations [28]. For direct RNA sequencing, we selected four samples in total from
both L. monocytogenes RO15 and ScottA strains, which were used in our previous HPP experiment [13]. Samples
were selected based on earlier observations of abundant differentially expressed genes and high numbers of
RNA editing events. Direct RNA sequencing allowed us to predict transcripts, providing a general view of gene
structures and operons. The number of predicted transcripts was lower than the number of genes in both strains,
due to operon structures. However, some regions of the genome did not have su�cient coverage to predict a
transcript from the reads. Hence, transcriptional inactivity was another reason for the lower number of predicted
transcripts.

Analysing the RNA modi�cations using direct RNA-seq reads indicated that a GATGA-like motif is used in both
RO15 and ScottA for RNA modi�cation. RNA modi�cation can regulate virulence and resistance in pathogens
[52]. To our knowledge, RNA modi�cation of whole transcripts in bacteria has not been reported to date;
therefore, this is the �rst proposed whole transcript-based RNA modi�cation motif in bacteria.

No RNA modi�cation signal was observed in RNA editing sites. This might indicate that RNA modi�cations are
caused by a different mechanism than RNA editing. Moreover, we have not observed partial variants in the RNA
editing sites using the direct RNA-seq reads. Therefore, we believe that direct RNA-seq is not suitable for
investigating A to I RNA editing sites. RNA editing site prediction may require other sequencing methods such as
Illumina.

In summary, we identi�ed several features of the transcriptional unit landscape of L. monocytogenes, including
transcription start sites and terminators, promoters, operon, RNA transcripts, RNA editing events, and RNA
modi�cations. We compared EGD-e [21] and RO15 TSSs. More experimental work is needed to fully elucidate
these �ndings linked to functionalities of L. monocytogenes and the relevance of our observation of growth and
possible virulence of these bacteria.

Methods

Library processing, sequencing, and mapping for TSS
TSSs were determined using the cap-seq method [17] and the protocol published by New England Biolabs
(https://international.neb.com/protocols/2018/01/19/cappable-seq-for-prokaryotic-transcription-start-site-
determination). Before RNA sequencing library preparation, 15 µl of decapped RNA was vacuum-dried in DNA
Speed Vac DNA110 (Savant) at a low drying rate for about 40 min and then suspended in 2.5 µl of ultra-pure
water. RNA sequencing libraries were prepared with TruSeq Small RNA Library Prep (Illumina) using half of the
kit’s volumes according to the manufacturer’s instructions. Libraries (half of the reaction volume) were pooled
and concentrated using Amicon Ultra-0.5 100K �lter device (Millipore) (Table 6). Size selection of 140–250 bp
fragments was performed using BluePippin and 3% agarose gel cassette (Sage Science). NextSeq 500 (Illumina)
was used to sequence the RNA-seq libraries.
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Table 6
Sequences, lengths, and melting temperatures of rRNA blocking oligos.

Blocking oligo Length
(bases)

Sequence Tm
(°C)

16S_block 28 AGG TGA TCC AGC CGC AGG TTC TCC TAC G 66,5

23S_block 33 TTG GTT AAG TCC TCG ACC GAT TAG TAC TAG TCC 61,1

5S_block 26 TGC GTG GCA ACG TCC TAT CCT CGC AG 66,2

16S_HT107_block 34 CGG GTC CAT CCT AAA GTG ATA GCC GAA ACC ATC T 64,6

16S_HT682_block 30 TCC TGT TTG CTA CCC ATG CTT TCG AGC CTC 65,0

16S_HT1241_block 36 CCG CGG CAT GCT GAT CCG CGA TTA CTA GCG ATT
CCG

69,9

23S_HT375_block 33 CAC CTT TCC CTC ACG GTA CTG GTT CAC TAT CGG 65,0

23S_HT1421_block 38 ACA TCA GGA ACT TCG CTA CTT AAT TTC GCT CCC CAT
CA

65,0

23S_HT1641_block 34 TTG TTT GGG CCT ATT CAC TGC GGC TGA CCT GAC G 68,2

Read processing and mapping for TSS
The same preprocessing was performed for TSS-seq reads as described previously for RNA-seq reads [13],
except using “TGGAATTCTCGGGTGCCAAGG” as an adapter during the adapter �ltering step. Both RNA-seq and
TSS-seq reads were mapped to the reference genome using the READemption v0.5.0 pipeline [53] with default
options. Brie�y, the pipeline uses Segemehl v0.2 [54] with minimal accuracy of 95%. Coverage and normalization
of coverage was calculated using READemption v0.5.0 “coverage” function. The coverage was normalized by
the total number of aligned reads and multiplied by the lowest number of aligned reads of all input libraries.

Identi�cation of TSSs in RO15
We used two approaches: 1) each condition’s reads were used separately and 2) all reads were merged to one
�le. TSS identi�cation was done by comparing the relative coverage of reads between TEX-treated samples and
untreated samples. For this purpose, we used ANNOgesic v1.0.16 pipeline [37] with TSSpredator v1.06 [55]. To
get the optimal parameters, we �rst manually annotated the �rst 50 kbp region. Manually annotated �le was
employed to obtain the optimal parameters using ‘annogesic optimize_tss_ps’. Then, “annogesic tss_ps”
command was run using ‘-c normPercentile = 0.8, texNormPercentile = 0.2, allowedCompareShift = 4,
allowedRepCompareShift = 4’.

Identi�cation of UTR, transcription terminator, sRNA, sORF, and
circ-RNA in RO15
We used ANNOgesic v1.0.16 pipeline [37] to predict additional UTR, transcription terminators, sORF, and circ-RNA
from combined data. “annogesic terminator” was used with ‘--replicate_tex all_1’ to predict transcription
terminators. “annogesic utr” with default options was used for UTR length prediction. “annogesic srna” and
“annogesic sorf” with ‘--tex_notex 1’ were used for sRNA prediction and sORF prediction. “annogesic circrna” was
used with default options to predict circ-RNAs in RO15.
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EGD-e TSS lift over to RO15
The genome sequences of EGD-e and RO15 were aligned using LASTZ v1.04.15 [56] with “--chain --format = axt”
options. We then chained the “axt” alignment �les using axtChain [57] and generated chain format output. Chain
format output was used to lift EGD-e TSS gff to RO15 genome using CrossMap v0.5.4 [58].

Variant calling
We used the RNA-seq data obtained in our HPP experiment study [13]. RNA-seq preprocessing was described
previously [13]. RNA-seq reads were mapped to the reference genome using Bowtie2 v2.3.4.3 [59] default
options. The output was sorted and converted to BAM format using Samtools v1.9 [60]. Bcftools v1.9 [61]
“mpileup” function with default options was used to generate genotype likelihoods. Bcftools v1.9 “call” function
with “-mv -Ob” options was used for variant calling.

Direct RNA sequencing
Four RNA samples were additionally analysed with Direct RNA sequencing. Since the protocol assumes mRNAs
to have poly-A tails, they were �rst added by treating 14.5 µl of total RNA (3-7.8 µg) with 7.5 units of E. coli
poly(A) polymerase (New England Biolabs) and 2 mM ATP in 1x reaction buffer at 37°C for 30 min. The reaction
also included 2.5 µM mix of nine rRNA blocking oligos (Table 6). The mix was made using 100 µM oligos
otherwise in equal volumes except for 16S_block oligo, which was added in 1.5x volume. Blocking of the 3’ ends
of 16S, 23S, and 5S rRNA leads to preferential addition of poly-A tails to mRNA molecules [62]. The reactions
were puri�ed with 1.8 vol RNA Clean XP beads and eluted in RNase free water. The rRNA-depleted RNAs with
poly-A tails were then used as starting material for the Direct RNA sequencing protocol SQK-RNA002 (Oxford
Nanopore Technologies) according to the manufacturer’s instructions, except for RNA Control Strand (RCS),
which was diluted 1:20 prior to use. About 190 ng of the reverse-transcribed and adapted RNA was sequenced
with FLO-MIN106 �ow cells using MinKNOW software v19.06.8 or 21.06.0 (Oxford Nanopore Technologies).

RNA modi�cation prediction
Direct RNA sequencing data were basecalled with Guppy v3.0.7 (https://github.com/nanoporetech). The
sequence reads were aligned to L. monocytogenes RO15 and ScottA genomes (GenBank assembly accession:
RO15; GCA_902827145.1 ScottA; GCA_000212455.1) using minimap2 [63] with “--MD -ax splice -uf -k14”
options.

Modi�ed base detection analysis was performed using Tombo [38]. Since Tombo does not support multi-read
FAST5 format, we converted multi-read FAST5 to single-read FAST5 format using multi_to_single_fast5
command from ont_fast5_api tool (https://github.com/nanoporetech/ont_fast5_api). Tombo resquiggle
command was then used to align the raw signal to the L. monocytogenes genome. With the Tombo
“detect_modi�cations de_novo” command, de novo non-canonical base detection was performed. Threshold of
dampened fraction > 0.9 was used for modi�ed base detection.

Two-sample comparisons for modi�ed base detection were performed using Tombo [38]
“level_sample_compare” with default options. For base fast5 �les, we used control samples, and for alternate
fast5 �les we used HPP-treated samples. D-statistic > 0.7 was used for signi�cance threshold.
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For motif prediction, we exported the 15 bp length sequence surrounding the modi�ed bases using Tombo
“text_output signif_sequence_context”. The fasta sequence was then used for MEME [64] run with “-dna -mod
zoops” options.

Annotation of transcripts using direct RNA reads
To predict transcripts from direct RNA reads, we used wf-isoforms (https://github.com/epi2me-labs/wf-
isoforms) pipeline with ‘--use_pychopper false’ options. To increase the number of the reads that were used in
prediction, we combined both control and treated samples’ reads and used it as one input.
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Figure 1

Predicted promoter motifs. Each row shows the lowest E-value sequence motif identi�ed by a MEME suite tool
on a window from -50 bp upstream to the TSS. The X axis represents the upstream position from TSS. In
descending order: primary TSS, internal TSS, secondary TSS, antisense TSS, orphan TSS. E-value and the
number of sites contributing to the construction of the motif can be found on the upper right corner of each
motif logo.
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Figure 2

Visualization of Prophage 5 (2729417-2770759 bp) and TSSs predicted. Red bars represent forward RNA-seq
reads coverage. Light blue bars represent reverse RNA-seq reads coverage. Dark blue boxes represent protein
coding genes (direction of the gene is shown with a white arrow). Green arrows represent TSSs.
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Figure 3

Visualization of anti-CRISPR genes in prophage5 on L. monocytogenes RO15 region 2.560 Mbp - 2.561 Mbp. Six
rows of data are shown, in descending order: combined Illumina RNA-seq reads, combined cap-seq reads,
Nanopore direct RNA-seq for control sample reads (R312), Nanopore direct RNA-seq for 400 MPa treated sample,
(R173) reads, Genbank annotation, TSS prediction annotation. The region includes anti-CRISPR genes, marked in
the �gure as acrIIA2 and acrIIA1. One forward TSS was predicted at the beginning of gene OCPFDLNE_02581.
The reads were grouped by read strand in IGV, in each rectangle forward reads are located in the upper part and
reverse reads in the lower part. Green arrow indicates TSS.
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Figure 4

Motif around RNA editing sites based on short read data. Enriched motif around editing sites predicted by MEME
was shown for both a) RO15 and b) ScottA. The count of four-mer around all editing sites was shown by bar plot
for c) RO15 and d) ScottA.
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Figure 5

Customized direct RNA-seq protocol to sequence bacterial RNA reads by adding polyA tail.
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