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ABSTRACT Dickeya dadantii is a phytopathogenic bacterium that causes soft rot in7

a wide range of plant hosts worldwide, and a model organism for studying virulence8

gene regulation. The present study provides a comprehensive and annotated tran-9

scriptomic map of D. dadantii obtained by a computational method combining five10

independent transcriptomic datasets: (i) paired-end RNA-seq data for a precise re-11

construction of the RNA landscape; (ii) DNA microarray data providing transcriptional12

responses to a broad variety of environmental conditions; (iii) long-read Nanopore13

native RNA-seq data for isoform-level transcriptome validation and determination of14

transcription termination sites; (iv) dRNA-seqdata for the precisemapping of transcrip-15

tion start sites; (v) in planta DNAmicroarray data for a comparison of gene expression16

profiles between in vitro experiments and the early stages of plant infection. Our re-17

sults show that transcription units sometimes coincide with predicted operons but are18

generally longer, most of them comprising internal promoters and terminators that19

generate alternative transcripts of variable gene composition. We characterise the20

occurrence of transcriptional read-through at terminators, which might play a basal21

regulation role and explain the extent of transcription beyond the scale of operons.22

We finally highlight the presence of noncontiguous operons and excludons in the D.23

dadantii genome, novel genomic arrangements that might contribute to the basal co-24

ordination of transcription. The highlighted transcriptional organisation may allow D.25

dadantii to finely adjust its gene expression programme for a rapid adaptation to fast26

changing environments.27

IMPORTANCE This is the first transcriptomic map of a Dickeya species. It may there-28

fore significantly contribute to further progress in the field of phytopathogenicity. It29

is also one of the first reported applications of long-read Nanopore native RNA-seq in30

prokaryotes. Our findings yield insights into basal rules of coordination of transcrip-31

tion that might be valid for other bacteria, and may raise interest in the field of micro-32

biology in general. In particular, we demonstrate that gene expression is coordinated33

at the scale of transcription units rather than operons, which are larger functional ge-34

nomic units capable of generating transcripts with variable gene composition for a35

fine-tuning of gene expression in response to environmental changes. In line with re-36

cent studies, our findings indicate that the canonical operon model is insufficient to37

explain the complexity of bacterial transcriptomes.38

KEYWORDS: phytopathogen, transcriptional regulation, transcription unit,39

transcriptional read-through, transcription start and termination sites40
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INTRODUCTION41

Classically, bacterial transcription is described with the model of Jacob and Monod42

based on operons, defined as sets of contiguous and functionally-related genes co-43

transcribed from a single promoter up to a single terminator (1). In recent years how-44

ever, accumulating studies demonstrated that most operons actually comprise inter-45

nal promoters and terminators, generating transcripts of variable gene composition,46

generally in a condition-dependent manner (2, 3, 4, 5). This phenomenon, also known47

as suboperonic regulation (6), might be compared to alternative splicing in eukary-48

otes (7) and demonstrates a higher complexity of bacterial transcriptional landscapes49

than previously thought. Besides, transcription has been shown to extend beyond50

operons (3, 8), the latter being actually part of larger functional genomic units, referred51

to as transcription units (TUs) throughout the manuscript.52

While transcriptomic maps have been established for various bacteria including53

Escherichia coli (9), Salmonella enterica (10), Bacillus subtilis (2), Streptococcus pneumo-54

niae (4), Campylobacter jejuni (11), Clostridium beijerinckii (12),Mycobacterium tuberculo-55

sis (13),Mycoplasmapneumoniae (14), and thephytopathogen Xanthomonas campestris (15,56

16), they are still lacking for Dickeya species. This study aims to provide the first com-57

prehensive and annotated transcriptomic map of Dickeya dadantii, a Gram-negative58

phytopathogenic bacterium representative of the Dickeya genus that causes soft rot,59

a severe disease leading to tissuemaceration and eventually plant death (17) in a wide60

range of plant hosts worldwide, including agriculturally important crops (18, 19, 20, 21,61

22).62

The infection process involves an asymptomatic phase, where bacteria remain63

latent, penetrate and colonise plant tissues, consuming simple sugars and small solu-64

ble oligosaccharides available in the plant apoplast to grow exponentially (23). In this65

compartment, bacteria are exposed to acidic conditions (24) and oxidative stress (25)66

resulting from plant defences. When all nutrients are consumed in the apoplast, the67

symptomatic phase initiates. Bacteria produceplant cell wall degrading enzymes (mainly68

pectinases) leading to the soft rot symptoms, and start cleaving pectin, which is used69

as a secondary carbon source for a new round of growth (26). By causing a total de-70

struction of plant cells, the maceration of plant tissues releases both vacuolar and71

cytoplasmic components in the apoplast, exposing the bacteria to osmotic stress (23).72

In order to characterise the D. dadantii transcriptional landscape, we used a com-73

bination of transcriptomic data generated in vitro in a broad range of growth and74

stress conditions reflecting some of the key environmental signals encountered dur-75

ing the plant infection process, and ensuring optimal reproducibility and quality of76

analysed RNAs (27, 28). Different techniques were used, providing complementary77

knowledge: high-resolution Illumina paired-end RNA-seq; DNAmicroarray; Nanopore78

native RNA-seq; dRNA-seq. These data were combined using an integrative computa-79

tional method developed for this study, allowing the inference of the RNA landscape80

and a validation of co-expression occurring among genes of the same TU. This anal-81

ysis provides a detailed and annotated map of the TUs defining the D. dadantii tran-82

scriptome, i.e., the sets of contiguous co-expressed genes. We then quantitativelymap83

transcription start and termination sites in the investigated conditions, and analyse the84

associated predicted promoter and terminator motifs. We show that TUs sometimes85

coincide with predicted operons but are generally longer, most of them exhibiting in-86

ternal promoters and terminators. We characterise the occurrence of transcriptional87

read-through at terminators, a mechanism proposed as a basal coordinator and reg-88

ulator of gene expression yet never explored in phytopathogens and still poorly un-89

derstood across genomes in general. We finally detect putative noncontiguous oper-90
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Mapping of Dickeya dadantii transcriptional landscape

ons and excludons in the D. dadantii genome. In order to validate the obtained tran-91

scriptional map, we analyse available in planta expression data, and show that TUs92

inferred from in vitro cultures are also co-expressed during the early stages of plant93

infection (29), suggesting that many of the analysed features are used by D. dadantii94

in the pathogenic context. This transcriptomic map might serve as a community re-95

source to help elucidating the regulation of D. dadantii gene expression, including its96

virulence programme. It also provides insights into basal rules of coordination of tran-97

scription that might be valid for other bacteria, specifically for other Dickeya species98

for which a core genome of 1300 genes was identified by comparative genomics (30).99

RESULTS AND DISCUSSION100

Characterisation of Dickeya dadantii transcription units. In order to generate101

a biologically relevant transcriptional map of D. dadantii, we combined and integrated102

four sets of transcriptomic data obtained from in vitro cultures subjected to differ-103

ent sugar sources, environmental stress factors (acidic, oxidative, osmotic stress), and104

variations of DNA supercoiling, reflecting a variety of conditions also encountered by105

bacteria in the course of plant infection. A fifth set obtained from bacteria grown in106

planta was used for validation. These data were collected by different experimental107

methods providing complementary information, as follows (a more detailed descrip-108

tion of the datasets is provided in Materials and Methods).109

Dataset 1was generated fromhigh-resolution Illumina paired-end, strand-specific110

RNA-seq covering 6 growth conditions: M63 minimal medium supplemented with111

sucrose, addition of polygalacturonate (PGA), a pectic polymer present in plant cell112

wall (31) , and treatment by novobiocin, which induces a global and transient chro-113

mosomal DNA relaxation (32) in exponential or in early stationary phase. By providing114

short but precise sequencing reads at single base-pair resolution and high sequencing115

depth, this dataset yields precise and quantitative information on the RNA landscape.116

Dataset 2 was generated from DNA microarray data covering 32 growth condi-117

tions, involving the presence of PGA and leaf extracts, and in eachmedium, a separate118

exposure to acidic, oxidative or osmotic stresses (28). This dataset provides a quanti-119

tative catalogue of genes’ responses to a more comprehensive and detailed range of120

conditions than dataset 1, albeit of weaker spatial resolution.121

Dataset 3 was generated from long-read Nanopore native RNA-seq in M63 min-122

imal medium supplemented with glucose and PGA, pooled from samples obtained123

in both exponential and early stationary phases. This method allows native RNAs to124

be sequenced directly as near full-length transcripts from the 3’ to 5’ direction, with a125

weaker depth than the previous datasets. Only a few transcriptomeswere analysed by126

this technique, mostly from viral and eukaryotic organisms (33, 34, 35, 36), and, to our127

knowledge, a single prokaryotic one (37). This dataset provides a direct isoform-level128

validation of the TUs, and an accurate definition of transcription termination sites.129

Dataset 4was generated fromdifferential RNA sequencing (dRNA-seq) experiments130

carried out on four samples obtained by pooling RNAs from the large variety of envi-131

ronmental conditions of dataset 2 followed by treatmentwith Terminator exonuclease132

(TEX) prior to sequencing. TEX enzyme degrades processed 5’-monophosphate RNAs133

and consequently enriches the samples in primary 5’-triphosphate end transcripts (38),134

thus locating transcription start sites at single-nucleotide resolution.135

Finally, dataset 5 was generated from in planta DNA microarray data, 6 and 24136

hours post-inoculation of the model plant Arabidopsis thaliana (29), during the early137

stages of infection. Bacterial RNAs are difficult to isolate from plant tissues, especially138

during the symptomatic phase where phenolic compounds accumulate in decaying139
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tissues, explaining the lack of transcriptomic data during the late stages of infection.140

In spite of a limited variety of conditions, this dataset allows a comparison of gene141

expression profiles between in vitro and in planta experiments, and was used to val-142

idate the level of co-expression of genes within TUs during the early stages of plant143

infection.144

This collection of diverse and complementary transcriptomic datasets provided a145

solid ground for precisely characterising theD. dadantii transcription units, rather than146

basing our analysis on genomic data alone as in most operon predictors (intergenic147

distances between genes, functional links among products). The employed algorithm148

is described in details in Materials and Methods. Shortly, in a first step, we analysed149

the RNA landscape from Illumina paired-end strand-specific RNA-Seq (dataset 1), en-150

suring good resolution and sufficient sequencing depth to obtain a quantitative signal151

for all genes. These data also allowed us to uncover 50 putative coding genes previ-152

ously unannotated, most of which exhibiting sequence homology with proteins from153

the Dickeya genus (Supplementary Tab. S1D). Putative TUs were defined by fusing ad-154

jacent genes as long as RNA fragments were found in their intergenic region, a signa-155

ture of co-transcription. Secondly, if genes within the same putative TU are indeed156

co-transcribed, they should exhibit strong correlation of expression in a wider range157

of conditions than those of dataset 1. This analysis was carried using the diversity of158

samples in our DNA microarray data (dataset 2), based on a customised hierarchical159

clustering framework (39). This second criterion (correlation of expression) provided160

an orthogonal cross-validation compared to the first one (intergenic RNA signal), and161

yielded a total of 2028 putative TUs along the D. dadantii genome. In a third step,162

these TUs were validated based on Nanopore native RNA-seq (dataset 3). We tested163

the presence of long native RNA reads overlapping adjacent genes belonging to the164

same TU, thus yielding a direct evidence of co-transcription. For 16% of adjacent gene165

pairs, no conclusion could be drawn because of insufficient coverage. For the others,166

co-transcription was confirmed in 92% of the cases; for the remaining 8%, the absence167

of a common RNA might be indicative of false positives, but for some of them, may168

also be due to the weak number of culture conditions included in dataset 3. Since169

the large majority of TUs defined from datasets 1 and 2 match the observations of170

Nanopore native RNA-seq, we favoured the latter hypothesis and retained all of them,171

with a confidence level reflecting the presence or absence of overlapping RNA reads172

(Supplementary Tab. S1A).173

With this approach, we mapped the first layer of transcription organisation in D.174

dadantii. According to our findings, the 4211 protein-coding genes are organised into175

2028 transcription units (provided in Supplementary Tab. S1A), among which 1118 are176

monocistronic and 910 are polycistronic, ranging from 2 to 28 genes (Fig. 1A, 1B and177

Supplementary Tab. S5). At the genomic scale, we compared our results with those178

of Rockhopper, a popular operon predictor that uses expression data as well as ge-179

nomic information as input (40). 45% of predicted operons exactly coincide with a TU180

in our analysis (Fig. 1D), including known examples such as smtAmukFEB involved in181

chromosome partitioning (Fig. 2A) (41). Besides, many identified TUs are likely oper-182

ons of unknown functions and features (Fig. 2B), which represent interesting starting183

points to discover new transcriptional functional units. Remarkably, TUs are generally184

longer than predicted operons: the average TU (including monocistronic ones) con-185

tains 2.1 genes and the average polycistronic TU contains 3.4 genes, against 1.6 and186

3.1 respectively for predicted operons (Fig. 1C). Almost three quarters (73.5%) of all187

genes are co-transcribed in TUs, against 56.9% for predicted operons (Fig. 1A, Supple-188

mentary Tab. S5). Our results indicate that TUs are indeed larger functional genomic189
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FIG 1 (A) Repartition of monocistronic and polycistronic TUs identified by our analysis and comparison to predicted operons.
(B) Size distributions. (C) Average number of genes per TU. (D) Fate of predicted operons that are mostly found as or within TUs in
our algorithm.

units, since 45% of predicted operons are extended by at least one gene (Fig. 1D), in190

agreement with recent findings in E. coli based on long-read sequencing (3).191

As an example, the sapABCDF operon encoding a transporter involved in antimicro-192

bial peptide resistance and virulence in numerous bacteria including D. dadantii (42)193

is extended to include the enoyl-acyl carrier protein reductase fabI that catalyses an194

essential step in the biosynthesis of fatty acids of the membrane (43) (Fig. 3B). It might195

be noted that fabI has a different genomic location in E. coli and is consequently not196

co-transcribed with sapABCDF in that species (44) although this synteny is conserved197

in other Dickeya genomes, showing that TUs can merge and/or vary over time at the198

evolutionary scale. Since these genes are functionally unrelated (except for a general199

relation with the membrane), the biological relevance and putative role of this event200

requires further investigation.201

The glg genes involved in glycogen metabolism constitute another instructive ex-202

ample. They were initially classified in two separate operons in E. coli (45), and later203

identified as a single TU involving alternative transcripts of variable gene composition204

depending on growth conditions (46). The latter is also true in D. dadantii according205

to our findings (Fig. 3C), illustrating how transcription extends beyond the scale of the206

operon.207

Genome-wide identification of D. dadantii transcription start and termina-208

tion sites. OnceD. dadantii transcription units were defined, the next step was to elab-209

orate amap of transcription start sites (TSSs) and transcription termination sites (TTSs)210

for each TU along the genome. First, as mentioned above, dRNA-seq experiments211

were carried out to build a large library of 9313 putative TSSs at high-resolution (38)212

covering a wide range of of in vitro cultures under growth and stress conditions also213

encountered during plant infection (dataset 4, Supplementary Tab. S2A). These were214

obtained by treating the RNA samples with TEX prior to sequencing, and the TSSer215

workflow was applied for a precise determination of TSS positions (48), followed by216

visual curation (Materials and Methods). For TTSs, two sets of putative positions were217

generated based on (i) Nanopore native RNA-seq (dataset 3), where transcripts are se-218

quenced from the 3’ ends, allowing the detection of 1165 TTS positions based on the219

enrichment of these ends downstream of gene stops (Supplementary Tab. S2D); (ii)220

genome-wide predictions of termination sites, based on the two main mechanisms of221
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FIG 2 Transcription units identified by our approach, and coinciding with operons. (A) Example of a known operon (smtAmukFEB).
The bottom panel shows the coordinates of the long native RNA reads sequenced by Nanopore. (B) Identification of a new TU
exhibiting uniform read coverage and strong internal cross-correlations (Supplementary Fig. S1A), clearly indicative of an operon.
Its function was unknown but a homology analysis revealed that it corresponds to the cluster of genes znuCBA, a Z n2+ uptake
system (47). Long reads are observed for all adjacent gene pairs in Nanopore native RNA-seq data, and even a fragment carrying
the three genes for znuCBA.

transcription termination in bacteria. 3564 Rho-independent (intrinsic) TTSs and 5851222

Rho-dependent (regulated) TTSs (49)were predictedusingARNold (50) andRhoTermPre-223

dict (51) programmes respectively (Supplementary Tabs. S2B and S2C).224

A quantitative mapping of the transcription landscape was then performed in or-225

der to estimate the contribution of each TSS/TTS to its TU. While most comparable226

maps define TSSs/TTSs by their position only, we exploited the complementarity of227

the input data to also systematically analyse their magnitude (or strength) in the in-228

vestigated conditions. The +TEX libraries, Nanopore reads and TTS predictions are229

not suitable for the latter purpose, which required building a second list of TSSs and230

TTSs of poorer resolution but quantitativemagnitude from thenon-treated paired-end231

RNA-seq data (dataset 1). Briefly, TSSs and TTSs were defined based on the enrich-232

ment in RNA fragment starts and stops upstream of gene starts and downstream of233

gene stops respectively, and the number of fragments associated to these sites across234

all samples was considered as the global strength. The lists obtained with the three235

methods (from datasets 1, 3 and 4) were then merged into a unified list of TSSs/TTSs236

of optimal spatial resolution, quantitative magnitude, and with an estimated level of237

confidence depending on the level of agreement between these datasets (see Mate-238

rials and Methods). These TSSs and TTSs were then assigned to the TUs. In order to239

eliminate many very weak internal TTSs/TTSs (most of which likely have poor biolog-240

ical relevance), the latter were retained only if they yielded at least 15% of the total241

start/stop magnitude of the TU and were thus used at least in some of the investi-242

gated conditions. As a result, we defined a total of 2595 TSSs and 1699 TTSs (including243

internal ones) over all TUs (Supplementary Tab. S1A to S1C). Inevitably, some alternate244

TSSs/TTSs may be absent from these lists if they are specifically used in conditions not245
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Mapping of Dickeya dadantii transcriptional landscape

included in our datasets. Finally, a scan for promoter motifs, conducted with bTSS-246

finder (52), identified promoters upstream of 1848 (71%) TSSs in total (Supplementary247

Tab. S1B and Fig. 3). The absence of detected promoters for the remaining 29% TSSs248

was expected due to the limitations of such predictors (53). To evaluate the quality249

of our TSS definition, we compiled all experimentally determined TSSs in D. dadantii250

(by primer extension), and compared their positions to our findings (Supplementary251

Tab. S3). 45% displayed exactly the same position, 38% were distant by less than 5 nu-252

cleotides, and only 17%were distant bymore than 6 nucleotides. Manually-annotated253

promoter elements from these studies also match our findings well (Supplementary254

Tab. S3).255

Characterisationof a complex transcriptional landscape. Thequantitativemap-256

ping of TSSs and TTSs allowed us to refine the comparison of TUs and operons pre-257

sented above. According to our findings, only 20% of polycistronic TUs (181) exhibit258

a single promoter and terminator (Fig. 2 and 3A) and thus fit into the classical defi-259

nition of operons, and only 47% of these (85) are predicted as such by Rockhopper.260

The 80% remaining TUs (729) are complex (Fig. 3A). 32% (287) have at least one inter-261

nal TSS without any internal TTS, such as sapABCDFfabI (Fig. 3B). 37% (339) have both262

internal TSS(s) and TTS(s), such as glgBXCAP (Fig. 3C) and pelCZ (Fig. 3D). Finally, 11%263

(103) have at least one internal TTS without any internal TSS such as rhlB-gppA-pehV264

(Fig. 4A), pelD-paeY-pemA (Fig. 4B) and gcvTHP (Fig. 6). Most D. dadantii TUs can conse-265

quently generate alternative transcripts of variable gene composition, resulting in a266

dense and complex transcriptional landscape.267

A notable feature of complex TUs is the heterogeneity of transcription levels along268

the genes due to internal TSSs / TTSs, usually in a condition-dependent manner, re-269

sulting in a moderate correlation in the expression of genes within the TU (9). As270

an example, in the sapABCDFfabI TU (Fig. 3B), fabI is expressed both as part of the271

entire transcript and as an independent transcript generated from a strong internal272

TSS, explaining the lower correlation between fabI and the remaining genes (Supple-273

mentary Fig. S1B). In glgBXCAP (Fig. 3C), alternative transcripts of variable gene com-274

position can be generated depending on TSS and TTS usage. Another example rele-275

vant to plant infection is the pelCZ cluster (Fig. 3D) encoding two endopectate lyases276

secreted by D. dadantii which degrade pectin contained in plant cell walls (56). The277

substrates of Pel enzymes are pectic oligomers, e.g. PGA, that act as inducers of pel278

expression (31). The pelCZ genes were previously shown by Northern blotting to be co-279

transcribed into a single polycistronic transcript under inducing conditions by PGA, in280

addition to the twomonocistronicmRNAs encoded by pelC or pelZ under non-inducing281

conditions (55). Our present findings are in full agreement with these observations,282

as pelCZ is detected as a single TU harbouring one internal TSS and TTS, each giving283

rise to monocistronic transcripts. In our data, pelCZ expression profiles are similar in284

presence or absence of PGA in spite of a drastically different global expression level285

(Supplementary Fig. S1D), suggesting that in absence of inducer, this very low level286

previously prevented a reliable detection of the entire transcript. Altogether, our find-287

ings clearly indicate that the canonical operonmodel is insufficient to explain the com-288

plexity of the D. dadantii transcriptional landscape, in line with results in many other289

organisms (2, 3, 4, 5). The existence of alternative entry and exit points for RNA Poly-290

merase inside TUs allows the cells to adjust the relative expression level of adjacent291

genes within a global coordination of expression of the entire TU (Fig. 3) that may al-292

low, in the case of D. dadantii during plant infection, a rapid adaptation to changing293

environment.294
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FIG 3 (A) Characteristics of TUs. (B) The sapABCDF and fabI genes, predicted by Rockhopper (40) as two separate (red and blue)
operons, were identified as a single TU, with a strong internal TSS expressing fabI alone. The bottom panel indicates the different
isoforms (red) and the long reads sequenced by Nanopore native RNA-seq (black). The latter overlap all adjacent gene pairs, pro-
viding a direct evidence for co-transcription. (C) The glg geneswere identified as a single TU (involving several isoforms) containing
two separate predictedoperons (blue and red genes), as suggestedby theuniformread coverage, long reads fromNanoporenative
RNA-seq (bottom), and in line with results in E. coli (3, 54, 46). (D) Identification of the pelCZ TU with different isoforms depending
on the condition, as previously determined (55). The two genes are split into different operons by Rockhopper. A strong internal
TSS, followed by a strong TTS, contributes to the complexity of its expression (see text). Long reads corresponding to the different
mRNA isoforms (pelC, pelZ, or pelCZ) are observed.
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Mapping of Dickeya dadantii transcriptional landscape

Transcriptional read-through, the root of transcriptionextension ? Weshowed295

that transcription units comprise predicted operons, yet are generally longer. This ex-296

tension of transcription might, in part, result from the ability of RNA Polymerase to297

stochastically override an imperfect terminator by a mechanism referred to as tran-298

scriptional read-through (3, 8). The latter has long been identified in specific oper-299

ons (57, 58, 59) andwas shownmore recently to bewidespread in bacterial genomes (2,300

3, 8), where it may in fact play a basal coordination and regulation role (5). A condition-301

independent rate of stochastic termination might result in the co-expression of the302

genes located before and after the TTS (as in a classical operon), but with a reduced303

transcriptional level of the latter, a mechanism possibly relevant to functionally re-304

lated genes that must be expressed at different strengths while keeping a constant305

ratio (59). The termination efficiency can also be subject to regulation, depending on306

environmental conditions and metabolic needs, resulting in a variable degree of read-307

through and thus of relative expression levels (57, 58). Such conditional read-through308

can involve Rho and other proteins assisting termination (60, 61, 62, 63) as well as309

other conditional premature termination mechanisms such as attenuation (64, 65), T-310

box conditional termination (66, 67) and riboswitches (68, 69).311

An example of condition-independent read-through occurs at the rhlB-gppA-pehV312

TU (Fig. 4A and Supplementary Fig. S1C). The rhlB gene encodes a component of the313

RNAdegradosome (70, 71)whereas gppA encodes guanosine 5’-triphosphate 3’-diphosphate314

(pppGpp) pyrophosphatase involved in bacterial stringent response (72) and the pehV315

gene encodes a polygalacturonase involved in pectin degradation (73). These genes316

are functionally unrelated (except for a distant link to nutritional stress) yet appear317

co-transcribed, which is in fact quite frequent among operons (41, 74). This TU ex-318

hibits a variable expression level (by up to 50%) across the sampled conditions, but319

the internal (relative) expression pattern is condition-independent: rhlB and gppA are320

expressed at a similar level, whereas pehV is systematically less transcribed (Fig. 4A321

and and Supplementary Fig. S1C). This observation is correlated with the presence of322

an intrinsic internal TTS downstream of gppA. By computing the expression ratio of323

pehV compared to rhlB/gppA, we inferred the associated termination probability (or324

terminator strength) and found a constant value P (TT SgppA) = 92 ± 1% (95% confi-325

dence interval) characteristic of a non-conditional transcriptional read-through. Thus,326

the three genes are co-transcribed from a single promoter of condition-dependent ac-327

tivity, with a reduced transcriptional level of pehV exhibiting a constant ratio (8%) com-328

pared to the other genes. The biological relevance of this mechanism remains to be329

clarified. In E. coli, rhlB and gppA were also recently shown to be co-transcribed (3, 54).330

Another example of condition-independent read-through occurs at the gcvTHP TU in-331

volved in glycine cleavage (75) (Fig. 6). We detected an internal TTS downstream of332

gcvH in accordance with studies in E. coli (3, 54) and inferred its termination probabil-333

ity P (TT SgcvH ) = 71 ± 22% (95% confidence interval), based on the expression ratio of334

gcvP compared to gcvT and gcvH across RNA-seq conditions. It is unclear whether this335

variability is due to RNA-seq signal variations or a weak regulation of the termination336

rate. The GcvT, H, and P proteins are part of the glycine cleavage systemwith GcvL (76),337

and GcvP activity might be required at lower concentration in the investigated condi-338

tions.339

Bydefinition, all identified internal TTSs (549) experience transcriptional read-through.340

As a rough estimate, condition-independent read-through was detected for 77 (14%)341

of internal TTSs, based on the constant expression ratio of the genes located down-342

stream vs upstream across RNA-seq conditions (Fig. 4, Materials and Methods). The343

remaining internal TTSs rather experience condition-dependent read-through; how-344
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A. Systematic transcriptional read-through: stochastic termination

lo
g 2

(c
ov

er
ag

e)

mRNA 
landscape

Δ(log2(RPKM)) = -3.7 ± 0.2

⇔ P(TTSgppA) = 0.92 ± 0.01

Stationary phase

8/100

92/100

TSS TTS

+

Δ(log2(RPKM))

gp
pA
-rh
lB

pe
hV
-g
pp
A

pe
hV
-rh
lB

-

-

-

-

Exponential phase

Δ(log2(RPKM)) = -0.25 ± 0.4

⇔ P(TTSpelD) = 0

mRNA 
landscape

14/100

86/100

100/100

lo
g 2

(c
ov

er
ag

e)

+PGA stationary phase

Δ(log2(RPKM)) = -2.8 ± 0.3

⇔ P(TTSpelD) = 0.86 ± 0.03

B. Condition-dependent transcriptional read-through: regulated termination
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FIG 4 Quantification of transcriptional read-through. (A) Non-conditional read-through: example of the rhlB-gppA-pehV TU (left
panel). The first two genes are homogeneously transcribed among conditions, resulting in an expression variation ∆(l og2 (RPKM ))
close to 0 (right panel, 95% confidence intervals are shown), while the intrinsic TTS downstream of gppA is stochastically over-
stepped in 8 ± 1% of transcripts (P (T SSgppA) = 0.92 ± 0.01), resulting in two different isoforms (red). (B) Condition-dependent read-
through: example of the pelD-paeY-pemA TU. A TTS is identified downstream of pelD in agreement with previous studies (75). Its
termination probability is regulated and depends on growth phase and presence of PGA (0.86 ± 0.03 vs 0), besides a global up- or
down-regulation of the whole TU. All mRNA isoforms are observed in Nanopore native RNA-seq data (Supplementary Fig. S2A and
S2B).
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Mapping of Dickeya dadantii transcriptional landscape

ever, the systematic estimation of stochastic termination rates at internal TTSs is del-345

icate based on our data only, due to the limited number of RNA-seq conditions and346

the presence of nearby TSSs that contribute to the heterogeneous expression levels347

along the TU, as illustrated by pelCZ (Fig. 3D).348

An example of condition-dependent read-through occurs at the pelD-paeY-pemA349

TU (Fig. 4B and Supplementary Fig. S2B), which is identified by our approach but was350

also characterised by Northern blotting (77). It encodes three genes involved in pectin351

degradation. In the initial step of pectinolysis occurring in plants, paeY (acetylesterase)352

and pemA (methylesterase) remove acetyl and methyl groups from pectin, which can353

then be efficiently degraded by the pectate lyase pelD (17). The pelD gene is essen-354

tially transcribed as a monocistronic RNA, although its terminator (predicted as intrin-355

sic) can be overstepped to generate a polycistronic transcript comprising the three356

genes (77). In exponential phase, the three genes are homogeneously (but weakly)357

transcribed as a unique polycistronic RNA, suggesting that the internal TTS is not ef-358

ficient (P (TT Spel D ) = 0%). In stationary phase in presence of PGA, the whole TU is359

up-regulated, and the internal TTS becomesmore efficient (P (TT Spel D ) = 86±3%, 95%360

confidence interval), resulting in the extensive synthesis of the pelDmonocistronic RNA361

and a lower expression level of the two downstream genes. The regulation events oc-362

curring at this TTS remain to be characterised, but may adjust the relative expression363

levels of the genes following metabolic needs, since PelD has a predominant role in364

pectin degradation and virulence (78, 79) and must likely be required at much higher365

concentrations than the two other enzymes. In addition, the fact that pemA is differ-366

entially expressed depending on the degree of pectin methylation (80) highlights the367

relevance of adjusting the relative expression levels of the three genes depending on368

plant cell-wall composition.369

Another example occurs at the cytABCD TU (Supplementary Fig. S2C and S3A). In370

addition to plants, D. dadantii is able to infect insects (81), during which this TU ex-371

presses four insecticidal toxins and was previously shown to produce a polycistronic372

mRNA comprising the four genes, besides the possible existence of alternative iso-373

forms (82). The sequencing coverage together with the putative internal intrinsic TTS374

detected after cytA are clearly indicative of a condition-dependent read-through, with375

termination occurring less efficiently at cytA in stationary phase in presence of PGA376

compared to exponential phase. This variation in termination efficiency at cytA asso-377

ciated to an environmental change may again allow tuning the relative amounts of378

the corresponding toxins, especially if a precise and condition-dependent balance be-379

tween them is required for optimal activity during the insect infection process (82).380

Interestingly, this cluster of four genes was acquired by horizontal transfer. Since381

transcriptional read-through partly relies on basal RNA Polymerase / TTS interactions,382

it might be conserved during horizontal transfer among bacterial species without re-383

quiring an independent acquisition of regulatory signals and their integration in the384

transcriptional regulatory network of the recipient cell.385

Detection of putative excludons and noncontiguous transcriptions units. All386

previous examples involved genes located on the sameDNA strand; yet recent studies387

also describe interactions between overlapping antisense coding transcripts, involved388

in amutual regulation. In particular, noncontiguous operons refer to operons that con-389

tain a gene or group of genes that is transcribed in the opposite direction (83). 83 TUs390

with such features were found in the D. dadantii genome (provided in Supplementary391

Tab. S4A). Among them, an example is the indCvfmAZBCDFG TU encoding a compo-392

nent of the vfm quorum sensing system required for the production of plant cell wall-393

degrading enzymes (Fig. 5 and Supplementary Fig. S2D) (84). The vfmE gene, located394
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FIG 5 Existence of a potential noncontiguous transcription unit in the vfm locus. The vfmE gene is transcribed in the opposite
direction of the indCvfmAZBCDFG TU, generating two overlapping mRNAs (as shown in red/blue for the -/+ strand) that might be
involved in a mutual regulation (see text). All mRNA isoforms are observed in Nanopore native RNA-seq data (Supplementary
Fig. S2D), including a long native RNA read on the negative strand between vfmD and vfmF.

on the opposite strand and within this TU, is also part of this system and known to395

encode a transcriptional activator of the vfm locus (of the AraC family). Since all genes396

of the TU are co-transcribed within a single mRNA, it is likely that these two overlap-397

ping antisense transcripts could negatively regulate each other, e.g. by transcriptional398

interference (RNA Polymerases collision) or RnaseIII-mediated double-stranded RNA399

processing (85). An expression increase of the vfm locuswould then reduce the expres-400

sion of vfmE, and in turn its own expression, forming a genome-embedded negative401

feedback loop controlling the production of quorum sensing signal and plant cell-wall402

degrading enzymes (86).403

Finally, “excludons” refer to genomic regions in which convergent or divergent404

genes display overlapping transcription (87). From the map of transcription start and405

termination sites, we found 160 putative convergent excludons (overlapping 3’ UTRs)406

and 63 putative divergent excludons (overlapping 5’ UTRs) (provided in Supplemen-407

tary Tab. S4B). An example is the divergent excludon between greB and ompRenvZ408

transcription units, encoding a transcript cleavage factor required for effective tran-409

scription elongation (88) and a two-component signal transduction system involved410

in osmotic stress response (89), respectively (Supplementary Fig. S3B). Both TUs com-411

prise long 5’UTRs, forming a region of overlapping transcription that was previously412

identified in E. coli (90) and might underpin a mutual post-transcriptional regulation.413

In planta co-expression validation of the transcription units. While our tran-414

scriptional map was inferred from in vitro cultures, where RNAs could be extracted415

with optimal quality and reproducibility, we wished to test if the identified TUs could416

play a role in conditions of plant infection. We analysed a set of expression data ob-417

tained in planta by DNA microarrays, during the early stages of Arabidopsis thaliana418

infection (dataset 5) (29), 6 hours post-inoculation, during the epiphytic colonisation419

of leaf surface, and 24 hours post-inoculation during leaf invasion, just before the420

onset of visible symptoms. Overall, among the 50% gene pairs most correlated in421

planta, 80% belong to the same TUs, suggesting that co-transcription of these genes422
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Mapping of Dickeya dadantii transcriptional landscape

may indeed likely occur in these conditions (Supplementary Fig S4A). As an example,423

in cytABCD, the four genes are also highly correlated in planta, while this correlation424

immediately drops in surrounding isodirectional TUs (Supplementary Fig. S4B), as we425

expected. However, comparable correlations might also arise between other genes426

that are not transcribed together, but share the same transcriptional regulators, in427

particular those involved in virulence such as KdgR, PecT, PecS (91), thus accounting428

for the 20% strongly correlated gene pairs not located in the same TU. For example,429

in the pelCZ complex TU involved in pectinolysis, both genes are strongly correlated in430

planta (Supplementary Fig. S4C), as expected from the previous in vitro observations431

(especially with PGA, Supplementary Fig. S4C), but the adjacent pelB gene is also cor-432

related, whereas crp and mrcA are not. This is not surprising, since most pel are par-433

alogous genes with similar regulators and are strongly induced by pectin. The same434

pattern is observed for the pelD-paeY-pemA TU (Supplementary Fig. S4D), with respect435

to the pelE and pelA genes located upstream on the same strand. Because of the lim-436

ited spatial resolution of microarrays and the weak number of investigated conditions,437

it is not possible to systematically distinguish the effects of these two mechanisms at438

the genomic scale from these data, but a survey of representative TUs confirmed that439

they usually coincide with correlated blocks of genes (as observed with cytABCD), even440

when the latter do not belong to the same functional pathways.441

As an example, the complex TU sufABCDSE-ldtC is composed of two functionally442

unrelated operons (Supplementary Fig. S4E). sufABCDSE encodes components of the443

iron-sulfur cluster assemblymachinery (92), which is required to synthesise and repair444

damaged iron-sulfur clusters under conditions of oxidative stress or iron limitation,445

and is therefore critical for D. dadantii virulence (91). In contrast, ldtC (previously ycfS),446

encodes a L,D-transpeptidase crucial for bacterial envelope assembly, by catalysing447

the attachment of the major outer-membrane protein Lpp to peptidoglycan (93). Ac-448

cording to our findings above, sufABCDSE and ldtC can be transcribed together, with449

an internal TTS and TSS located between them. In planta, the seven genes are indeed450

strongly co-expressed, with a slight decrease for ldtC, in full agreement with the iden-451

tified transcriptional map (Supplementary Fig S4E). It is conceivable that these genes452

are required under a common set of conditions encountered during plant infection,453

which was favoured by their inclusion in the same transcript, while the presence of al-454

ternative TSS and TTSmight still allow separate expressionwhen required. Indeed, the455

sufABCDSE operon is controlled by three transcriptional regulators, Fur, OxyR and IscR,456

which respectively sense iron limitation, oxidative stress and intracellular iron-sulfur457

cluster status (94). Each of them contributes to the activation of the suf promoter by458

oxidative stress occurring during plant penetration and colonisation (25): the repres-459

sor Fur is inactivated by reactive oxygen species (ROS); the activator OxyR becomes460

active through the oxidation of two cysteine residues and the formation of a disulfide461

bond; IscR becomes an activator of suf promoter after destruction of its iron-sulfur462

cluster by ROS (94). On the other hand, the activity of L,D-transpeptidases involves a463

catalytic cysteine residue that must be reduced (95), which is challenging under oxida-464

tive stress. The expression of ldtC from the suf promoter, which is strongly activated465

in the latter condition, is therefore biologically meaningful. Interestingly, in E. coli, the466

suf operon is also located upstream of a gene encoding a L,D-transpeptidase (ldtA),467

the two operons being also transcribed both together and separately (54).468

Concluding statement In this study, we combined five transcriptomic datasets469

yielding complementary information and designed to provide a catalogue of genes’ re-470

sponses and RNA landscapes to various growth and stress conditions, including one471

of the first applications of Nanopore native RNA-seq to prokaryotic transcriptomes.472

mS
yste

ms
Sub

mis
sion

Tem
pla

te
mS

yste
ms

Sub
mis

sion
Tem

pla
te

mS
yste

ms
Sub

mis
sion

Tem
pla

te
mS

yste
ms

Sub
mis

sion
Tem

pla
te

mS
yste

ms
Sub

mis
sion

Tem
pla

te
mS

yste
ms

Sub
mis

sion
Tem

pla
te

mS
yste

ms
Sub

mis
sion

Tem
pla

te
mS

yste
ms

Sub
mis

sion
Tem

pla
te

mS
yste

ms
Sub

mis
sion

Tem
pla

te
mS

yste
ms

Sub
mis

sion
Tem

pla
te

13

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 13, 2021. ; https://doi.org/10.1101/2020.09.30.320440doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.30.320440
http://creativecommons.org/licenses/by-nc-nd/4.0/


Forquet et al.

Their integration through a computational method developed for this study allowed473

us to precisely determine and annotate the transcriptomic map of D. dadantii, the first474

of its kind in the Dickeya genus. The analysis of in plantaDNAmicroarray data suggests475

that the identified TUs are also co-expressed during the early stages of plant infection,476

although a more refined in planta analysis would require higher-resolution transcrip-477

tomic data. Beyond its practical aspect as a community resource to help the scientific478

community to unravel gene regulation, including the virulence programme of this and479

related species, the obtained transcriptional map clearly indicates, after others, that480

the canonical operon model is insufficient to account for the complexity of bacterial481

transcription. The ability of the cell to differentially express genes of the same operon482

depending onmetabolic needs and environmental conditions was first described with483

suboperonic regulation years ago. Later, with the emergence of next-generation se-484

quencing, transcriptomic analyses confirmed at the genomic scale that most operons485

were able to generate alternative transcripts of variable gene composition. Transcrip-486

tional read-through at terminators is another mechanism that might play a basal coor-487

dination and regulation role, and explain the extent of transcription beyond the scale488

of operons. Recent findings include noncontiguous operons and excludons, where489

the expression of an operon transcript can be mutually regulated with that of a gene490

located on the opposite strand at the same locus. For such features, the putative cat-491

alogue provided here may be used as a starting point for further investigation, and in492

particular, might be combined with the D. dadantii non-coding RNA landscape (96) for493

a comprehensive analysis of transcriptional regulation in this bacterium. Altogether,494

our findings provide insights into the mechanisms of basal coordination of transcrip-495

tion and might contribute to the revision of the canonical view of operon structure496

and transcription organisation.497

MATERIALS AND METHODS498

Bacterial strain, genome annotation and genome-wide predictions of oper-499

ons. The genome sequence and annotation files from Dickeya dadantii strain 3937500

were obtained from NCBI under accession NC_014500.1 (97). This work focused on501

coding genes only (CDS, representing 4211 genes over 4411 in total). D. dadantii oper-502

ons were predicted using Rockhopper, a recent computational tool for operon predic-503

tion based on RNA-seq expression data as well as genomic and functional informa-504

tion (40), by providing dataset 1 as input.505

RNA-sequencing data (dataset 1), definition of putative transcription units506

basedon intergenic signals, and identificationof unannotatedgenes. Strand-specific,507

paired-end RNA-seq processed data used in this study are described in (98). Transcrip-508

tomes were obtained in 6 conditions (with two biological replicates each) including var-509

ious growth (M63 medium supplemented with sucrose, in exponential or stationary510

phase, in presence or absence of PGA) and DNA supercoiling conditions (novobiocin511

shock). For each sample, RNA fragments were inferred from paired-end reads infor-512

mation, and genome-wide coverage was computed from resulting RNA fragments co-513

ordinates using a Python home-made script.514

To define putative transcription units, separately for each strand, adjacent genes515

were fused in the same putative TU as long as the coverage was greater than 0 at each516

position of their intergenic region (independently of its size) for at least half of the517

samples (Fig. 6A).518

Unannotated genes were defined as DNA regions outside of known coding se-519

quences, longer than the first centile (1%) of D. dadantii gene lengths (192 bp), with an520

average coverage significantly different from 0 (with 99% confidence, i.e., > 9 at each521
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Mapping of Dickeya dadantii transcriptional landscape

position) in all samples, and with a coding sequence predicted by Prodigal (99), result-522

ing in 50 unannotated genes. A search for homolog proteins was performed using523

PSI-BLAST based on the non-redundant protein database (Supplementary Tab. S1D).524
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B. Co-expression validation
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FIG 6 Algorithm for the characterisation of D. dadantii transcription units. (A) Definition of putative TUs based on RNA-seq cov-
erage (dataset 1) in intergenic regions, with isodirectional genes being split when the coverage drops to zero (here before gcvT
and after gcvP). (B) Validation based on correlation of expression across 32 conditions (dataset 2). The genes of identified putative
TUs are correlated, in contrast to surrounding isodirectional genes (budB and Dda3937_02305). (C) Validation based on Nanopore
native RNA-seq, based on the presence of overlapping RNA reads between adjacent gene pairs, yielding a direct evidence for
co-transcription. (D) TSS and TTS mapping based on dRNA-seq (TEX libraries, dataset 4), Nanopore native RNA-seq (dataset 3),
TTS predictions, promoter predictions, and paired-end RNA-seq data (dataset 1). First, putative TSSs and TTSs of high resolu-
tion but qualitative strength were defined from an analysis of TEX libraries and Nanopore native RNA-seq, respectively, and
rho-dependent/intrinsic terminations were predicted. Second, a list of TSSs and TTSs of quantitative strength but poorer resolu-
tion was defined from the enrichment of RNA-seq paired-end fragment starts (start density) and stops (stop density) upstream
of gene starts and downstream of gene stops, respectively. Third, only TSSs and TTSs with sufficient strength were retained, and
compared to the closest TEX TSS / Nanopore TTS / predicted hairpin loop, in order to define their exact position and level of confi-
dence. Finally, promoters were predicted for the retained TSSs. As a result of the analysis, this TU included the gcvTHP genes, the
first two genes being expressed both as part of the entire transcript and as an independent transcript generated from a strong
internal TTS (76% of total magnitude), explaining the lower correlation between gcvP and the remaining genes.
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In vitro DNAmicroarray data (dataset 2) and co-expression validation of the525

putative transcription units using hierarchical clustering. Microarray processed526

data used in this study are described elsewhere (27). They comprise 32 in vitro condi-527

tions (with two biological replicates each) including various growth and stress condi-528

tions encountered by D. dadantii during plant infection: cells were harvested in M63529

(minimal) medium supplemented with sucrose, in exponential or stationary phase, in530

presence or in absence of PGA or leaf extract, and exposed or not to environmental531

perturbations (acidic, osmotic and oxidative stress). Pearson’s correlation coefficients532

were computed among all gene pairs over all conditions on the logarithm of the nor-533

malised expression level (derived from probes intensity). For each putative TU, adja-534

cent genes were grouped into clusters based on this correlation, using a hierarchical535

clustering framework constrained to group adjacent genes only, with a custom Python536

script. At each iteration of the algorithm, the median of cross-correlations among all537

clusters (or genes) was computed, and the adjacent clusters with maximal median538

were fused. The hierarchical clustering ends when a cutoff value C for the correlation539

is reached (Fig. 6B). If the agglomeration of all genes of the TU is achieved without540

reaching C , the TU is validated. Otherwise, the final clusters are considered as sep-541

arate TUs. A high C value results in short highly correlated TUs, whereas a low C542

value yields longer moderately correlated TUs (Supplementary Tab. S5). We defined543

the value C = 0.25 such that 20% of operon predictions were discarded (Supplemen-544

tary Fig. S5), since it is the number of false predictions (i.e. specificity) evaluated for545

Rockhopper in E. coli, a D. dadantii enterobacterium relative. Varying the precise value546

of C did not qualitatively change the main results (Supplementary Tab. S5). The iden-547

tified TUs exhibit a similar length distribution as those reported in E. coli (9, 3).548

Nanopore native RNA sequencing (dataset 3), validation of the mRNA land-549

scape, andgenome-wide identificationof putative transcription termination sites.550

D. dadantii cultures were grown in M63medium supplemented with 0.2% glucose and551

0.2% PGA, until the early exponential phase (A600nm = 0.2, condition 1), or the early552

stationary phase (A600nm = 1.8, condition 2). RNAs were extracted using a frozen acid-553

phenol method, as previously described (100), and treated successively with Roche554

and Biolabs DNases. Two samples were prepared: 50 µg of RNAs from each condi-555

tion were pulled into one sample (sample 1), whereas the other one contained 100556

µg of RNAs from condition 2 (sample 2). Both samples were then supplied to Vertis557

Biotechnologie AG for Nanopore native RNA-seq: total RNA preparations were first558

examined by capillary electrophoresis, and ribosomal RNA molecules were depleted559

for sample 1 only using an in-house developed protocol (recovery rate = 84%). RNA560

3’ends were then poly(A)-tailed using poly(A) polymerase, and the Direct RNA sequenc-561

ing kit (SQK-RNA002) was used to prepare the library for 1D sequencing on the Ox-562

ford Nanopore sequencing device. The direct RNA libraries were sequenced on a Min-563

ION device (MIN-101B) using standard settings. Basecalling of the fast5 files was per-564

formed using Guppy (version 3.6.1) with the following settings: –flowcell FLO-MIN106 –565

kit SQK-RNA002 –cpu_threads_per_caller 12–compress_fastq –reverse_sequence true566

–trim_strategy rna. Reads smaller than 50 nt were removed. 466 393 and 556 850567

reads were generated from sample 1 and 2, respectively. Raw read sequencing data568

are available in the EBI Gene Expression (ArrayExpress) database under accession E-569

MTAB-10482. Quality control was performed on both datasets using Nanopack (101).570

Long-reads from the fastq files were mapped to Dickeya dadantii strain 3937 genome571

(NCBI accession number: NC_014500.1) (97) using minimap2 (release minimap2-2.17572

(r941)) (102). Output alignments in PAF and SAM format were generated with the rec-573

ommended options for noisy Nanopore native RNA-seq, adapted to bacteria (no splic-574
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ing) (-ax map-ont -k14). Secondary alignments were not reported for sample 2 due to575

multiple secondary alignments in ribosomal RNAs regions (–secondary=no). In total,576

382 290 and 392 743 alignments were generated (77 and 67%mappability) from sam-577

ple 1 and 2, respectively. Alignment files were further sorted, indexed and analysed578

with SAMtools. Alignments from both samples were merged into one PAF file, and the579

latter was used for further analyses.580

For each TU previously definedwith datasets 1 and 2 (Fig. 6A and 6B), the presence581

of long overlapping native RNA reads was investigated using a Python home-made582

script for adjacent gene pairs belonging to the same TU (Fig. 6C). If at least one RNA583

read overlapped the two adjacent genes, their co-transcription was validated (quoted584

"validated" in Supplementary Tab. S1A). If the signal was too weak for the investigated585

genes (read counts <9, not significantly different from 0 with 99% confidence), no con-586

clusion could be drawn (quoted "weak signal" in Supplementary Tab. S1A). Otherwise,587

if no overlapping RNA was found, it was not validated (quoted "invalidated" in Supple-588

mentary Tab. S1A), which might also be due to the low number of conditions tested.589

For the determination of TTSs, for each position of the genome, we computed590

the total number of RNA fragments ending at this particular position, using a Python591

home-made script. From this stopdensity, wedefinedputative TTSs as positions down-592

stream of gene stop codons (up to 100 bp, based on 3’UTR lengths in E. coli) enriched593

for RNA fragments stops, respectively. In each of these regions, we started from site i594

with highest stop signal k i on 5-bp centredwindows (due to the low sequencing depth).595

For the position i to be considered as a putative TTS, we imposed k i to be significantly596

different from 0 (with 95% confidence, > 6). TTSs obtained with this approach are pro-597

vided in Supplementary Tab. S2D.598

Differential RNA-sequencing experiments and genome-wide identification599

of putative transcription start sites (dataset 4). RNAs from dataset 2 (27) (in vitro600

DNA microarray data) were pooled into four samples S1 to S4, resulting in a combi-601

nation of stress (pH , N aC l , H2O2) and growth conditions: exponential phase with (S1)602

or without (S2) stress, transition to stationary phase with (S3) or without (S4) stress.603

Those samples were then supplied to Vertis Biotechnologie AG for TEX treatment and604

Illumina sequencing. Briefly, ribosomal RNA molecules were depleted from the to-605

tal RNA samples using the Ribo-Zero rRNA Removal Kit for bacteria (Epicentre), and606

small RNAs (< 200 nt) were discarded using the RNeasy MinElute Cleanup Kit (Qiagen).607

For the generation of TSS cDNA libraries, the samples were first fragmented using608

RNase III, poly(A)-tailed using poly(A) polymerase, split into two halves, with one half609

being treated with Terminator exonuclease (+TEX, Epicentre), while the other one was610

left untreated (-TEX). 5’PPP structures were then converted into 5’P ends using RNA 5’611

Polyphosphatase (5’PP, Epicentre), to which RNA adapters were ligated. First-strand612

cDNAs were synthetised using an oligo(dT)-adapter primer and the M-MLV reverse613

transcriptase, PCR-amplified using a high fidelity DNA polymerase, purified using the614

Agencourt AMPure XP kit (Beckman Coulter Genomics), and sequenced on an Illumina615

NextSeq 500 system (60 bp read length, single-end, strand-specific protocol). Sequenc-616

ing reads were trimmed to remove poly(A) tails and adapters. The fastq sequencing617

files are available in the EBI Gene Expression (ArrayExpress) database under acces-618

sion E-MTAB-9075. Putative TSS positions were then determined based on the enrich-619

ment of sequencing reads in TEX-treated samples (+TEX) compared to non-treated620

ones (-TEX) using TSSer, an automated annotation programme from dRNA-seq data621

with default parameters: TSS positions within 5 bases on the same strand were clus-622

tered together and the position with the highest amount of read increase in the +TEX623

library was retained. TSSs obtained with such approach are provided in Supplemen-624
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tary Tab. S2A.625

In plantaDNAmicroarraydata (dataset 5) and co-expressionvalidationof the626

transcription units inferred from in vitro conditions. Microarray processed data627

used in this study are described in (29). They comprise two conditions: bacteria were628

collected 6 hours post-inoculation of themodel plant Arabidopsis thaliana by wild-type629

D. dadantii during the epiphytic colonisation of the leaf surfaces (5 replicates), and 24630

hours post-inoculation during the leaf invasion (4 replicates). Pearson’s correlation co-631

efficient was computed among all gene pairs over the two conditions on the logarithm632

of the normalised expression level (derived from probes intensity) (Supplementary633

Fig. S4).634

Genome-wide detection of transcription start and termination sites from635

RNA-seq data, mapping to the transcription units. We computed the densities of636

RNA fragments starting and ending at each position of the genome, across all RNA-seq637

samples (dataset 1) (Fig. 6D). In order to retain only TSSs and TTSs relevant to protein-638

coding genes, we focused on regions located upstreamof gene start codons (up to 250639

bp, based on 5’UTR lengths in E. coli), and downstream of gene stop codons (up to 100640

bp, based on 3’UTR lengths in E. coli), respectively. In each of these regions, putative641

TSSs/TTSs were defined as sites i with highest start/stop signal k i . To differentiate a642

TSS/TTS at position i from the noise, we imposed two successive conditions: (i) k i is643

significantly different from 0 (with 99% confidence, k i > 9); (ii) k i is greater or equal644

than a density cutoff value D . The latter was set as ten times the median of the den-645

sity values of the region investigated for TSSs, and five times for TTSs, showing that646

the recorded transcripts indeed start/stop at that precise position, rather than along a647

poorly defined starting/stopping region. In that case, the position i was considered as648

a putative TSS/TTS, of strength k i . Setting a low density cutoff D would tend to include649

false positives resulting from RNA-seq signal variations (noise), whereas a high cutoff650

would exclude weakly expressed TSSs/TTSs. We selected the value of D (i) such that651

TSSs and TTSs were detected for known operons and experimentally characterised652

TUs (described in the manuscript) and (ii) by visually curating the density graphs and653

excluding many positions obviously associated to RNA-Seq signal variations.654

TSSs/TTSs positions were then compared among datasets to evaluate their con-655

fidence level. For each TSS identified with this approach, if a putative TSS obtained656

from dataset 4 (TEX libraries) was close enough (±20bp), its position was retained (as-657

suming a higher precision and resolution). In addition, a scan for promoter motifs658

was conducted with bTSSfinder (52). For TTSs, the same method was applied using659

the position of the closest predicted hairpin loop (±50 bp), or TTS positions obtained660

from Nanopore native RNA-seq data (dataset 3). TSSs and TSSs were then assigned to661

the TUs, and only internal TSSs and TTSs with 15% relative amplitude (i.e. k i
Σ (k i ) ) were662

retained, resulting in a total of 2595 TSSs and 1699 TTSs over all TUs. Setting a low rel-663

ative amplitude cutoff would tend to retain all TSSs / TTSs, including many very weak664

ones mostly due to noise. We selected the relative amplitude cutoff value (i) based on665

a collection of known operons and TUs (shown in the manuscript), and (ii) such that666

the total number of TSSs and TTSs identified was consistent with those reported re-667

cently in E. coli (3, 54). If no TSS/TTS was found from dataset 1, we indicated the closest668

putative one from dataset 3/4 with a lower confidence level. The lists are provided in669

Supplementary Tab. S1A to S1C.670

Detection of transcriptional readthrough at internal TTSs For each internal671

TTS, the expression ratio ∆(l og2 (RPKM )) of the gene located downstream compared672

to the gene located upstreamwas computed across RNA-seq conditions. We imposed673

two successive conditions to consider the transcriptional read-through at this TTS as674
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condition-independent: (1) ∆(l og2 (RPKM )) ≤ −0.5 for at least 8 samples over 12 cor-675

responding at least to a termination probability P (TT S ) = 71%, (2) standard error of676

the mean σ P (TT S ) ≤ 12.5% corresponding to a relatively constant mean expression677

ratio and subsequent termination probability.678

Availability of data and materials.679

• Dickeya dadantii strain 3937 genome sequence and annotation files: NCBI ac-680

cession number NC_014500.1 (97).681

• RNA-seq data (dataset 1): EBI Gene Expression (ArrayExpress) accession num-682

ber E-MTAB-7650 (98).683

• In vitro microarray data (dataset 2): EBI Gene Expression (ArrayExpress) acces-684

sion number E-MTAB-541 (27).685

• Nanopore native RNA sequencing (dataset 3): EBI Gene Expression (ArrayEx-686

press) accession number E-MTAB-10482. Note: not publicly available until the687

manuscript is accepted. Please use login details Username =688

Reviewer_E-MTAB-10482, Password = gdrof3hg.689

• Differential RNA-seq data (dataset 4): EBI Gene Expression (ArrayExpress) acces-690

sion number E-MTAB-9075. Note: not publicly available until the manuscript is691

accepted. Please use login details Username = Reviewer_E-MTAB-9075, Pass-692

word = jenuxmon.693

• In planta microarray data (dataset 5): NCBI Gene Expression Omnibus (GEO)694

accession number GSE94713 (29).695

SUPPLEMENTAL MATERIAL696

SUPPLEMENTARY FIGURE S1. (A) Co-expression validation of znuCBA TU with in vitro697

DNAmicroarray data (dataset 2): the three genes exhibit strong internal cross-correlations698

clearly indicative of an operon. (B) Same for sapABCDFfabI TU: the six genes are co-699

expressed, with a reduced correlation of fabI due to the presence of a strong inter-700

nal TSS (Fig. 3B). (C) Same for rhlb-gppA-pehV TU: the three genes are co-expressed,701

with a reduced transcriptional level of pehV (Fig. 4A) and a reduced correlation due to702

condition-independent read-through at the gppA intrinsic terminator. (D) Effect of PGA703

on pelCZ TU: pelC and pelZ expression profiles are similar in absence (left) or presence704

(right) of PGA in stationary phase, in spite of a drastically different global expression705

level.706

SUPPLEMENTARY FIGURE S2. Co-transcription and mRNA landscape validation707

with Nanopore native RNA-seq for (A) rhlB-gppA-pehV TU with condition-independent708

read-through at the intrinsic TTS downstream of gppA; (B) pelD-paeY-pemA TU with709

condition-dependent read-through downstream of pelD internal TTS; (C) cytABCD TU710

with condition-dependent read-through downstream of cytA internal TTS. Those in-711

ternal TTSs are occasionally overstepped, resulting in different transcripts isoforms712

(as shown in red) which are all detected as long native RNA reads (black). (D) indCvf-713

mAZBCDFG noncontiguous TU (black Nanopore reads on the negative strand), with714

vfmE being transcribed on the opposite strand (blue Nanopore reads on the positive715

strand), resulting in overlapping antisense transcripts.716

SUPPLEMENTARY FIGURE S3. (A) Quantification of condition-dependent tran-717

scriptional read-through: example of the cytABCD TU. A putative Rho-independent TTS718

is identified downstream of cytA although not validated. Its probability of termination719

(inferred from the expression variation ∆(l og2 (RPKM )) of cytA compared to the other720

genes) is regulated and depends both on the growth phase and the presence of PGA721

(P (TT Scy tA) = 0.78± 0.03 vs 0.51± 0.03) besides a global up-regulation of the whole TU.722

(B) The greB and ompRenvZ transcription units form a potential divergent excludon:723
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long 5’UTRs overlapping transcripts are generated by ompR and greB divergent genes724

and might form a dsRNA that could prevent each other transcription. In E. coli, ompR725

and envZ are part of the same operon (red), and greB is transcribed alone (blue). Such726

genomic region forming a dsRNA was also identified in E. coli (90).727

SUPPLEMENTARYFIGURES4. In plantaDNAmicroarray data, 6 hours post-inoculation728

(hpi) of the plant Arabidopsis thaliana (epiphytic colonisation of the leaf surfaces, 5729

replicates), and 24 hpi (leaf invasion, 4 replicates). (A) Distribution of co-expression730

correlation coefficients among (blue) all genes and (red) genes belonging to the same731

TU. Among the 50%most correlated genes in planta, 80% belong to the same TUs, with732

the example TUs from themanuscript (smtA-mukFEB, znuCBA, sapABCDF-fabI, glgBXCAP,733

pelCZ, rhlB-gppA-pehV, pelD-paeY-pemA, cytABCD) displaying a median correlation of 0.9734

in planta. (B) Pearson’s co-expression correlation coefficients of cytABCD TU with sur-735

rounding isodirectional (on the same strand) TUs. (C) Same for pelCZ TU. (D) Same736

for pelD-paeY-pemA TU. (E) Identification of sufABCDSE-ldtC complex TU, composed of737

operons of apparently unrelated functions, exhibiting a strong internal TSS (51% to-738

tal magnitude) upstream of ldtC (previously ycfS) and a strong internal TTS (52% total739

magnitude) downstream sufE, allowing separate transcriptions. The seven genes are740

highly correlated in planta.741

SUPPLEMENTARY FIGURE S5. Co-expression validation of transcription units for742

different correlation thresholds C . TUs obtained with high C values are more highly743

correlated but shorter. Putative TUs are obtained from step 1 of the analysis (inter-744

genic signal), without any requirement on the correlation of expression. With the cho-745

sen value (C = 0.25), TUs group around three times more gene pairs than predicted746

operons by Rockhopper. The value of C was chosen such that 20% of operon predic-747

tions were discarded, since it is the number of false predictions of Rockhopper in E.748

coli, a D. dadantii enterobacterium relative.749

SUPPLEMENTARY TABLE S1. (A) Dickeya dadantii transcription units defined by750

our approach. (B) TSSs across TUs. (C) TTSs across TUs. (D) Unannotated protein-751

coding genes.752

SUPPLEMENTARY TABLE S2. (A) Putative TSSs identified by differential RNA-seq753

(TEX treatment) under a wide range of environmental conditions. (B) Genomic po-754

sition and secondary structure of putative TTSs: intrinsic terminators predicted by755

ARNold (Erpin and RNAmotif algorithms). (C) Genomic position of putative TTSs: Rho-756

dependent terminators predicted by RhoTermPredict. (D) Putative TTSs identified by757

Nanopore native RNA-seq.758

SUPPLEMENTARY TABLE S3. TSS validation, based on all published TSSs to date759

and to our knowledge in D.dadantii.760

SUPPLEMENTARY TABLE S4. (A) Catalogue of putative noncontiguous transcrip-761

tion units. (B) Catalogue of putative excludons.762

SUPPLEMENTARY TABLE S5. Catalogue of transcription unit architecture. Puta-763

tive TUs are obtained from the first step of the approach (analysis of intergenic signal).764

Varying the precise value of the correlation threshold C for co-expression validation765

(step 2) does not change the results qualitatively. A largerC value results in shorter but766

more highly correlated TUs. Final TUs obtainedwithC = 0.25 are longer than predicted767

operons and exhibit a similar length distribution as those reported in E. coli (9, 3).768
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