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Abstract

Background: Ralstonia solanacearum is the causal agent of bacterial wilt, a devastating plant disease responsible
for serious economic losses especially on potato, tomato, and other solanaceous plant species in temperate
countries. In R. solanacearum, gene expression analysis has been key to unravel many virulence determinants as
well as their regulatory networks. However, most of these assays have been performed using either bacteria grown
in minimal medium or in planta, after symptom onset, which occurs at late stages of colonization. Thus, little is
known about the genetic program that coordinates virulence gene expression and metabolic adaptation along the
different stages of plant infection by R. solanacearum.

Results: We performed an RNA-sequencing analysis of the transcriptome of bacteria recovered from potato
apoplast and from the xylem of asymptomatic or wilted potato plants, which correspond to three different
conditions (Apoplast, Early and Late xylem). Our results show dynamic expression of metabolism-controlling genes
and virulence factors during parasitic growth inside the plant. Flagellar motility genes were especially up-regulated
in the apoplast and twitching motility genes showed a more sustained expression in planta regardless of the
condition. Xylem-induced genes included virulence genes, such as the type lll secretion system (T3SS) and most of
its related effectors and nitrogen utilisation genes. The upstream regulators of the T3SS were exclusively up-
regulated in the apoplast, preceding the induction of their downstream targets. Finally, a large subset of genes
involved in central metabolism was exclusively down-regulated in the xylem at late infection stages.
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Conclusions: This is the first report describing R. solanacearum dynamic transcriptional changes within the plant
during infection. Our data define four main genetic programmes that define gene pathogen physiology during
plant colonisation. The described expression of virulence genes, which might reflect bacterial states in different
infection stages, provides key information on the R. solanacearum potato infection process.

Keywords: Ralstonia solanacearum, Bacterial wilt, RNAseq, Virulence factors, Dynamic gene expression, Metabolism,

T3SS, Effectors, Xylem, Apoplast

Background

Brown rot or bacterial wilt of potato is a vascular disease
caused by the bacterial phytopathogen Ralstonia solana-
cearum. This gram-negative -proteobacterium is among
the most threatening bacterial phytopathogens world-
wide, as it can infect over 200 different plant species, in-
cluding many important crops such as potato, tomato,
peanut, eggplant and banana [1-3]. Although R. solana-
cearum is endemic of tropical and sub-tropical regions,
phylotype 1IB-1 strains such as UY031 are acclimated to
lower temperatures and have caused important out-
breaks in temperate areas [4—6].

R. solanacearum has a complex life cycle. The patho-
gen survives in soil and water for long periods of time
[7]. When R. solanacearum senses the roots of natural
hosts by plant exudates [8], it penetrates the host
through the root elongation zone, root wounds or sec-
ondary root emerging points [9]. The root intercellular
spaces (the apoplast) constitutes a front line in the arms
race in plant-pathogen interactions and it is thus a hos-
tile environment to phytopathogens [10]. Therefore, col-
onisation of the apoplast is key for R. solanacearum
pathogenicity [11-13]. Successful infections involve
entry into the vascular cylinder and extensive colonisa-
tion of the xylem vessels [14, 15]. Occlusion of the vas-
culature due to massive exopolysaccharide (EPS)
production and bacterial multiplication ultimately cause
wilting symptoms and plant death [9, 16].

To progress across the different plant tissues, R.
solanacearum uses a panoply of virulence determi-
nants [17, 18]. The main virulence factor in this and
many other pathogenic bacteria is the Type III Secre-
tion System (T3SS) [19, 20], which delivers effector
proteins inside the plant cells, hijacking the cellular
machinery for bacterial benefit [21]. Another key viru-
lence determinant is EPS. EPS leads to the clogging
of the xylem vessels and plant symptom appearance,
and it can also bind to the cell wall and protect the
bacterium from plant defences [22, 23]. In addition,
the general secretion system (type 1I) secretes import-
ant virulence factors into the apoplast, including cell
wall degrading enzymes [24]. These enzymes are
collectively important for R. solanacearum plant

colonisation, since multiple deletion of the egl, pehA/
B/C, pme and cbhA genes compromised pathogenicity
[25]. Bacterial motility also plays important roles dur-
ing parasitic life in planta. For instance, R. solana-
cearum flagellar components were shown to be
essential at early stages of infection [26] and mutants
in the main twitching gene pilA were less pathogenic
[27]. On the other hand, the R. solanacearum genome
encodes the necessary enzymes to use nitrate as an
energy source (i.e. dissimilatory nitrate reduction), to
incorporate nitrate as a molecular building block (ie.
assimilatory nitrate reduction) [28] and to detoxify
reactive nitrogen species (i.e. denitrification) [29]. The
ability to use nitrate as terminal electron acceptor has
been proposed to sustain rapid bacterial growth in
the xylem, a hypoxic environment that is nonetheless
rich in nitrate [29, 30].

Gene regulation analyses are essential to decipher how
R. solanacearum finely tunes its pathogenicity. For
instance, transcription of the Arp genes -encoding the
T3SS- and its related effectors was found to be con-
trolled by the HrpB transcriptional activator. HrpB lies
downstream of a regulatory cascade induced by bacterial
contact with the plant cell wall [31] . The cascade
includes the membrane receptor PrhA, the signal trans-
ducer Prhl and the transcriptional regulators Prh] and
HrpG, the latter directly activating hrpB transcription
[32, 33]. Gene expression studies demonstrated that the
R. solanacearum hrp genes and T3SS effectors were
transcribed in planta at late infection stages [34]. Based
on these results, it was speculated that R. solanacearum
could inject T3Es to the xylem parenchyma cells in
order to hijack plant defences and manipulate the host
metabolism [34]. These findings were later confirmed in
gene expression studies using bacteria extracted from in-
fected tomato and banana plants [14, 35] or bacterial
transcripts isolated from infected potato roots [36]. Simi-
lar to the T3SS, EPS production is also stringently con-
trolled through the expression of the eps operon, which
encodes all EPS biosynthesis genes [37]. The eps operon
promoter is dependent on the global regulator PhcA,
whose production is induced at bacterial densities above
10 CFU/ml [37-39] . Finally, it has been described that
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some crosstalk exists between the eps and the hrp gene
regulation, since hrpG is negatively regulated by phcA
(32, 40].

Bacterial interactions in plant hosts do not consist
on one static phase, but rather in a dynamic inter-
action during disease development. However, all R.
solanacearum in planta transcriptomic studies have
focused so far on a specific stage of the infection
process: xylem colonisation at the onset of disease
symptoms [14, 35, 41, 42], with the exception of a
single study indirectly analysing bacterial reads from
infected roots [36]. Among the differentially expressed
(DE) genes identified in these previous studies, the
T3SS, T3Es, motility genes, ROS detoxifying enzymes
and cell wall degrading enzymes were found up-
regulated in most cases. Dynamic transcriptomic stud-
ies of the model plant pathogen Pseudomonas syrin-
gae analysing different moments of the disease
development have recently revealed a changing bac-
terial behaviour. For example, flagellar motility and
chemotaxis-related genes were transcribed in the epi-
phytic phase, while genes controlling metabolism were
expressed in the apoplast [43]. In another study, gene
expression of virulent and avirulent P. syringae strains
was studied at different time points after inoculation
of various Arabidopsis thaliana defence-related mu-
tants. This work identified an iron response regulator
that was induced at early infection stages, counteract-
ing plant immunity [44]. Other time course transcrip-
tomes in P. syringae have described an up-regulation
of flagellar, chemotaxis and two-component system
genes and a down-regulation of bacterial secretion
systems and general metabolism at late infection
stages in bacteria recovered from plants with pre-
induced immunity compared to naive plants [45]. To-
gether, these studies have started revealing the com-
plex landscape of transcriptomic changes occurring
over time during the course of a bacterial infection.

Due to the various environments it encounters
along the infection process and because of its eco-
nomic relevance, R. solanacearum 1is an excellent
model to analyse gene expression in different plant
tissues, which correspond to distinct phases of the in-
fection process. Here, we have analysed the transcrip-
tome of the cold adapted R. solanacearum UYO031 at
three different conditions. We have used the econom-
ically important crop potato plant where the R. sola-
nacearum UY031 was naturally identified a decade
ago [46]. Our data clearly shows that R. solanacearum
genes behave dynamically inside the plant during the
course of infection. We have identified condition-
specific expression of virulence and metabolic genes,
providing a new dynamic perspective of the R. solana-
cearum infection process.
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Results

R. solanacearum transcriptomes reflect four main genetic
programmes inside the plant

To elucidate the genes deployed by R. solanacearum
throughout infection, we profiled the gene expression of
strain UY031 in its natural susceptible potato host. We
collected bacterial samples from the apoplast —a condi-
tion mimicking early root infection, when the bacterium
traverses and multiplies in this compartment [47]— and
from the xylem of infected plants at six and ten days
post-inoculation, which correspond to the onset of the
disease (early xylem) or to the final stages when plants
are completely wilted (late xylem) (Additional File 1 B
and 2A). R. solanacearum plant infection through roots
is highly variable due to stochastic changes in the
physiological state of the plant, the initial inoculum and
available root entry sites. To overcome this problem, we
took advantage of a luminescent R. solanacearum
reporter strain previously developed in our group to
measure bacterial colonisation and we normalized values
for tissues containing comparable bacterial loads at dif-
ferent times of infection [48]. The in planta transcrip-
tomes were compared with that obtained from bacteria
grown in liquid rich B medium, a reference condition
known to repress many of the pathogen’s virulence
determinants [49]. Principal component analysis (PCA)
of the transcripts from each sample showed a clear clus-
tering of the biological replicates and a clear differenti-
ation of the xylem samples from the reference and
apoplast samples (PC1, explaining 65% of the variation)
(Additional File 2 C). Comparison of the in planta tran-
scriptomes with that obtained in axenic growth in rich
medium identified 418 differentially expressed genes
(DEGs) in the apoplast, 531 in the early xylem and 922
in the late xylem (log, fold change > |1.5| and adjusted
p-value< 0.01). Of these genes, 226 and 192 were up-
and down-regulated, respectively, in the apoplast, 290
and 241 in the early xylem, and 378 and 544 in the late
xylem (Fig. la and Additional File 3).

Comparison of the DEGs in each in planta condition
is in agreement with the previously published R. solana-
cearum in planta transcriptomic studies (Additional
File 4 A). DE transcripts from the same UY031 strain
retrieved from total RNAs of infected wild potato roots
[36] showed up to 17-18% overlap with the apoplast
condition and lower overlap with the other conditions
assayed in the present study, and the gene expression
values showed a high correlation (Additional File 4 B).
This is logical, since the transcriptome previously ob-
tained from roots of asymptomatic plants corresponds
to an early time of infection where most bacteria grow
apoplastically and only a small proportion of bacteria
have already reached the xylem. The highest overlap
(34% overlap in up- and 36% in down-regulated genes,
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respectively) was found between our early xylem condi-
tions and the microarray transcriptome of the phylo-
genetically close strain UWS551 isolated from tomato
plants at a comparable infection time (onset of wilting
symptoms) [14], which further validates our results
(Additional File 4). The overlap is obviously lower with
comparable transcriptomes obtained using the distantly
related GMI1000 strain.

To discover the DEGs common or unique to the dif-
ferent plant environments, we analysed the shared genes
among the different conditions studied. As can be
observed in Fig. la, two intersections (i.e. in planta and
xylem) and two conditions (i.e. apoplast and late xylem)
that correspond to bacterial growth in precise environ-
ments included most of the DEGs. On this basis, we
defined four genetic programmes where R. solana-
cearum expresses exclusive gene sets: in planta (genes

shared in all in planta conditions: apoplast, early and
late xylem), the xylem (genes shared in early and late
xylem), the apoplast, and the late xylem. Similarly, DE in
all in planta conditions were 104 up- and 81 down-
regulated genes. The differentially expressed genes in the
xylem genetic programme (both time points analysed)
included a total of 162 and 156 up- and down-regulated
genes. Finally, 100 and 80 genes were, respectively, up-
or down-regulated solely in the plant apoplast and 96
and 278 only in the late xylem condition, when plants
are mostly dead. The remaining conditions or overlaps
between conditions included fewer than 30 specifically
DEGs (Fig. 1a) and we did not consider them a proper
“genetic programme”. Overall, as hinted by the PCA
analysis, the apoplast showed the most divergent tran-
scriptome of the in planta conditions, whereas the sam-
ples extracted from the xylem (early and late) were the
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most similar. However, a substantial fraction of genes
was only differentially expressed in the late xylem (40%
of those DE in this condition).

R. solanacearum upregulates a variety of virulence factors
in planta

Functional enrichment of gene annotations is a powerful
tool to evaluate the genes involved in similar roles or
pathways in each experimental condition. Thus, we
investigated the enrichment of KEGG pathways and GO
terms in the genes that appeared DE in all in planta
conditions. Since the KEGG database contains metabolic
pathways and terms specifically for prokaryotes, we
ocused on its categories for enrichment analysis. Among
the genes up-regulated in all in planta conditions, only
the KEGG flagellar assembly pathway was enriched
(Fig. 1b). This result was confirmed by the GO
enrichment analysis, where the bacterial flagellum-
dependent cell motility term was similarly over-
represented, together with transposase activity and
DNA-mediated transposition (Additional File 5). On
the other hand, the enriched KEGG terms amongst
the genes down-regulated in all in planta conditions
were all related to metabolism: inositol phosphate
metabolism, and porphyrin and chlorophyll metabol-
ism (Fig. 1b), and the GO term cobalamin biosyn-
thetic process (Additional File 5).

Manual curation of gene annotations enabled us to
pinpoint a high number of pathogenicity-related func-
tions up-regulated in all in planta conditions. These
genes had been overlooked by the global enrichment
analysis because virulence genes are not in a KEGG
pathway and pathogenicity-related terms in GO are too
general and have not been widely used. Thus, we used
genomic and bibliographic information to create the
gene category “virulence and parasitic fitness” for the
UY031 strain and calculated its enrichment in all condi-
tions or genetic programmes analysed in this work (see
Methods). The new category included all genes encoding
the type Il secretion system (T3SS) and its associated
effectors (T3Es), genes involved in motility, EPS and
phytohormone biosynthesis, ROS scavenging, cell-wall
degrading enzymes, and nitrogen metabolism
(Additional File 5). As expected, the created “virulence
and parasitic fitness” category was clearly enriched in
the up-regulated genes in the in planta genetic
programme (p-value = 1.4-10" '*). Detailed analysis of the
subcategories included in “virulence and parasitic fit-
ness” indicated that T3SS and T3Es (p-value = 2.4-10" '?)
and motility (p-value =5.7-10"°) were also significantly
enriched among the up-regulated genes. For instance,
20% (12 out of 60) of the genes annotated as T3Es were
overexpressed in all in planta conditions. The enriched
motility subcategory included a total of 11 genes,
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containing both flagellar and type IV pili. Similarly, the
polygalacturonase gene pglA, encoding one out of the
six cell-wall degrading enzymes in the genome was also
up-regulated in the plant. Other virulence genes up-
regulated in bacteria growing in any of the studied in
planta conditions included efe, responsible for ethylene
formation, the reactive oxygen species (ROS) scavenging
superoxide dismutase sodC, and epsR, encoding the exo-
polysaccharide (EPS) repressor. Finally, only the EPS
subcategory was under-represented in planta (p-value =
1.25-10" %), which can be explained by the high expres-
sion of the exopolysaccharide synthesis operon in the
reference rich medium [38].

Flagellar genes and the upstream regulators of the T3SS
are exclusively up-regulated in the apoplast

Once R. solanacearum has infected the roots of a sus-
ceptible host plant it must cross the root cortex through
the apoplast. The KEGG flagellar assembly pathway was
enriched in the genes exclusively up-regulated in the
apoplast (Fig. 1b). Similarly, the four GO terms referring
to the flagellum (bacterial-type flagellum-dependent cell
motility, bacterial-type flagellum basal body, bacterial-
type flagellum and bacterial-type flagellum assembly)
and phosphopantetheine binding were also enriched in
this genetic programme (Additional File 5). A closer
perusal of the list of up-regulated genes in the apoplast
genetic programme also revealed that the “virulence and
parasitic fitness” category was enriched (p-value =
4.2.10" ). PrhJ and hrpG, key upstream regulators of
the T3SS activation cascade [31], were up-regulated in
this genetic programme. On the other hand, none of the
downstream T3SS transcriptional activators and only
two of 60 T3E genes (ripE2 and ripAD) were exclusively
up-regulated in this genetic programme. None of the
KEGG pathways nor GO terms were enriched amongst
the genes down-regulated in the apoplast.

R. solanacearum adapts to the xylem environment by
inducing virulence, chemotaxis and nitrogen metabolism
genes

After travelling through the root apoplast, R. solana-
cearum crosses the Casparian strip, reaching the plant
vasculature and heavily colonising the xylem vessels. As
mentioned before, a substantial number of R. solana-
cearum genes was DE in the xylem genetic programme,
both at early and late conditions (Fig. 1a). Almost one
third (12 out of 38) of the genes with associated KEGG
pathways differentially up-regulated in the xylem irre-
spective of the condition belonged to the enriched cat-
egory two-component system (Fig. 1b). This includes
genes that participate in chemotaxis signal transduction,
nitrate reduction, and oxidative phosphorylation. Three
other categories were enriched in the genes up-regulated
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in the xylem: oxidative phosphorylation (six genes), bac-
terial chemotaxis (five genes) and nitrogen metabolism
(five genes). The up-regulated nitrogen metabolism
genes included nitrate transporters (narkl/2), enzymes
involved in the denitrification pathway (aniA, norB) and
in the dissimilatory nitrate reduction pathway (narG/H/
I, nirB/D) as well as in reactive nitrogen species detoxifi-
cation (hmpX). The enriched term bacterial chemotaxis
included genes involved in different steps of swimming
motility, including membrane chemosensors, signal
transduction components (i.e. cheZl, cheA, cheR) and
flagellar motor genes (i.e. motB). The “virulence and
parasitic fitness” category was also enriched in the xylem
genetic programme up-regulated genes (p-value=
8.810" ). Amongst these genes were 9 out of 60 T3Es
annotated in strain UY031 genome (ripAE, ripY, ripAN,
ripC1, ripN, ripAP, ripF2, ripBH, and ripS5), and one
out of six cell wall degrading enzymes (pme). Other
overexpressed genes in the category included 10 motility
genes and the cytokinin biosynthesis gene tzs. Finally,
amongst the 102 KEGG tagged down-regulated genes in
the xylem, the enriched categories were: ribosome, oxi-
dative phosphorylation and citrate (TCA) cycle (Fig. 1b).
GO enrichment in down-regulated genes similarly
showed the over-represented categories translation, ribo-
some, structural constituent of ribosome, RNA binding,
rRNA binding (Additional File 5). In summary, a large
set of R. solanacearum genes was found DE in the xylem
throughout infection, including up-regulation of nitro-
gen utilisation and virulence genes, such as T3Es and
down-regulation of genes encoding the citrate cycle en-
zymes and the electron transport chain.

R. solanacearum inhibits a large number of metabolic
pathways at late infection stages

Besides the DE genes in the xylem throughout infection,
a large set of R. solanacearum genes was exclusively DE
in the Late xylem genetic programme, at late stages of
infection when plants are already wilted (Fig. 1a). Sur-
prisingly, no KEGG category was enriched in this abun-
dant set of up-regulated genes, but our “virulence and
parasitic fitness” category was enriched in the up-
regulated genes (p-value =5-10" ). Within this category,
two subcategories were also enriched: T3SS & T3Es, in-
cluding six effectors, three of the GALA family (ripG3,
ripG4 and ripGé) (p-value = 8.5-10" %), and motility, with
six involved in chemosensing and signal transduction (p-
value =3.6810 %). In the genes differentially down-
regulated in the late xylem condition, five KEGG cat-
egories were enriched: carbon metabolism (18 out of
108 genes tagged), ribosome (17 genes), TCA cycle (9
genes), RNA degradation (six genes) and protein export
(six genes) (Fig. 1b). GO enrichment analysis also
showed similar results with the overrepresented
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categories translation, ribosome, structural constituent
of ribosome, RNA binding and tricarboxylic acid cycle
(Additional File 5). In sum, R. solanacearum exclusively
downregulates at late infection stages in the xylem a
large subset of genes involved in the central metabolism
and its derived metabolic pathways.

Expression profiles reinforce the existence of specific
genetic programmes in the apoplast and the xylem

The findings described so far strongly suggest that R.
solanacearum expresses specific sets of genes at each
step of the infection process. To better understand this
dynamic process, we obtained the expression profiles of
the R. solanacearum UY031 genes in the three in planta
conditions: apoplast, early and late xylem. To this end,
fold-change values of DE genes in each condition in re-
lation to growth in rich culture medium were used as in-
put to the Mfuzz clustering package. Six different gene
expression profile clusters were identified according to
the condition or temporal progression, considering that
the apoplast is the earliest stage during infection,
followed by early and late xylem (Fig. 2, Additional File 7).
According to this, the profile named “specific apoplast”
contained 807 genes up-regulated in the apoplast but
down-regulated in early and late xylem (Fig. 2a), and the
profile “specific xylem” contained 1286 genes down-
regulated in the apoplast but up-regulated in the other
conditions (Fig. 2b). We identified two additional pro-
files, including genes that continuously decreased (561
genes up-regulated in the apoplast with transcripts grad-
ually decreasing in xylem) (Fig. 2c) or increased (334
genes, opposite profile) (Fig. 2d) their expression over
the infection period. Finally, the genes specifically
repressed (Fig. 2e) or induced (Fig. 2f) in the early xylem
that showed the opposite trend in the apoplast and late
xylem were 105 and 107, respectively.

To unveil the biological functions behind each expres-
sion profile, we performed enrichment analyses.
Enriched KEGG pathways in the “specific apoplast”
expression profile included various biosynthetic pro-
cesses, especially biosynthesis of secondary metabolites
(99 out of 308 tagged genes) and related pathways such
as biosynthesis of amino acids (53 genes) and flagellar
assembly (25 genes) (Fig. 2a). Our manually-defined mo-
tility subcategory was enriched in this expression profile
(p-value = 17810 %). In the “specific xylem” profile, the
KEGG enrichment analysis yielded terms related with
metabolism adaptation such as microbial metabolism in
diverse environments (106 out of 411 tagged genes),
ABC transporters (63 genes), and nitrogen metabolism
(19 genes) among others (Fig. 2b). Our manually-defined
subcategories T3SS & T3Es (p-value =5.2.10"?), phyto-
hormones (p-value =2.5-10" %) and nitrogen metabolism
(p-value = 210 ®) were also significantly enriched in this
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profile. KEGG enriched terms within the continuous
decrease profile were linked to transcription and
carbohydrate metabolism such as ribosome (43 out of
191 tagged genes) and carbon metabolism (24 genes)
(Fig. 2c). Finally, the profile containing genes with spe-
cific up-regulation in the early xylem, was enriched in
the ubiquinone and other terpenoid-quinone biosyn-
thesis pathway (3 out of 22 tagged genes). The subcat-
egory T3SS & T3Es was significantly enriched in this
expression profile as well (p-value = 1.34-10" %), contain-
ing genes such as the master regulator hrpB, and three
T3 effectors (Fig. 2f). GO enrichment analysis confirmed
these results, showing over-represented categories with
similar biological functions (Additional File 8).

R. solanacearum specifically activates different sets of
virulence factors in different plant environments

As described above, key virulence activities were induced
in specific plant environments or at specific disease
stages. To analyse in further detail the genes in this
“virulence and parasitic fitness” (Additional File 6) and
its subcategories we graphically represented their

normalised read counts in all assayed conditions, includ-
ing the reference condition in rich medium. This pro-
vided an unbiased view on the gene expression data
avoiding the effect of the reference condition in the
DESeq analysis. Detailed observation of gene expression
values in heatmap representations for the T3SS (hrp and
hrc genes) and T3E (rip genes) reinforced the above-
described enrichment in various genetic programmes or
conditions (Fig. 3, Additional File 9). Both the rip T3Es
and the hrp/hre genes displayed a very homogeneous ex-
pression pattern with high expression levels in the xylem
genetic programme (early and late) and low expression
levels in the apoplast. The only exceptions among the ef-
fectors were the two rip/ genes, with low expression
levels in all studied conditions, ripE2, with higher ex-
pression in the apoplast, and a cluster of effector genes
(i.e. ripAD and ripD), showing high transcript levels in
all conditions (Fig. 3). Heatmap visualisation of the nor-
malised transcriptomic data also indicated that flagellar
genes —essential for swimming motility— were highly
expressed in all in planta conditions, but to a higher ex-
tent in the apoplast (Fig. 4 top panel). This is in
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Fig. 3 T3E gene expression profile. Heatmaps showing the normalised transcripts per million (TPM) of the genes coding the 60 T3E described
in R. solanacearum UY031 in the reference condition and in planta apoplast, early and late conditions. Only putatively functional T3E genes are

RSUY_RS09755 /ripG5 / Gala5
RSUY_RS09750 /ripG4 / Galad
RSUY_RS14880 /ripB / Rip2
RSUY_RS21070 /ripN / Rip58
RSUY_RS21395 /ripAP / Rip60
RSUY_RS21375 /ripU / Rip59
RSUY_RS19845 / ripAO / Rip50
RSUY_RS20360 / ripAY / Rip55
RSUY_RS19875 / ripAQ / Rip51
RSUY_RS17325 /ripH2 / HLK2
RSUY_RS08770 /ripG6 / Galaé
RSUY_RS20070 /ripS3 / SKWP3
RSUY_RS21730 /ripS2 | SKWP2
RSUY_RS20730 /ripC1 /Rip62
RSUY_RS18905 /ripG2 / Gala2
RSUY_RS19635 / ripAN / Rip43
RSUY_RS20470 /ripZ / Rip57
RSUY_RS16295 /ripH3 / HLK3
RSUY_RS16015 / ripA2 /| AWR2
RSUY_RS16660 /ripO1 / Rip35
RSUY_RS05095 / ripS5 / SKWP5
RSUY_RS19785/ ripAC / PopC
RSUY_RS00980 / ripAX1 / Brg13
RSUY_RS19150 /ripTPS / -
RSUY_RS09380 /ripM/ Rip16
RSUY_RS19640 / ripA3 / AWR3
RSUY_RS22150 / ripF2 / PopF2
RSUY_RS14470 / ripAE / Rip4
RSUY_RS08775/ ripG7 / Gala7
RSUY_RS15860 /ripG3 / Gala3
RSUY_RS19145 /ripAV/Rip39
RSUY_RS19795 /ripX/ PopA
RSUY_RS19790 /ripAB / PopB
RSUY_RS23740 /ripE2 / -
RSUY_RS00230 /ripl / Rip1
RSUY_RS14815 /ripY / Rip3
RSUY_RS06500 / ripAJ / Rip21
RSUY_RS00555 / ripE1 / Rip26
RSUY_RS19650 / ripAd | AWR4
RSUY_RS03420 / ripW / PopW
RSUY_RS08735 /ripV1 /Rip12
RSUY_RS22320 /ripBH /-
RSUY_RS19600 / ripAl / Rip41
RSUY_RS22280 / ripAD / Rip72
RSUY_RS01095 / ripAM/ Brgd0
RSUY_RS00405 / ripS1 / SKWP1
RSUY_RS09485 / ripH1 / HLK1
RSUY_RS20750 /ripR / PopS
RSUY_RS16550 / ripD / Rip34
RSUY_RS22080 /ripF1_1/PopF1

accordance with the enrichment of this category in
planta and in the late xylem genetic programmes up-
regulated genes, as well as in the specific apoplast pro-
file. The pil twitching motility genes encoding type 1V
pili followed a similar trend, although their expression
was more similar in the apoplast and the xylem (Fig. 4

bottom panel), suggesting that the bacterium is using
the pilus appendix in all assayed plant environments. Ex-
ceptions to this trend were the flagellar genes (ie. fliM,
S, fliD, fliT, motA, motB, fliC, fliO) and the type 1V pi-
lus genes (e.g. pilEl, pilY1, pilW, pilV, pilX), which were
down-regulated in the apoplast compared to the xylem



Pedro-Jové et al. BMC Genomics

(2021) 22:170

Page 9 of 18

twitching (bottom panel)
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RSUY_RS16785 / figk
RSUY_RS16735 / figh
RSUY_RS16905 / fil
RSUY_RS16900 / fiiH
RSUY_RS16770 /figH
RSUY_RS16835 /fliL
RSUY_RS16890 / fiF
RSUY_RS16760 / figF
RSUY_RS16725 / figh
RSUY_RS16895 / liG
RSUY_RS16830 / fliM
RSUY_RS16860 / fiiS
RSUY_RS16855 /fliD
RSUY_RS16865 /fliT
RSUY_RS22430 / motA
RSUY_RS22425 / motB
RSUY_RS16850 /fiiC
RSUY_RS16820 /fliO
RSUY_RS16745/igC
RSUY_RS16740 /figB
RSUY_RS16750 /figD
RSUY_RS16765 / figG
RSUY_RS16885 / fiE
RSUY_RS16755 / figE
RSUY_RS16730 / figM
RSUY_RS22440 / fihD
RSUY_RS22435 / fihC

RSUY_RS03170 / pilC
RSUY_RS04635 /-
RSUY_RS03820 / pilU
RSUY_RS03815 / pilT
RSUY_RS13205 / pilA1
RSUY_RS02420 / pilO
RSUY_RS02415 / pilN
RSUY_RS04620 /-
RSUY_RS03175/ pilB
RSUY_RS02410 / pilM
RSUY_RS02430 / pilQ
RSUY_RS08010 / pilF
RSUY_RS04340 / pill
RSUY_RS02425 / pilP
RSUY_RS09670 / pilZ
RSUY_RS04615 /-
RSUY_RS03850 /-
RSUY_RS03830/fimT
RSUY_RS03840 /-
RSUY_RS03835 /-
RSUY_RS04580 /-
RSUY_RS04590 /-
RSUY_RS21625 / pilE1
RSUY_RS21630 / pilY1
RSUY_RS21640 / pilW
RSUY_RS21645 / pilV
RSUY_RS21635 / pilX
RSUY_RS04330 / pilG
RSUY_RS04345 / pilJ
RSUY_RS04335 / pilH
RSUY_RS13200 / pilA

Fig. 4 Motility gene expression profile. Heatmaps showing the normalised transcripts per million (TPM) of the genes involved in motility in the
reference (rich Medium), apoplast, early and late xylem conditions. Two heatmaps are shown to differentiate the swimming (top panel) and

imming
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genetic programme. The genes encoding chemotactic
sensors and chemotaxis signal transduction proteins
showed low expression levels in the apoplast and
progressive induction in the early and late xylem condi-
tions (Additional File 10) in accordance with the enrich-
ment of these specific genes in the late xylem genetic
programme. Finally, all the UY031 genes that synthetize
the plant hormones ethylene (efe), cytokinin (fzs), and
auxin (RSUY RSI1835 to RSUY RS18970) [33] were
highly expressed in the xylem genetic programme and
to a lower extent in the apoplast, efe and tsz display-
ing a more sustained expression in the apoplast. This
stable expression in all in planta conditions was also
observed in the differential expression analysis
(Additional File 12).

Discussion

R. solanacearum gene expression displays a behavioural
differentiation into four plant genetic programmes that
develop over time during in planta infection

Previous R. solanacearum transcriptomic studies com-
pared gene expression profiles obtained using a specific
in planta condition, such as root apoplast [36] or early
xylem colonisation [14], to reference bacteria grown in
rich medium. In our study, we analysed the whole infec-
tion process, including three different in planta condi-
tions: apoplast, early and late xylem, which typify
paradigmatic stages of infection. Intersection of the
DEGs of each of the three in planta experimental condi-
tions showed that most of the DEGs of R. solanacearum
during the infection are grouped in four biologically
relevant genetic programmes: genes commonly DE in all
in planta conditions, genes exclusively DE in the apo-
plast, genes expressed in the xylem at any stage of the
disease and genes exclusively DE in the xylem when
plants are already wilted (Fig. 1). One of the previous
transcriptomic studies sampled bacteria from plants 5
days post-inoculation [14], similar to our early xylem
condition. With the addition of our novel late xylem
condition 10 days after inoculation, and the apoplast
condition, we provide a more detailed expression land-
scape of R. solanacearum, encompassing important dif-
ferent stages of the infection process. To study the
transcriptomic data from a tissue-specific perspective,
we clustered the DEGs based on their expression profile
across the three in planta experimental conditions (i.e.
apoplast, early and late xylem) (Fig. 2). Reinforcing the
concept of a specific behaviour of R. solanacearum in
different genetic programmes, the largest number of
DEGs appeared exclusively up-regulated in the xylem
genetic programme (1286 genes) and the apoplast (807
genes). This finding confirms that R. solanacearum has
different sets of genes that are deployed to infect the
plant and adapt to the environments encountered along
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the infection. It should be noted that our gene expres-
sion experiments in planta were all performed at com-
parable bacterial loads. The reason for this is that R.
solanacearum forms microcolonies and biofilms at early
infection stages in the apoplast [50], so that neither the
effective local bacterial concentrations nor if density-
dependent regulatory circuits are already induced at
these early stages are known. Consequently, although
our results perfectly reflect R. solanacearum adaptation
to different plant environments, the influence that bac-
terial cell densities have on their gene expression during
disease progression is not reflected in our results.

T3Es expression is prevalent throughout the in planta
infection process, especially in the xylem

Here, we carefully investigated the expression pattern of
the most important virulence factors to elucidate the
bacterial strategies used to rewire the plant environ-
ments to its own benefit. The T3SS is the main patho-
genicity determinant in R. solanacearum, as hrp mutants
are completely avirulent [51]. The T3SS is tightly regu-
lated by a transcriptional regulatory cascade that con-
tains the constitutive receptor and transducer elements
PrhA and PrhR and the transcriptional regulators PrhJ,
HrpG and HrpB [31]. Interestingly, in this work we
found that this cascade appears sequentially induced
during infection. As depicted in Fig. 5, prhl and prhJ are
exclusively induced in the apoplast, #rpG expression also
peaks in this environment but is sustained at lower levels
in the early xylem and hrpB is expressed in the apoplast
but highly induced in the early xylem, preceding the ex-
pression of the T3SS and most T3E, which is maximal at
all xylem stages (Additional File 9).

Our gene expression dataset also shows that most of
the 60 T3Es are highly induced in the xylem genetic
programme, confirming our previous results [34] that
challenged the view of T3Es as key only early after infec-
tion [32, 40]. In agreement our finding that almost all
T3Es are simultaneously expressed in the xylem, a re-
cently published study showed that deletion of 42 R.
solanacearum T3E genes was required to compromise
virulence of the bacteria on tobacco and eggplant and
proliferation inside the xylem [52].

Interestingly, all R. solanacearum T3Es belonging to
gene families (PopA/B/C, AWR2/3/4/5_1/5_2, SKWP1/
2/3/5/7, HLK1/2/3 and GALA2/3/4/5/6/7) [53] were
clearly induced in the xylem throughout infection
(Fig. 3). The GALA effectors (e.g. ripG2 to ripG7) and
the AWR effectors (e.g. ripA2 to RipAS) have both
been shown to be collectively required for full bacter-
ial virulence and to target the proteasome or inhibit
the Target Of Rapamycin (TOR) pathway, respectively
[54—56]. Their expression pattern suggests that these
biochemical activities are likely carried out in the
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xylem. Similarly, The T3E ripAY, which has been
proven to impair the redox status of the plant cell
degrading glutathione through its gamma-glutamyl
cyclotransferase activity [57-60], was clearly induced
in the xylem (Fig. 3). This points to the xylem as a
stressing redox environment R. solanacearum must
cope with.

In contrast, a few T3Es showed alternative induc-
tion patterns to the one described above. For in-
stance, ripE2 can be clearly classified as an “early
effector” since it was highly induced in the apoplast
compared to the other conditions, while ripD and
ripAD were highly induced in all in planta conditions
(Fig. 3). RipD localizes in vesicle-like structures and
blocks the flg22-induced ROS response in Nicotiana
benthamiana [61]. This fact, linked with its high ex-
pression in the apoplast and the activation of flagellar
genes in this condition, suggests that R. solanacearum
counteracts flg22 plant defence responses from the
first stages of infection onwards. On the contrary,
ripl, which was shown to enhance plant production
of gamma-aminobutyric acid (GABA), was lowly
expressed in all in planta conditions (Fig. 3) [62]. Al-
though GABA catabolization by R. solanacearum en-
hances its infection capacity, the overproduction of

GABA in plant cells in the absence of sufficient bac-
teria to consume it has been shown to induce cell
death [62]. Therefore, we hypothesize that Ripl ex-
pression inside the plant must be tightly regulated to
induce the production of nutrients without triggering
plant stress signals.

R. solanacearum modulates twitching and swimming in
different plant environments

R. solanacearum uses two types of motility during the
colonisation of plant tissues: swimming [26] and twitch-
ing [27]. Swimming motility is an individual bacterial
movement through liquid environments in which flagella
rotate by a proton-driven motor that is directed by che-
mosensor proteins [63]. Previous research showed that
both flagella (fliC) and chemosensor (cheA and cheW)
mutants were less virulent than the wild-type R. solana-
cearum, demonstrating that not just the flagellar move-
ment but also the ability to direct it are essential for full
virulence in planta [8]. Interestingly, full virulence was
restored when the chemotactic mutants were directly in-
oculated in the plant stem, indicating that swimming
motility is of crucial importance at the very early stages
of infection [8]. In our data (Fig. 4), most of the
flagellar-encoding genes were highly induced in the
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apoplast and, to a lower extent, in the early and late
xylem, supporting the previously mentioned hypothesis.
A small subset of flagellar genes including the motor
(motA, motB), the flagellin subunit (f/iC) and the fila-
ment cap (fliD) among others showed low expression in
the apoplast, for which we have no plausible
explanation.

R. solanacearum displays twitching motility, which in-
volves the extension and retraction of type IV pili to move
on solid or viscous surfaces [64]. This motility is involved
in natural transformation, biofilm formation and virulence
[27]. Inactivation of the genes encoding the pilin protein
(pilA), the secretin involved in the pilus extrusion (pilQ)
or the protein required for pilus retraction (pilT) reduced
R. solanacearum virulence [65]. In our transcriptomic
data, twitching motility genes showed a similar expression
pattern than swimming motility, but they were less in-
duced in the apoplast and their expression was often
maintained in early and late xylem (Fig. 4). This empha-
sizes the importance of twitching motility throughout
the plant infection process, as showed by the effect on
virulence of pil deletion mutants [27, 65, 66]. Finally,
pill, which encodes the type IV pili chemosensor protein,
was especially induced in the apoplast (Fig. 4 bottom
panel), in agreement with our recent findings that it
is involved in virulence especially during the early
infection stages [66].
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R. solanacearum specifically activates different nitrogen
metabolism genes to thrive in the xylem

R. solanacearum encounters a hypoxic environment in
the plant xylem, which could limit its growth as the bac-
terium usually uses oxygen as the main terminal electron
acceptor. However, the xylem contains an optimal con-
centration of nitrate that R. solanacearum can use as ter-
minal electron acceptor to maintain its growth rates in
this environment [29]. Our gene expression dataset
shows a faint induction of the nitrogen metabolism in
the apoplast, reaching its expression peak in the xylem
(Fig. 6). When nitrate is available in the extracellular
space, it diffuses the outer membrane and is imported to
the cytoplasm by NarK1/2. Once nitrate enters the cyto-
plasm, the nitrate reductase (NarG/H/I) converts it to
nitrite and then to ammonia through nitrite reductase
(NirB/D). We found both the transporters- and
reductase-encoding genes induced in the xylem (Fig. 6),
suggesting that both import and dissimilatory nitrate re-
duction are active in this compartment (Fig. 6).

Nitrite diffusing back to the periplasm allows R. solana-
cearum to perform denitrification, first by reducing nitrite
to nitric oxide via the nitrite reductase AniA and finally by
reducing nitric oxide to nitrous oxide via the nitric oxide
reductase NorB. Expression of these denitrification path-
way genes is also induced in the xylem (Fig. 6), suggesting
that R solanacearum has the ability to detoxify the
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reactive nitrogen species produced during nitrate dissimi-
latory pathway in the anaerobic xylem vessels [29].

Moreover, R. solanacearum can also incorporate nitro-
gen to its central metabolism through the assimilatory
nitrate reduction. The nitrate present in the cytoplasm is
reduced to nitrite by NasA/B. A previous study showed
that nitrate assimilation was essential for initial root
attachment but was dispensable for growth, virulence,
and competitive fitness [28]. The fact that nasA is
induced in the xylem and not in the apoplast is in dis-
agreement with these results and may indicate strain- or
condition-specific roles of N genes in R. solanacearum.
Finally, the nitric oxide anion in the cytoplasm can be
detoxified using HmpX, whose expression is also highly
induced in the xylem genetic programme (Fig. 6), an
indicator of a highly active N metabolism in this plant
environment.

Phytohormone and ROS scavenging enzymes are
expressed along the infection

R. solanacearum genome codes for phytohormone bio-
synthetic genes that drive the production of auxin [33],
cytokinin [67] and ethylene [68]. Interestingly,
bacterially-produced auxin was described to block plant
defences against the plant pathogen Pseudomonas syrin-
gae pv savastanoi [69] and ethylene was involved in
wilting development in the pathosystem A. thaliana-R.
solanacearum [70]. In this study, we observed induction
of the cytokinin (¢zs) and the ethylene (efe) biosynthetic
genes as well as the auxin operon in the xylem
(Additional File 11). Apoplastic induction of the master
regulator hrpG, which also controls auxin and ethylene
synthesis genes [33], precedes the xylematic expression
of phytohormone biosynthesis genes as was observed for
the T3SS (Fig. 5).

After pathogen infection, plant cells respond with ROS
production to create a hostile environment against the bac-
terium [71]. Interestingly, R. solanacearum contains several
genes that code for ROS scavenging enzymes, helping the
bacterium survive in the plant apoplast and xylem [72].
Amongst them, alkyl hydroperoxide reductase genes
(ahpC1/C2/D/F) were mostly induced in the xylem (Add-
itional File 12). Several studies have linked the induction of
ahp genes in biofilm-forming cells in different bacterial path-
ogens, contributing to protection against oxidative stress, epi-
phytic survival and attachment in the intercellular spaces or
to the xylem vessels [73-77].

Conclusion

In summary, we performed a transcriptomic analysis of
R. solanacearum at different conditions in potato plants.
DEG analysis revealed that R. solanacearum deploys in-
side the plant host four different genetic programmes.
Functional enrichment analysis showed that R
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solanacearum has the highest expression of motility
genes in the apoplast, while the majority of T3Es and
nitrogen metabolism genes are highly induced in the
xylem environment. This study provides for the first
time a dynamic gene expression landscape of the
bacterial plant pathogen R. solanacearum and is a
first step towards the transcriptomic characterisation
of its complete infection cycle.

Methods

Bacterial strains and plant growth conditions

The highly aggressive Ralstonia solanacearum strain
UY031 (phylotype IIB, sequevar 1) isolated from potato
tubers in Uruguay [46] carrying the synthetic luxCDABE
operon under the control of the pshA promoter was
used in this study [34]. The luminescence allowed indir-
ect but precise quantification of bacteria and to track
bacterial proliferation in planta [48)]. Bacteria were rou-
tinely grown at 30 °C in rich B medium supplemented
with 0.5% glucose [34].

Solanum tuberosum cv. Desirée potato plants were
propagated in vitro [36] and 2-week old apexes were
transferred to a soil:silica sand mixture in a 1:1 ratio for
RNA-seq sampling or moved to a substrate:perlite:ver-
miculite mixture in a 30:1:1 ratio for in planta visualisa-
tion. Plants were grown at 22 °C under long day (16 h /
8 h light/dark) conditions for 3 weeks.

Bacterial sampling

For liquid medium samples, bacterial cultures were set
to an starting ODggo = 0.1 (10° CFU/ml) and grown for
5h in rich B medium (10 g/L bacteriological peptone, 1
g/L yeast extract, 1g/L casamino acids), until they
reached exponential growth phase (ODggo~ 0.4-0.5).
Bacteria were then centrifuged at 4°C for 2min at
maximum speed and the pellet was immediately frozen
in liquid nitrogen.

To assess bacterial colonisation levels, especially in
asymptomatic plants, stems were placed under a lumin-
ometer to visualize bacterial densities within the vascular
system, and only plants showing luminescence were used.
To avoid bias of quorum sensing signals in the xylem
stages and not in the apoplast, similar bacterial yields were
infiltrated in potato leaves for the initial stage. Finally, to
identify the best time point at which bacterial colonisation
within xylem vessels of almost asymptomatic plants was
most similar to that in dead plants, we monitored bacterial
growth, luminescence and disease symptoms over time
(Additional File 1 A). As shown in Additional File 2 A,
bacterial densities recovered from the three in planta
conditions were in the same order of magnitude (be-
tween 107 and 10* CFUs/ml). The in vitro reference
condition corresponding to bacteria grown in liquid
rich medium, was also obtained to better define R.
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solanacearum gene expression. We ensured that the
difference of the final bacterial yields from the
different conditions was not higher than one log
(Additional File 2 A). These conditions allowed us to
obtain enough R. solanacearum RNA-seq reads to
have a robust representation of the whole genome
(Additional File 13). Principal component analysis
revealed that these conditions are consistent among
biological replicates and sensitive enough to detect
biological differences between conditions (Additional
File 2 C).

To obtain more reproducible samples, leaf apoplast
was used as a mimic condition of root apoplast, since it
has been reported that R. solanacearum behaves simi-
larly in these two apoplastic spaces [47].

To obtain leaf apoplast samples, bacterial cells from an
overnight culture were washed with water and resus-
pended to a final concentration of 5 x 10® CFU/ml. The
aerial part of the plants was vacuum-infiltrated for 30s
to 1 min and the leaves were dried in paper towel before
incubating the plants in the inoculation chamber (27 °C,
12h / 12h). After 6h, leaves were vacuum-infiltrated
with sterile distilled water, dried in paper towel, rolled in
a cut tip and centrifuged inside a 50 ml tube at 4°C for
5min at 2000 rpm. Apoplast fluid extract was pooled
(each pool representing approximately 15 plants) and
centrifuged at 4°C at maximum speed for 2 min. Bacter-
ial pellets were frozen in liquid nitrogen.

For early and late xylem samples, potato roots were
injured with a 1 ml tip before inoculation. A total of 40
ml of a 10° CFU/ml R. solanacearum suspension was
used to soil-inoculate each plant. After inoculation,
plants were kept inside the inoculation chamber (27 °C,
12h / 12h) for 6days (mean disease index=0-1) for
early xylem condition, or 10 days (disease index =4 in all
the plants) for late xylem condition. Plants were photo-
graphed in a Fuji Film LAS4000 light imager system to
check individual infection levels and only plants showing
luminescence were used. Stem pieces of 2 cm were cut
from each plant, placed in a 1.5ml tube containing
500 pl of sterile distilled water and centrifuged 2 min at
maximum speed at 4°C to release bacteria from the
xylem vessels. In all cases, bacterial densities were mea-
sured by luminescence before freezing and dilutions
were plated to measure CFUs before addition of 5% of
an ice-cold transcriptional stop solution (5% [vol/vol]
water saturated phenol in ethanol). This enabled nor-
malisation of early or late xylem samples for bacterial
concentrations comparable to those of apoplast and ref-
erence medium samples. Bacterial pellets were pooled
together for each biological replicate and frozen in liquid
nitrogen. Approximately 30 plants were used for each
early xylem replicate and 7 plants for every late xylem
replicate (Additional File 2 A).
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RNA extraction, sequencing and library preparation

Total RNA was extracted using the SV Total RNA
Isolation System kit (Promega) following manufacturer’s
instructions for Gram-negative Bacteria. RNA concen-
tration was measured with a ND-8000 Nanodrop and
RNA integrity was validated for all samples using the
Agilent 2100 Bioanalyzer. For rRNA depletion, 2.5 pg of
total RNA were treated with the Ribo-zero (TM) mag-
netic kit for bacteria (Epicentre). Three biological repli-
cates per condition were subjected to sequencing on a
HiSeq2000 [lumina System apparatus using multiplex-
ing and kits specially adapted to obtain 100bp paired-
end reads in stranded libraries. Rich media reference
samples were sequenced by Macrogen Inc. In all other
cases, RNA-sequencing was performed in the Shanghai
PSC Genomics facility. Raw sequencing data will be
available upon publication in the Sequence Read Archive
under Bio Project: PRJNA660623 (accession codes
SAMN15955133 to SAMN15955144).

Read alignment, mapping and differential gene
expression analysis

RNA-seq raw data quality was evaluated using FAST
QC (version 0.11.4, [78]). R. solanacearum reads were
mapped using Bowtie2 (version 2.3.3, [79]) with strin-
gent parameters [36] using as reference the com-
pletely sequenced genome of UY031 strain [80].
Alignment files were quantified with HTSeq-count
(version 0.11.3, [81]) using NCBI's RefSeq sequences
NZ _CP012687.1 (chromosome) and NZ_CP012688.1
(megaplasmid). The DESeq2 package (version 1.28.1,
[82]) in R ( [83], ver. 3.6.3) was employed to perform
differential expression (DE) analysis of high quality
RNAseq reads. Genes with |log,(fold-change) |> 1.5
and adjusted p-value <0.01 were considered as DE in
planta when compared to bacteria grown on liquid
rich medium as reference condition (Additional File 2
C). The results of the DeSeq2 analysis is shown in
Additional File 3. The UpSetR [84] R package was
used to visualise the intersection of DE genes in the
different in planta conditions. For gene expression
comparison, gene counts were also normalised to
transcripts per million (TPM) (Additional File 14).

Gene expression pattern clustering and enrichment
analysis

To obtain expression profiles of R. solanacearum UY031
genes, a soft clustering analysis was performed using
Mfuzz package (version 2.48, [85]) in R. Input data cor-
responds to the DE fold-change values yielded by
DESeq2 of apoplast, early and late xylem samples nor-
malised to the reference liquid rich medium. The cluster
number was manually set at ¢ =6. To be more stringent,
a gene was considered to belong to a specific cluster if
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the gene was allocated in the same cluster in 30 out of
40 iterations with the membership value set to p= 0.75.

To further characterise the genes differentially
expressed or belonging to any of the clusters, we looked
for enriched Gene Ontology (GO) terms or Kyoto En-
cyclopaedia of Genes and Genomes (KEGG) pathways
among our genes. Since no GO terms had been previ-
ously associated to UY031 strain genes, we used Blas-
t2GO [86] software to annotate the UY031 genome. For
the KEGG and GO enrichment analysis, we used the en-
richer function of the ClusterProfiler package [87] in R
having previously created the TERM2GENE and
TERM2NAME lists to do the hypergeometric test.

Because KEGG enrichment analysis is limited to a
number of pre-established pathways or terms that do
not include important virulence categories, and be-
cause pathogenicity-related terms in GO are too gen-
eral and have not been widely used, we decided to
create a manually curated category that we defined as
“virulence and parasitic fitness (Additional File 6).
This category included the T3SS and type III effec-
tors, motility genes, exopolysaccharides secretion, phy-
tohormone biosynthesis, ROS scavenging, nitrogen
metabolism and cell-wall degrading enzymes. After
defining the genes included in this category, we con-
ducted a hypergeometric test using the R stats pack-
age on the differentially expressed genes or the gene
clusters to find out whether the “virulence and para-
sitic fitness” or any of the subcategories was
overrepresented.

In planta visualisation of R. solanacearum

To visualize R solanacearum bacterial cells in early
(6 days post-inoculation, d.p.i) and late (10 d.p.i.)
xylem stages, UY031 with the pshA constitutive pro-
moter was fused to the GFP gene. This reporter
strain was soil-inoculated with root wounding at
ODgoo=0.1 (10° CFUs/ml) in 3 week-old potato
plants. Potato stem slices from the first node of in-
fected plants with GFP-containing bacteria were ob-
served in the SZX16 stereomicroscope equipped with
a DP71 camera system (Olympus). Pictures were ob-
tained using the following settings: GFP filter, 10s
exposure time, ISO 1/800. Control plants were soil-
inoculated with water (Additional File 1 B).

Abbreviations

CFU: Colony forming units; Cv: Cultivar; d.p.i.: Days post inoculation;
DEG: Differentially Expressed Genes; DI: Disease index;

DNA: desoxyribonucleic add; EPS: exopolysaccharide; GABA: gamma-
aminobutyric acid; GFP: Green Fluorescent Protein; GO: Gene Ontology;
Hrp: Hypersensitive response and pathogenicity; IVET: In vivo expression
technology; KEGG: Kyoto Encyclopedia of Genes and Genomes; OD: Optical
Density; PCA: Principal component analysis; RLU: Relative Light Unit;
RNA: Ribonudeic acid; ROS: Reactive Oxygen Species; rRNA: Ribosomal
ribonucleic add; T3E: Type 3 Effector; T3SS: Type lll Secretion System;
TCA: Tricarboxylic acid
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Additional file 1: R. solanacearum reporter strains and bacterial growth
show equivalent infection rates. (A) Luminescence levels or bacterial
growth (bar plot) and symptom development (line plot) in potato plants
were monitored over time to detect the precise time points at which
similar bacterial yields but different symptoms could be detected. The
disease index scale (DI) ranges from 0 to 4 being 0 symptomless plants
and 4 plants completely wilted. Luminescence measurement were
conducted on stem sections of infected plants. (B) GFP-labelled bacteria
were monitored at the sampled time points in potato plants. RLU = Rela-
tive light units.

Additional file 2: RNAseq experimental set-up and bioinformatic pipe-
line. (A) Experimental set-up for the three in planta conditions, corme-
sponding to an early (leaf apoplast), mid (xylem from asymptomatic
plants) and late stages (xylem from dead plants) of the disease. As refer-
ence condition, bacteria grown in rich liquid media were used. The aver-
age of bacterial yields recovered in each condition are indicated as CFU/
ml. The grey background section of the figure contains the representa-
tion of how bacteria was enriched in each condition (see M&Ms). (B)
Transcriptomic analysis pipeline. (C) Two-dimensional Principal Compo-
nent Analysis representation of the expression data of the conditions’
biological replicates used in the study.

Additional file 3: DEGs in the three in planta conditions. Differentially
expressed genes of R solanacearum in apoplast, early and late xylem
compared to liquid rich medium obtained with DESeq2 (p-adj > 0.01, log,
FC+15).

Additional file 4: Overlap of DEGs in apoplast, early and late xylem
compared to previous gene expression analysis. (A) Percentage of
common DE genes in each in planta condition (versus rich medium)
compared to previous in planta gene expression analyses (— Puigvert
et al. 2017; —Jacobs et al. 2012; —Khokhani et al. 2017). Fractions
represent the overlapping genes from the total of DEGs in each of our
conditions compared to a given previous gene expression analysis.
Colors were plotted using the Conditional Formatting tool in Microsoft
Excel. (B) Expression cormelation of the DE data of the common genes
between our Apoplast data and the RNAseq data from the potato root
(Puigvert et al. 20,107).

Additional file 5: Transcriptomic profile of R. solanacearum in in planta
genetic programmes. Up-regulated (left) and down-regulated (right)
genes shared and unique across the three in planta conditions. Each ver-
tical bar plot represents the number of shared DE between the condi-
tions indicated by the lines and dots in the schematic below. The
horizontal bar plots on the right indicate the total DE genes per in planta
condition compared to rich medium. For the intersection of Apoplast,
Early and Late (in planta environment), Early and Late (Xylem environ-
ment), Apoplast and Late xylem alone, the list of genes was extracted
and surveyed for enriched GO terms. Dot plots of the enriched GO terms
for the up- (left) and down-regulated (right) genes in each environment
is shown below. DE genes were identified with DEseq2 (p-adj > 0.01, log,
FC+15) and plotted using the R package UpsetR.

Additional file 6: "Virulence and parasitic fitness” manually defined
category. Genes belonging to specific virulence categories (T35S & T3Es,
Motility, ROS scavenging enzymes, phytohormone biosynthesis, EPS,
nitrogen metabolism, cell wall degrading enzymes) of R solanacearum
are listed showing information related to: UY031 NCBI locus tag (first
column), gene name (second column), gene description (third column),
category, (forth column), reference (fifth column).

Additional file 7: List of genes included in each of the six expression
profiles.

Additional file 8: Gene expression dynamics of R solanacearum
throughout infection. Six clusters were obtained through Mfuzz clustering
of log,- fold-change data of the apoplast, early and late xylem conditions
normalised to the reference rich liquid media. Clusters indude the genes
(number indicated above each graph) with a membership higher than

70% and consistently associated to the same cluster on at least 30 out of
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40 iterations. The list of genes assodated to each cluster was extracted
and surveyed for enriched GO terms. Dot plots of the enriched GO terms
in each duster is shown next to the cluster.

Additional file 9: T35S requlatory cascade and apparatus gene
expression profile. Heatmap showing the normalised transcripts per
million (TPM) of the genes involved in the T3SS regulatory cascade and
the T3SS apparatus in the reference and in the in planta conditions.

Additional file 10: hemosensors and signal transduction gene
expression profile. Heatmap showing the normalised transcripts per
million (TPM) of the genes involved in chemosensing and signal
transduction in the reference and in the in planta conditions.

Additional file 11: Phytohormones biosynthesis gene expression profile.
Heatmap showing the normalised transcripts per million (TPM) of the
genes involved in phytohormones biosynthesis in the reference and in
the in planta conditions.

Additional file 12: ROS scavenging enzymes gene expression profile.
Heatmap showing the normalised transcripts per million (TPM) of the
genes coding for ROS scavenging enzymes in the reference condition
and in planta apoplast, early and late condition.

Additional file 13: Proportion of reads aligned to R. solanacearum
UY031 genome. Total number of reads obtained in each biological
replicate for each condition (first column). Total number of reads aligned
to R solanacearum UY031 genome (second column). Proportion of reads
aligned to R solanacearum genome expressed as percentage (third
column).

Additional file 14: Transcripts Per Million of each gene in rich medium,
apoplast, early and late xylem. Reads normalized per Transcripts Per
Million for each R. solanacearum gene in every condition: rich medium
(philig1, 2, 3), apoplast (Apo.10, .7, .9), early xylem (Early.D, .E, .G) and late
xylem (XylemE, O, Freshxylem). (CSV 986 kb)
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