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1  |  INTRODUC TION

Ralstonia solanacearum is a plant pathogen responsible for the lethal 
vascular wilt disease of more than 200 plant species from 50 differ-
ent families (Hayward, 1991; Safni et al., 2014), including economically 
important plants such as tomato, potato, eggplant, banana, ginger, 
custard apple, peanut, and eucalyptus (Genin, 2010). This group of 
phytopathogenic bacteria causes important economic losses in most 
countries affected by this pathogen. In addition, the host range ex-
pansion of this pathogen is constantly reported, highlighting its great 

adaptation potential. R. solanacearum is a soil-borne bacterium, able to 
survive in the soil for years as a saprophytic bacterium (Van Elsas et al., 
2000). It generally enters plant hosts through the roots from wounds, 
root tips, and secondary root emerging points. It then progressively in-
vades the xylem vessels and disperses rapidly to the aerial part of the 
plant (stems and leaves) through the vascular system (Peeters et al., 
2013; Plener et al., 2012). Wilting symptoms probably result from the 
extensive bacterial colonization of the xylem and the production of a 
large amount of exopolysaccharides (EPS) leading to the obstruction 
of the vessels and plant water transport (Ingel et al., 2021).

Received: 28 July 2021  | Accepted: 16 September 2021
DOI: 10.1002/mbo3.1240  

O R I G I N A L  A R T I C L E

Trophic preferences of the pathogen Ralstonia solanacearum 
and consequences on its growth in xylem sap

Caroline Baroukh  |   Meriem Zemouri |   Stéphane Genin

This is an open access article under the terms of the Creat​ive Commo​ns Attri​butio​n-NonCo​mmerc​ial-NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.

LIPME, INRA, CNRS, Université de 
Toulouse, Castanet-Tolosan, France

Correspondence
Caroline Baroukh, LIPME, Université de 
Toulouse, INRA, CNRS, Castanet-Tolosan, 
France.
E-mail: caroline.baroukh@inrae.fr

Funding information
French Laboratory of Excellence 
project TULIP, Grant/Award Number: 
ANR-10-LABX-41 and ANR-11-IDEX-
0002-02; French National infrastructure 
MetaboHUB, Grant/Award Number: 
ANR-11-INBS-0010; Centre National de la 
Recherche Scientifique

Abstract
Ralstonia solanacearum is one of the most destructive pathogens worldwide. In the 
last 30 years, the molecular mechanisms at the origin of R. solanacearum pathogenic-
ity have been studied in depth. However, the nutrition status of the pathogen once 
inside the plant has been poorly investigated. Yet, the pathogen needs substrates to 
sustain a fast-enough growth, maintain its virulence and subvert the host immunity. 
This study aimed to explore in-depth the xylem environment where the pathogen 
is abundant, and its trophic preferences. First, we determined the composition of 
tomato xylem sap, where fast multiplication of the pathogen occurs. Then, kinetic 
growth on single and mixtures of carbon sources in relation to this environment was 
performed to fully quantify growth. Finally, we calculated the concentration of avail-
able metabolites in the xylem sap flux to assess how much it can support bacterial 
growth in planta. Overall, the study underlines the adaptation of R. solanacearum to 
the xylem environment and the fact that the pathogen assimilates several substrates 
at the same time in media composed of several carbon sources. It also provides met-
rics on key physiological parameters governing the growth of this major pathogen, 
which will be instrumental in the future to better understand its metabolic behavior 
during infection.
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Many cellular functions associated with or directly contributing 
to R. solanacearum pathogenicity have been identified. Among them 
are the Type III Secretion System (T3SS; Peeters et al., 2013) and a 
quorum-sensing regulatory system controlling the expression of mul-
tiple virulence factors (Ujita et al., 2019). There is increasing evidence 
that metabolism and virulence are closely linked in R.  solanacearum, 
as in many other pathogens. First, cases of metabolic adaptation to 
the conditions encountered in the plant by the pathogen are docu-
mented (Lowe-Power et al., 2018a; Peyraud et al., 2018; Plener et al., 
2012). Second, there is evidence that effectors translocated into plant 
cells through T3SS can enable the pathogen to exploit host resources 
(Lowe-Power et al., 2018b; Peyraud et al., 2016; Wu et al., 2019; Xian 
et al., 2020), such as modifying the plant metabolism to start or in-
crease production of preferred pathogen's substrates. In addition, the 
metabolic cost of virulence was recently demonstrated by Peyraud 
et al. (2016), in which different mutants with a progressive loss of vir-
ulence (mutant eps, mutant xpsR, and mutant phcA) had corresponding 
increased growth rate. Once inside the plant, the pathogen needs nu-
trients to proliferate inside the host, but also to mobilize matter and 
energy for the production of essential virulence factors to subvert host 
immunity (Peyraud et al., 2016). The purpose of this study was to ex-
plore and understand the trophic preferences of R. solanacearum, the 
environment it experiences in the plant, and the impact of this environ-
ment on pathogen growth. We also attempted to address if xylem sap 
is rich enough to sustain the fast growth of the pathogen in the host.

The trophic preferences of R.  solanacearum are a central issue 
that has been investigated using targeted genetics (Dalsing & Allena, 
2014; Hamilton et al., 2021; Jacobs et al., 2012; Lowe-Power et al., 
2018a; 2018b; Plener et al., 2012; Xian et al., 2020), but few studies 
have addressed this issue from the perspective of bacterial physi-
ology. Metabolic activity phenotyping was performed by Peyraud 
et al., (2016) and Yabuuchi et al., (1992). They found that 36 car-
bon sources were used by R. solanacearum. However, no kinetic ex-
periments were performed (except for glutamate in Peyraud et al. 
(2016)). Velocity and biomass yield in relation to available substrates 
are also key parameters to explain the exponential growth usually 
observed in planta. In this study, we investigated the trophic be-
havior of the R.  pseudosolanacearum strain GMI1000, a reference 
strain of the R. solanacearum species complex. We monitored strain 
GMI1000 growth in liquid cultures on several major sugars and amino 
acids. Kinetics and growth yield in relation to single substrates and 
a mixture of substrates were determined. This provided a broad pic-
ture of R. solanacearum trophic preferences and a prediction of the 
nutrient regime once in the plant. Analysis was focused on the plant 
xylem tissue, which is the main environment in which fast multipli-
cation of R. solanacearum occurs. Only carbon assimilation was con-
sidered since carbon was assumed as the limiting substrate inside 
the xylem. Indeed, inorganic nitrogen sources (NH4, NO2, and NO3) 
are present in high quantities in the xylem or are directly supplied in 
non–limiting conditions by the carbon source (amino acids; Bialczyk 
et al., 2004; Dalsing et al., 2015; Zuluaga et al., 2013).

2  |  MATERIAL S AND METHODS

2.1  |  Xylem sap extraction method

Xylem fluid was extracted from 4 weeks old (3 weeks after germina-
tion), non-inoculated, healthy tomato plants (Solanum lycopersicum 
cv Marmande), grown in 30 × 30 cm trays filled with compost, and 
cultivated in a greenhouse. Twenty-four hours before extraction, 
tomato plants were introduced in a climate-controlled growth cham-
ber (75% humidity, 12h/12h cycle of night/light, 28°C, drenched 
when needed).

The plants were drenched 30  minutes before the extraction. 
The stems were cut using a sharp scalpel, approximately 1.5  cm 
above cotyledons. The cut surfaces were rinsed using auto-
claved distilled water to eliminate vegetal and cellular debris and 
avoid phloem contaminations. Samples were then collected in an 
Eppendorf tube on ice for approximately 30  minutes using a pi-
pette. The samples from each tray composed of 16 plants were 
pooled into one sample which was then stored at −80°C, until 
NMR analysis. The experiment was performed on 10 tomato trays 
at two different periods.

2.2  |  NMR analysis of xylem sap

Organic molecules in the xylem sap were quantified by NMR. 
Samples were analyzed by 1D 1H NMR on the MetaToul analytics 
platform (UMR5504, UMR792, CNRS, INRAE, INSA 135 Avenue 
de Rangueil 31077  Toulouse Cedex 04, France), using the Bruker 
Avance 800 MHz. Each xylem sap sample was centrifuged to re-
move the residues, then placed in 3 mm NMR tubes. TSP-d4 stand-
ard (Sodium 3-(trimethylsilyl)(1-13C,2H4)propanoate) was used as a 
reference. The samples were kept at a temperature of 280 K (6.85°C) 
all along the analysis. Resonances of metabolites were manually in-
tegrated using Bruker TopSpin software and the concentrations 
were calculated based on the number of equivalent protons for each 
integrated signal and on the TSP final concentration.

2.3  |  Bacterial strains and inoculum

The R. pseudosolanacearum strain used for this study is the wild-type 
strain GMI1000 (Salanoubat et al., 2002). The bacteria were plated 
on Phi medium (with g L−1: Bactopeptone: 10; casamino acid: 1; yeast 
extract: 1), supplied with glucose 20% (5 g L−1) and TTC (0.05 g L−1) for 
48 h at 28°C. Then, a colony of bacteria was grown in minimal me-
dium (with g L−1: FeSO4, 7H2O: 1.25 × 10–4, (NH4)2, SO4: 0.5 MgSO4, 
7H2O: 0.05; KH2PO4: 3.4) supplemented with glutamate (100 mM 
C). pH was adjusted to 6.5 using KOH. 250 mL shake flasks contain-
ing 50 mL of culture were used. Inocula were shaken at 180 rpm on 
an orbital shaker placed in an incubator at 28°C.
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2.4  |  Microplate growth experiment

GMI1000 was grown in a 96-well-plate (GREINER 96 F-BOTTOM) in 
minimal medium, each supplemented with different carbon sources. 
Growth for each carbon source was monitored in three differ-
ent wells. Volume culture per well was 200  µL. OD measurement 
was performed at 600 nm every five minutes for 72 hours using a 
FLUOstar OMEGA reader. A triplicate blank was also monitored in 
each microplate experiment, to ensure no contamination of the me-
dium as well as to monitor evaporation. Only growth kinetics, maxi-
mal OD, and the maximum specific growth rate of the bacteria were 
concluded from these experimentations.

2.5  |  Shake-flasks growth experiments

GMI1000 was grown in 1 L shake flasks shaken at 180 rpm on an orbital 
shaker placed in an incubator at 28°C. The starting volume culture was 
250 mL. The culture medium was the same minimal medium as the in-
ocula supplemented with a different carbon source. Dynamic sampling 
was performed for monitoring biomass growth (optical density (OD) 
measurement at 600 nm using a spectrometer), substrate consumption 
(NMR analysis), and products excretion (NMR analysis, Bradford essay).

Sampling time was chosen according to the kinetic evolution with 
intensive sampling during the exponential growth phase. After OD 
measurement, the collected volume for each point was filtered with 
a 0.22 µm micro-filter and conserved at −20°C for further analysis.

2.6  |  NMR analysis of culture filtrate

Small-size organic metabolites from the liquid culture in the shake flask 
were quantified by NMR. Samples were analyzed by 1D 1H NMR on 
the MetaToul analytics platform (UMR5504, UMR792, CNRS, INRAE, 
INSA 135 Avenue de Rangueil 31077  Toulouse Cedex 04, France), 
using the Bruker Avance 500 MHz. The samples were kept all along 
the analysis at a temperature of 298°K or 280°K for culture supple-
mented with glucose. Note, TSP-d4 standard (Sodium 3-(trimethylsilyl)
(1-13C,2H4)propanoate) was used as a reference. Resonances of me-
tabolites were manually integrated using Bruker TopSpin software and 
the concentrations were calculated based on the number of equivalent 
protons for each integrated signal and on the TSP final concentration.

2.7  |  Bradford assay

Proteins quantification of the culture filtrate was performed using 
the Bradford assay. 100  µL of Bradford 1X Dye reagent (Sigma-
Aldrich) was added to 100 µL sample and absorption was measured 
at 595 nm after 30 minutes of incubation in a FLUOstar OMEGA. 
Bovine serum albumin was used as a standard for the quantification.

2.8  |  µmax measurement

The maximum specific growth rate (µmax) was computed using linear 
regression of ln(OD600NM) data plotted against time using the fol-
lowing equation:

2.9  |  Yield measurements

Biomass yields were computed using a linear regression between 
biomass dry weight (DW) and substrate:

Conversion of OD at 600 nm to biomass in dry weight was ob-
tained using calibration data from Peyraud et al., (2016).

Putrescine yields were estimated using a linear regression be-
tween putrescine and substrate data:

Proteins yields were computed similarly. For the mixture of a 
substrate, the linear regression was made against the sum of sub-
strates (in mg).

2.10  |  Substrate, proteins, and putrescine 
assimilation/excretion fluxes measurements

To compute fluxes of assimilation or excretion, the following formula 
was used:

2.11  |  Estimation of xylem substrate fluxes

Xylem surface compared to stem surface (Sxylem/Sstem) was esti-
mated to be 1.063% using Figure 7 of Planas-Marquès et al. (2020) 
and ImageJ software. Tomato plant density was estimated to be 
0.8 g mL−1. Plant fresh weight was estimated to be 10.3 ± 1.55 g 
from Gerlin et al. (2021a). Xylem volume was thus estimated to 
be 0.136  mL for a 4-week old tomato plant using the following 
formulae:

Xylem flux of metabolites for a 4-week old plant can thus be esti-
mated, for each metabolite, using the following formulae:

ln (OD600NM) = �max × time + �

DW = Yieldbiomass × substrate + �

putrescine = Yieldputrescine × substrate + ε

flux = Yield × �max

Vxyl = FW/density × Sxylem/Sstem = 10. 3∕0.8 × 1.063∕100

Fluxmetabolite= = Qtranspi/Vxyl ×
[

Metabolite
]

xylem
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With Qtranspi the transpiration rate (38.44  ±  19.78  mL  day−1) 
and [Metabolite]xylem the concentration of a given metabolite in the 
xylem (see Table 1).

2.12  |  Conversion of CFU/gFW into OD600nm and 
mg/L of biomass

From Table S4 from Peyraud et al. (2016), we have access to conver-
sion between CFU/mL and OD, and OD to mg/L of biomass, using 
the following formulae:

In addition, thanks to the estimation of the volume of the xylem, 
we can obtain conversion formulae between CFU/FW and CFU/mLxyl:

Finally, we can straightforwardly estimate a conversion between 
CFU/FW and OD or biomass concentration in mg/Lxyl using the 
formulae:

So, 109 CFU/gFW thus represents an OD of 17.9, which is equiv-
alent to a biomass concentration of 7.41 g/L. 1010 CFU/gFW thus 
represents an OD of 179, which is equivalent to a biomass concen-
tration of 74.1 g/L.

3  |  RESULTS

3.1  |  The trophic environment of strain GMI1000 
in plant xylem

To be in the same condition as standard pathogenicity assays, we 
analyzed xylem sap of 4 week-old tomato plants (Solanum lycoper-
sicum cv Marmande) infected by strain GMI1000. The metabolic 
composition of xylem obtained from two independent experiments 
and the different concentrations for each compound were measured 
using NMR analysis (Table S1, for detailed experimental values, see 
Supplementary Data). Fourteen compounds were identified, with 
the presence of a vast majority of amino acids (11/14), whose con-
centration ranges between 0.08 and 4.25 mM of carbon (mM C). The 
other three compounds are sugar (sucrose and glucose), and etha-
nol. Concentrations of the substrate between the different samples 
differ quite a lot as illustrated by the high standard deviation val-
ues found, which represents on average 31% of the nominal value 
(Table 1). The dominant compound was always glutamine, which 
represents 38%–47% of total carbon content. Amino acids repre-
sent 82%–89% of the xylem content, and the average C/N ratio is 
around 3.4.

3.2  |  The growth rate in presence of single 
carbon sources

To understand the link between metabolites available in the envi-
ronment and R.  solanacearum growth in planta, we performed mi-
croplate growth cultures of GMI1000 in standard minimal medium 
supplemented with substrates potentially present in the xylem as 
carbon sources. The list of the compounds to test was chosen after 
an investigation of tomato xylem sap in literature (Bialczyk et al., 
2004; Hiery et al., 2013; Lowe-Power et al., 2018b; Senden et al., 
1992; White et al., 1981; Zuluaga et al., 2013) and the previous re-
sults. Tested molecules include sugars, amino acids, and organic 
acids from the Krebs cycle.

Strain GMI1000  had fast growth on aspartate, glutamine, gluta-
mate, malate, glucose, asparagine, and pyruvate as illustrated by their 

CFU/ml × 9. 17E − 10 = OD

OD × 414 = mg/L

CFU/FW × 0. 8∕ (1.063∕100) = CFU/FW × 75.26 = CFU/mlxyl

CFU/FW × 75.26 × 9. 17E − 10 = OD

CFU/FW × 75.26 × 9. 17E − 10 × 414 = mg/Lxyl

TA B L E  1 Xylem organic composition of 4 week-old tomato 
plants cv Marmande

Compound
Rep 1 
(mM C)

Rep 2 
(mM C)

Growth of 
GMI1000

Glutamine 4.25 ± 0.53 3.59 ± 1.27 +++

Proline 0.81 ± 0.41 0.53 ± 0.09 +

Asparagine 0.52 ± 0.03 0.68 ± 0.2 +++

Valine 0.74 ± 0.13 0.28 ± 0.07 -

Leucine 0.72 ± 0.08 0.22 ± 0.07 +

Isoleucine 0.7 ± 0.13 0.24 ± 0.06 -

Arginine 0.61 ± 0.23 0.16 ± 0.05 -

Threonine 0.46 ± 0.12 0.17 ± 0.05 -

Tyrosine 0.43 ± 0.06 0.12 ± 0.03 -

Phenylalanine 0.32 ± 0.06 0.12 ± 0.02 +

Lysine 0.28 ± 0.08 0.14 ± 0.03 +

Aspartate 0.15 ± 0.1 0.08 ± 0.03 +++

Glucose 0.32 ± 0.19 0.46 ± 0.17 +++

Sucrose 0.54 ± 0.23 0.44 ± 0.04 +

Ethanol 0.33 ± 0.22 0.51 ± 0.44 +

Total mM C 11.18 ± 2.60 7.72 ± 2.60

Total mM N 3.24 ± 0.62 2.25 ± 0.70

C/N ratio 3.45 3.43

%AA 89% 82%

Growth support 
mM C

5.46 ± 0.89 4.78 ± 0.89

%Growth support 49% 62%

C/N ratio support 2.8 2.7

Abbreviations: -, cannot support growth as a carbon substrate+, can 
support a slow growth as a carbon substrate; +++, can support growth 
as a carbon substrate.
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Substrate µmax (h−1) Max OD (600nm)
Productivity 
in 24h (OD)

Aspartatea 0.301 ± 0.003 0.64 ± 0.01 4.61

Glutaminea 0.184 ± 0.008 0.92 ± 0.05 4.06

Glutamate 0.156 ± 0.005 0.78 ± 0.03 2.92

Malatea 0.149 ± 0.001 0.40 ± 0.05 1.43

Glucosea 0.145 ± 0.001 1.45 ± 0.01 5.05

Asparaginea 0.104 ± 0.001 0.51 ± 0.01 1.27

Pyruvatea 0.100 ± 0.004 0.69 ± 0.04 1.66

Gamma-aminobutyrate 0.074 ± 0.004 0.77 ± 0.04 1.37

Histidine 0.074 ± 0.002 0.60 ± 0.01 1.07

Alaninea 0.051 ± 0.002 0.27 ± 0.01 0.33

Alpha-ketoglutarate 0.049 ± 0.001 0.33 ± 0.02 0.39

Galacturonate 0.049 ± 0.001

Galactose 0.034 ± 0.001

Sucrose 0.026 ± 0.001

Gluconate 0.026 ± 0.004

Trehalose 0.025 ± 0.002

Saccharose 0.024 ± 0.001

Threonine 0.023 ± 0.001

Proline 0.021 ± 0.002

Fructose 0.021 ± 0.001

Mannitol 0.020 ± 0.001

Ethanol 0.019 ± 0.001

Phenylalanine 0.017 ± 0.001

Lysine 0.011 ± 0.001

Leucine 0.011 ± 0.003

Arginine -

Isoleucine -

Valine -

Serine -

Tyrosine -

Methionine -

Tryptophane -

Cysteine -

Glycine -

Fumarate -

Citrate -

Maleate -

Succinate -

Oxalate -

Xylose -

Arabinose -

Rhamnose -

Note: Max OD was determined for growth finished in <60 hours only. All experiments were 
performed with an initial carbon concentration of 100 mM C in a minimal medium.
Abbreviation: -, absence of growth.
aCarbon sources used for shake-flasks experiments.

TA B L E  2 Maximum specific growth 
rates (µmax) in microplate experiments of 
GMI1000 for different carbon substrates
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specific growth rate µmax above 0.1  h−1 (Table 2). GMI10000  had a 
slower growth on GABA, histidine, alanine, alpha keto-glutarate, and 
galacturonate. Growth was very slow on the other sugars and amino 
acids such as galactose, sucrose, proline, phenylalanine with a µmax lower 
than 0.04 h−1. For all the other compounds, no growth was observed.

All substrates used for the experiments have a normalized initial 
carbon concentration (100 mM C). This allowed comparing the final 
bacterial density (OD600) since the same quantity of carbon is avail-
able for each substrate. Among substrates for which a plateau phase 
was reached during growth (growth in less than 60 hours), glucose 
led to the highest biomass yield. This is probably because oxygen 
might be limited in such a growing system and glucose, when catab-
olized along Entner-Doudoroff (Jyoti et al., 2020), generates ATP and 
NADH before reaching the TCA cycle, contrary to other substrates 
that need O2 to generate ATP using ATP synthetase. In terms of bio-
mass productivity, glucose, even if it leads to a slower growth rate 
compared to other substrates, had better productivity since it has 
a better biomass yield. Glutamine led also to both a good biomass 
yield and a good growth rate. Glucose and glutamine thus seem to be 
preferential substrates for the growth of GMI1000. Aspartate, even 
if it leads to a good growth rate, results in a lower biomass yield, and 
thus appears less favorable for GM1000 growth.

On a growth/no-growth basis, these results are in good agree-
ment with BIOLOG results performed by Peyraud et al. (2016). 
Disagreement is for proline, phenylalanine, lysine, and leucine, for 
which we observed growth and there is none in BIOLOG micro-
plates. Except for proline, growth is slow, which could explain the 
difference between the two experiments. There is also a discrep-
ancy for serine, fumarate, and citrate, for which we observed no 
growth in our microplates experiment whereas growth is observed 
in BIOLOG microplates.

Asparagine growth is much slower than glutamine growth and has 
two exponential phases (second growth rate: and 0.011 ± 0.001 h−1). 
The presence of these two growth phases is dependent on the initial 
concentration of asparagine since it was observed for the initial con-
centration of 50 mM C or 100 mM C but not for 10 mM C (Figure 1).

3.3  |  Monitoring growth in carbon source mixtures

Diauxic growth is a phenomenon generally observed when micro-
organisms, in presence of two carbon sources (most of the time 
two sugars), exhibit a bi-phasic exponential growth with a lag phase 

between each phase, which reflects the sequential use of each 
substrate (Monod, 1942). In a diauxic growth, only one substrate 
at a time is consumed in each phase. Hence, the maximum growth 
rate of each phase corresponds to the maximum growth rate of 
each substrate when the bacteria are grown alone. Diauxic growth 
in bacteria can thus reveal mechanisms of genetic repression of 
uptake of a secondary nutrient in the presence of another one that 
is preferentially metabolized. We tested mixtures of substrates on 
the growth of strain GMI1000 to know if such diauxic growth oc-
curs (Table 3). When there was only one exponential growth phase 
observed (13 cases out of 32), there is no diauxic growth. When 
there is a second exponential phase, in 13 cases out of 32 cases, 
the growth rate of the first exponential phase is higher than the 
growth rate on each substrate alone. Thus, for these 13 mixtures, 
there is no diauxic growth. The second exponential phases are pre-
sent because of the exhaustion of one substrate before the other. 
For the mixtures asparagine + aspartate, glucose + aspartate, and 
malate + aspartate, the growth rate is not as fast as on aspartate 
alone but is faster than with asparagine alone, malate alone, or 
glucose alone. So there is probably no diauxic growth for these 
three cases. Only in the cases of glutamate  +  asparagine, gluta-
mate + galactose, and glutamine + galactose, there are two growth 
phases and a growth rate equal or lower than for glutamate (resp. 
glutamine) alone. In these three cases, catabolic repression might 
take place.

Most mixtures of two substrates could sustain a rather fast 
growth, the highest growth rate being observed for glutamine and 
aspartate. This was not surprising given the fact that GMI1000 has 
fast growth on both substrates independently. Interestingly, growth 
in presence of casamino acids, a hydroxychloric acid hydrolysate of 
casein composed of many kinds of amino acids (Bonnemain, 1966), 
resulted in a growth rate of 0.22h−1. Yet this growth rate is lower 
than several mixtures of substrate tested such as glutamine + aspar-
tate, glutamine + malate, glutamine + succinate, or aspartate + ma-
late, showing that casamino-acids are not the optimal substrate for 
growth.

Most of the time, mixtures of substrates sustained a faster 
growth than the best growth rate obtained with the two substrates 
alone, showing a synergistic effect of the presence of the two sub-
strates (19/32). For example, this is the case for glutamine + aspar-
agine (Figure 1). For other mixtures of substrates (13/32), the growth 
rate was lower than the best growth rate obtained on each substrate 
alone. For most of them (10/13), the growth rate was better than the 

F I G U R E  1 Growth curve of GMI1000 
on glutamine (panel A, light grey curve), a 
mixture of glutamine and asparagine (left 
panel, black curve) and asparagine (panel 
B, 100 mM C light grey curve, 50 mM C 
dark grey curve, 10 mM C black curve)
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mean growth rate of the two substrates alone. For example, this is 
the case for glutamine + proline. All mixtures containing aspartate 
also behave like this. Since aspartate sustains a very high growth rate 
of R. solanacearum, this result could be explained by the presence of 

two distinct populations, one specialized on each substrate, some 
internal regulation taking place, or that a resource allocation limit 
is reached, such as a limited space of transporters in the cell mem-
brane. Finally, it is interesting to emphasize that we did not detect 
any significant growth of GMI1000 on succinate alone under the 
experimental conditions used, whereas a mutant deficient for the 
global virulence regulator phcA can (Peyraud et al., 2016), and mix-
tures of succinate with an amino acid yielded a higher growth rate 
compared to the amino acid alone. Succinate can therefore act as a 
complementary nutrition source, and the lack of growth cannot be 
explained by a lack of transporter.

3.4  |  Determining substrate assimilation rates, 
product excretion, and biomass yields

Microplate experiments gave first insights into trophic preferences 
of GMI1000. Yet, to have a more complete picture, in particular 
substrate consumption rates, we performed kinetic experiments in 
shaken flasks. Shake-flasks experiments allowed having better oxy-
genation of the culture media compared to microplates. In addition, 
shake-flasks experiments enabled to sample media at the different 
time point and analyze it using NMR technology, as well as to fully 
characterize substrate consumption and metabolite excretion. This 
allowed verifying that no catabolic repression occurs, with a fine 
tracking on substrate concentration over time. Eleven shake-flask 
growth experiments were performed using single substrates and 
mixtures of substrates selected for their ability to sustain fairly rapid 
growth as carbon sources. From these experiments, maximal growth 
rates, putrescine yield, protein yield, and substrate yield were calcu-
lated (Table 4).

GMI1000 growth kinetic observed was in accordance with clas-
sical bacterial growth curves (Figure 2, Figure 3), comprising a lag 
phase, an exponential phase, and a death (decline) phase. However, 
the stationary phase was not observed (or only rarely). For growth 
with asparagine, again we observed two exponential phases with 
an inflection point between them, as for microplate experiments 
(Figure 2B). All the growth rates were significantly higher in shake-
flask experiments than in microplate experiments, confirming that 
growth conditions are better in shake-flasks, probably due to better 
oxygenation. Aspartate led to the best growth rate (0.43h−1), fol-
lowed by glutamine and malate (0.29–0.30h−1), in accordance with 
microplate experiments. For pyruvate and glucose, we observed a 
good growth rate (0.18–0.22h−1), whereas growth rates were sig-
nificantly lower for asparagine and alanine (0.12–0.13h−1). For mixed 
substrates, growth rates were as high as the one of aspartate alone. 
Thus the rate of 0.41–0.43 h−1 therefore appears as the maximum 
growth rate of strain GMI1000, probably due to the resource alloca-
tion trade-off between ribosomes, transporters, and enzymes in the 
cytoplasm (Goelzer et al., 2015).

Monitoring of substrate consumption showed a total depletion 
of all carbon sources used for the different cultures, except for DL-
Malate, confirming that carbon is the limiting element for growth. 

TA B L E  3 Maximum specific growth rates (µmax) in microplate 
experiments of GMI1000 for different mixtures of carbon 
substrates

Substrates µmax 1 (h−1) µmax 2 (h−1)

Glutamine + Aspartate 0.262 ± 0.007 -

Glutamine + Malate 0.242 ± 0.005 0.055 ± 0.009

Glutamine + Succinate 0.230 ± 0.027 -

Glutamine + Asparaginea 0.220 ± 0.008 0.094 ± 0.009

Glutamine + Glucosea 0.211 ± 0.010 0.062 ± 0.003

Glutamine + Gamma-
aminobutyrate

0.203 ± 0.008 0.036 ± 0.004

Glutamine + Alanine 0.199 ± 0.005 0.088 ± 0.001

Glutamine + Histidine 0.190 ± 0.031 0.039 ± 0.008

Glutamine + Proline 0.167 ± 0.005 -

Glutamine + Galactose 0.161 ± 0.002 0.045 ± 0.003

Glutamine + Alpha-
ketoglutarate

0.090 ± 0.010 -

Asparagine + Alanine 0.221 ± 0.022 -

Asparagine + Glucosea 0.218 ± 0.005 0.092 ± 0.008

Asparagine + Succinate 0.213 ± 0.018 0.070 ± 0.005

Asparagine + Malate 0.210 ± 0.002 0.170 ± 0.004

Asparagine + Alpha-
ketoglutarate

0.184 ± 0.025 0.163 ± 0.020

Asparagine + Aspartate 0.179 ± 0.005 0.032 ± 0.002

Asparagine + Proline 0.148 ± 0.002 0.068 ± 0.003

Asparagine + Galactose 0.127 ± 0.002 -

Asparagine + Histidine 0.108 ± 0.001 0.044 ± 0.001

Aspartate + Glucosea 0.207 ± 0.006 0.096 ± 0.013

Aspartate + Malate 0.249 ± 0.030 0.064 ± 0.004

Casamino acid 0.219 ± 0.006 -

Glutamate + Aspartate 0.215 ± 0.013 -

Glutamate + Succinate 0.175 ± 0.006 -

Glutamate + Alpha-
ketoglutarate

0.163 ± 0.005 -

Glutamate + Glucose 0.160 ± 0.008 -

Glutamate + Gamma-
aminobutyrate

0.158 ± 0.006 0.036 ± 0.007

Glutamate + Galactose 0.154 ± 0.007 0.037 ± 0.002

Glutamate + Proline 0.151 ± 0.013 -

Glutamate + Asparagine 0.148 ± 0.005 0.096 ± 0.002

Glutamate + Alanine 0.148 ± 0.007 -

Glutamate + Histidine 0.139 ± 0.012 -

Note: All experiments were performed with a total initial carbon 
concentration of 100 mM C, 50 mM C for each substrate in the mixture.
Abbreviation: -, absence of second growth phase
aCarbon sources used for shake-flasks experiments.
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For DL-Malate, this can be explained by the fact that the substrate 
was composed of a mixture of D and L-Malate and that GMI1000 can 
only grow with the natural enantiomer L-Malate and not with the D- 
form, as reported in previous studies (Peyraud et al., 2016; Tunchai 
et al., 2017). Results also showed a co-consumption of substrates in 
the case of a mixture of carbon sources, confirming the absence of 
diauxic behaviors (Figure 3). Bacterial density was also monitored 
during growth and an increase over time was observed (Figure 2, 
Figure 3), confirming that all the tested substrates were sustaining 
bacterial growth.

Regarding yields, glutamine is the substrate that allowed achiev-
ing the best biomass yield: 0.53 mg of biomass per mg of the sub-
strate. Glucose also yielded a high quantity of biomass (0.45 mg of 
biomass per mg of the substrate) whereas aspartate, pyruvate, and 
alanine yielded good biomass quantity (0.32–0.38 mg of biomass per 
mg of the substrate). Asparagine yielded only 0.23 mg of biomass per 
mg of the substrate.

The NMR analysis of media also revealed, in accordance with 
Lowe-Power et al. (2018b); Peyraud et al. (2016), that GMI1000 ex-
cretes a non-negligible quantity of putrescine during growth (Table 4, 
Figure 2). A look at yields showed that putrescine is excreted in large 
quantities for glucose, alanine, and pyruvate (0.29–0.36 mg putres-
cine per mg of the substrate), in medium quantity for asparagine 
and glutamine (0.15–0.22 mg putrescine per mg of the substrate), 
and lower quantity for malate and aspartate (0.10–0.15  mg pu-
trescine per mg of the substrate). When looking at the putrescine 
excretion flux, the flux is rather constant whatever the substrate, 
around 0.137 mg of putrescine per mg of biomass per hour, except 
for glutamine and glucose. Note, GMI1000 is also known to excrete 
a large number of proteins, including many virulence factors (Lonjon 
et al., 2016) (Figure 2, Table 4). Protein production yields also dif-
fered among substrates, with glucose yielding the highest quantity 
of proteins. Of note, aspartate was detected as excreted and then 
re-assimilated during the second exponential growth phase in pres-
ence of asparagine, emphasizing the different metabolic behavior 
that occurs in this second growth phase (Figure 2B).

3.5  |  Estimation of the xylem sap flow rate reveals 
that this environment is not nutrient-limiting for 
R. solanacearum fast growth

It is often stated that xylem sap is a relatively nutrient-poor environ-
ment (Lowe-Power et al., 2018a) since only 9.45 mM C (Table 1) are 
present in total, and not all metabolites can support the growth of 
the pathogen. The fast growth of R. solanacearum, which can reach 
109–1010  CFU/gFW in 3  days after stem inoculation at 104  CFU 
for the whole plant, thus appears paradoxical (Guidot et al., 2014; 
McGarvey et al., 1999). Yet, xylem sap is often viewed as a static 
medium containing a certain quantity of carbon substrates, probably 
because the only one-time measurement is performed. Xylem sap 
should rather be seen as a continuous flow of nutrients. Based on 
data from this study, from Gerlin et al. (2021a) and Planas-Marquès TA
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et al. (2020), we estimated the continuous flow of nutrients to 
which R. solanacearum has access. Briefly (see details in Material & 
Methods), we estimated the volume of the xylem tissue from the 

plant density and the proportional area represented by the xylem 
in the stem (Planas-Marquès et al., 2020). Then, based on the plant 
transpiration rate (Gerlin et al., 2021a) and the concentration of 

F I G U R E  2 Kinetics of substrate consumption, biomass production, and excreted products for glutamine only (a), asparagine only (b), and 
glucose only (c). Left graphs: substrate are black dots, biomass are grey squares. Right graphs: putrescine are black dots, proteins are grey 
squares, aspartate (for b only) are light grey triangles. Three triplicates were performed for each different set of substrates

(a)

(b)

(c)
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(a)

(b)

(c)

(d)



    |  11 of 14BAROUKH et al.

metabolites that compose the xylem sap (Table 1), we deduced the 
quantity of nutrients carried in the xylem flow.

Overall, there is 2671 mM C.day−1 and 776 mM N.day−1 (total 
compounds), including 1446 mM C.day−1 that can promote growth. 
For three days, the substrate concentration to which R.  sola-
nacearum can have access is therefore 8013 mM C and 2328 mM 
N, including 3438 mM C which can support growth. Final density, 
around 109–1010 CFU/gFW (Guidot et al., 2014; McGarvey et al., 
1999) is equivalent to an OD of 17.8–178 and biomass concentra-
tion in the xylem of 7.41–74.1 g.L−1. In comparison, 50 mM C of glu-
tamine in shake-flasks experiments in this study yields 0.775 g of 
biomass. Using substrates yields measured on glutamine, glucose, 
asparagine, and aspartate from Table 4 and xylem concentrations 
from Table 1, the xylem flux of metabolites could yield 62.0 g L−1 
of R.  solanacearum biomass if these four substrates are entirely 
consumed. This value is in the same order of magnitude as what 
can be measured 3  days after a stem inoculation. This estimate 
of the flux of available nutrients in tomato xylem sap suggests 
that there are sufficient metabolic resources in the vascular tissue 
for R. solanacearum to achieve the high level of growth observed 
during infection.

4  |  DISCUSSION

4.1  |  The variability of the xylem sap environment

In our study, we identified 14 compounds with a concentration 
above 1 μM (detection limit) in xylem sap of tomato cv Marmande, 
with a vast majority of amino acids and glutamine as the main com-
pound. We confirmed that the presence of ethanol was not due to 
the chemical contamination of the sample. Its presence might result 
from the activity of cells from the root and the center of the stem 
that switch to a fermentation metabolism due to micro-oxygenic 
conditions. Ethanol was already detected in sap from other plants 
species such as pea (Jackson et al., 1982), olive trees (Anguita-Maeso 
et al., 2021), or tomatoes (Gerlin et al., 2021a). Sugar presence might 
be due to phloem contamination since tomato was demonstrated 
to have ascending phloem ((Bonnemain, 1966)). However, previous 
studies have shown that mutants defective for the assimilation of 
sugars have only a slightly slower infection rate compared to the 
wild-type, showing that sugars are present in xylem sap (Gerlin et al., 
2021a; Hamilton et al., 2021; Jacobs et al., 2012).

The total organic carbon concentration we measured in the xylem 
sap of tomato Marmande is about 10 mM and the nitrogen concen-
tration is around 3 mM. The overall C/N ratio measured in our sam-
ples is about 3.5. Our results are consistent with those reported in 

the literature (Bialczyk et al., 2004; Gerlin et al., 2021a; Hiery et al., 
2013; Lowe-Power et al., 2018b; Senden et al., 1992; White et al., 
1981; Zuluaga et al., 2013). Indeed, according to these different 
studies, the tomato xylem is mainly composed of ions, amino acids, 
sugars, and acids from the Krebs cycle (citrate, malate, fumarate). 
Prevalent molecules are glutamine, the most concentrated amino 
acid, as well as asparagine, aspartate, alanine, arginine, leucine, iso-
leucine, valine, lysine, tyrosine, and phenylalanine, in lower concen-
trations. In these studies, total organic carbon concentration varies 
significantly between 0.67 and 22 mM C, total organic nitrogen var-
ies between 0.24 and 5 mM and the carbon over nitrogen ratio (C/N) 
has a wide range of 3.28-17.38. The disparity of molecules found 
and the wide range of concentrations is probably due to different 
experimental conditions between studies. The large variability 
in the C/N ratio depends on how much sugar and acids from the 
Krebs cycle are present in the xylem, and whether or not they were 
measured (due to different analytical techniques used). Age of the 
plants and culture growth conditions can also explain some of these 
differences and variations in xylem sap composition between two 
tomato cultivars have already been highlighted (Georgoulisa et al., 
2020). The methods of extraction of xylem fluids can differ, some 
of which may lead to phloem fluid contamination. Finally, analytical 
techniques also differ. In this study, we used NMR technology to de-
scribe and quantify the xylem composition of tomato (cv Marmande) 
aged 4 weeks after sewing. The advantage of NMR technology is 
that no a priori knowledge on the detectable molecules is necessary.

In a previous study, we determined the xylem sap content of 
another tomato cultivar, M82 (Gerlin et al., 2021a) whose com-
position is relatively similar to the results obtained on cultivar 
Marmande for the nature of substrates, but the M82 xylem sap 
was found to be four times more concentrated, with a higher 
proportion of glutamine. The plants had the same age, and the 
xylem extraction technique and analysis of the xylem content 
were similar. The difference observed might be due to the culti-
var (Georgoulisa et al., 2020), but also to the fertilizer (Bialczyk 
et al., 2004), since in the M82 experiment, tomato plants were 
grown in soil (SB2, Proveen, The Netherlands) supplemented with 
Osmocote® (Sierra Chemical Company), whereas in this study to-
mato plants were grown in the same soil without any supplemen-
tation by fertilizer.

4.2  |  Adaptation of the R. solanacearum 
metabolism to the tomato xylem

On the 14 compounds detected in xylem sap, strain GMI1000 can 
assimilate all of them either as carbon or nitrogen source (Peyraud 

F I G U R E  3 Kinetics of substrates consumption, biomass production, and excreted products for aspartate and glucose (a), glutamine 
and glucose (b), asparagine and glucose (c), and glutamine and asparagine (d). Three triplicates were performed for each different set of 
substrates. Right graphs: putrescine are black dots and proteins are grey squares. Left graphs: substrates are black dots or grey diamonds, 
biomass is grey squares. a: dots: aspartate, diamonds: glucose. b: dots: glutamine, diamonds: glucose. c. dots: asparagine, diamonds: glucose. 
d: dots: glutamine, diamonds: asparagine
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et al., 2016). However, from the results of the growth kinetics 
from microplates and shaken flask experiments, only part of these 
compounds can sustain sufficient growth (i.e. a rapid growth with 
a good substrate yield): glutamine, asparagine, aspartate, and glu-
cose. Their proportion represents 50%–60% of the xylem organic 
content. The other compounds can either sustain a slow growth 
or can be used as complementary sources of nutrition, boosting 
growth. The observed increase of growth is probably due to the 
non-necessity of synthesizing de novo the additional molecules pre-
sent in the media.

The composition of xylem sap is quite conserved among plants 
(Andersen & Brodbeck, 1989; Gerlin et al., 2021a; Hocking, 1980; 
Anguita Maeso et al., 2021), with glutamine being the most abun-
dant amino acid in most cases. As common xylem sap molecules 
can be efficiently metabolized by GMI1000, thus confirming it is 
overall well-adapted to the xylem sap environment, in which it can 
thrive easily (Gerlin et al., 2021a; Lowe-Power et al., 2018a). This 
could certainly contribute to the wide host range of this pathogen. 
Interestingly, GMI1000 grows also well on malate and moderately on 
pyruvate. Both of these organic acids are found in the soil (Liebeke 
et al., 2009) and strain GMI1000 was found to be chemically at-
tracted by malate (Hida et al., 2015; Tunchai et al., 2017).

The average xylem C/N ratio measured in our xylem sap sam-
ples is 3.4, and the C/N ratio of substrates sustaining growth is 
lower, situated around 2.8. Given the fact that GMI1000 uses a C/N 
of at least 7.25 for growth in presence of glutamate (Peyraud et al., 
2016) (4 for biomass, the rest for generating energy through the 
TCA cycle, with CO2 as waste), organic carbon is thus the limiting 
element for GMI1000 growth in xylem sap. The C/N ratio unbal-
ance is mainly due to the dominance of amino acids (around 85%). 
This unbalance will likely have consequences on GMI1000 growth, 
such as the necessity to get rid of the nitrogen excess, under the 
form of organic and inorganic compounds (Fyson et al., 2017), 
such as ammonium. Putrescine could be considered a nitrogenous 
waste product, but putrescine excretion only accounts for 25% of 
excess nitrogen on glutamate, and protein excretion 0.8%. In addi-
tion, putrescine excretion is observed on carbon-only substrates 
such as glucose, thus emphasizing a different role for putrescine, 
such as, possibly, virulence (Gerlin et al., 2021a, 2021b; Lowe-
Power et al., 2018b).

4.3  |  Xylem sap is sufficient to support 
R. solanacearum growth to high densities

From the xylem data we obtained and from other previous studies 
(Gerlin et al., 2021a; Planas-Marquès et al., 2020) we inferred the 
concentration of metabolites in the xylem stream to which R. sola-
nacearum has access for growth. At the beginning of the infection 
process, bacteria do not grow fast enough to consume all the in-
coming flux of substrate, and plant defenses such as ROS probably 
provoke some cell death. On the other hand, other amino acids and 
sucrose in the xylem sap can boost growth and increase yields on 

these four major metabolized substrates (glutamine, glucose, aspar-
agine, aspartate). It is therefore difficult to conclude from our data 
that the continuous flow rate of metabolites in the xylem is enough 
to support all the growth observed in planta but there is potential to 
reach high population levels (up to at least 109 CFU/gFW). It can also 
be concluded that xylem sap is not nutrient-poor, contrary to what is 
often stated in the literature.

5  |  CONCLUSIONS

By determining the content of the environment where Ralstonia sola-
nacearum multiplies in tomato plants and by revealing the trophic 
preferences of the bacterium using kinetic experiments in micro-
plates and shake flasks, we showed that glutamine and asparagine 
are the preferential substrates likely to be assimilated by strain 
GMI1000 when in plant xylem. The other amino acids, as well as 
sugars, likely act as complementary sources of nutrition, to boost 
growth. Finally, through a calculation relying on plant physiology and 
bacteria substrate yields, the xylem sap flux was shown to be rich 
enough to sustain GMI1000 growth to high densities in the plant.
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