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Abstract: The incidence of tobacco bacterial wilt, caused by Ralstonia solanacearum, is significantly affected by temperature. However, the effect
of temperature on the metabolism of carbon and amino acid substrates used in phenotypic characterization of R. solanacearum is still unknown. In
order to evaluate the effect of temperature on metabolic phenotypes, the phenotypes of the pathogen were characterized and compared with

a BIOLOG Phenotype MicroArray (PM) at 20, 24, 30 and 35°C. The results showed that phenotypes of R. solanacearum at all four temperatures
were mostly similar. However, a few differences were observed, such as in the ability to metabolize L-proline. The bacterium was able to
metabolize more than 30% of the tested carbon sources and 83% of amino acid nitrogen substrates. For carbon sources, the most informative
utilization patterns were organic acids and carbohydrates; for nitrogen sources, the most informative were amino acids. The bacterium showed
much higher metabolic ability at 35°C than at 20, 24 and 30°C, and was more adaptable to osmolytes and pH environments at 30 and 35°C than at
20 and 24°C. It presented no deaminase activity, had high decarboxylase activity at 35°C and low decarboxylase activity at 20 and 24°C. When the
phenotypic data were subjected to comparative phenomic analyses, temperature did have a significant effect on the characterization of the
pathogen. The results provide clues to possible new methods to manage tobacco bacterial wilt.

Keywords: metabolic phenotype, phenomics, Ralstonia solanacearum, temperature, tobacco bacterial wilt

Résumé: L’incidence de la flétrissure bactérienne du tabac, causée par Ralstonia solanacearum, est considérablement influencée par la température.
Toutefois, 1’effet de la température sur le métabolisme du carbone et des substrats d’acides aminés utilisés pour la caractérisation phénotypique de
R. solanacearum est encore mal compris. Afin d’évaluer ’effet de la température sur les phénotypes métaboliques, les phénotypes de I’agent pathogéne
ont été caractérisés et comparés a 1’aide d’un microréseau de phénotypage BIOLOG a 20, 24, 30 et 35°C. Aux quatre températures, les résultats ont
indiqué que les phénotypes de R. solanacearum étaient en général similaires. Toutefois, quelques différences ont ét€ observées, comme la capacité
de métaboliser la L-proline. La bactérie a pu métaboliser plus de 30% des sources de carbone testées et 83% de la partie azotée des substrats d’acides
aminés. Quant aux sources de carbone, les modes d’utilization les plus révélateurs étaient les acides organiques et les hydrates de carbone; en ce qui
a trait aux sources d’azote, les plus révélateurs étaient les acides aminés. La bactérie a affiché une capacité métabolique beaucoup plus élevée a 35°C
qu’a 20, 24 et 30°C et était plus adaptable aux osmolytes et aux différents pH a 30 et 35°C qu’a 20 et 24°C. Elle n’a affiché aucune activité déaminase,
avait une forte activité décarbolyxase a 35°C et une faible a 20 et 24°C. Quand les données phénotypiques ont été soumises aux analyses comparatives
basées sur la phénomique, la température a eu un effet significatif sur la caractérisation de 1’agent pathogéne. Les résultats fournissent des indices quant
aux méthodes éventuelles visant a gérer la flétrissure bactérienne du tabac.

Mots clés: flétrissure bactérienne du tabac, phénomique, phénotype métabolique, Ralstonia solanacearum, température
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Introduction

Ralstonia solanacearum (E. F. Smith 1896) Yabuuchi et al.
is a soil-borne bacterial pathogen (Hayward 1995) distrib-
uted worldwide with hosts in 200 different plant species
belonging to 50 families (Hayward 1964; Xue et al. 2011).
It causes bacterial wilt and damage to many important
plants, particularly the Solanaceae crops: tomatoes,
tobacco, potatoes, etc. (French and Sequeira 1970; He
et al. 1983). Recently, tobacco wilt caused by
R. solanacearum has become widespread throughout
China (Chen et al. 2013). Losses could reach more than
60% in some cropping regions (Peng et al. 2007).
Traditionally, R. solanacearum strains have been classified
into five races based on host range (Buddenhagen et al.
1962) and six biovars based on the metabolism of disac-
charides (Hayward et al. 1990), and they have been further
subdivided into sequevars based on the endoglucanase
gene (Prior and Fegan 2005) and phylotypes based on 16s
rRNA gene sequences (Fegan and Prior 2005). In China,
most strains of R. solanacearum on tobacco belong to Race
1 Biovar 3 (R1Bv3) (Deng et al. 2004; Zou and Xiao 2008).

Ralstonia solanacearum infects tobacco through the roots
and ultimately blocks the xylem, resulting in plant wilting.
Its infection process is quite complex, and the mechanisms
of invasion are still unknown. Many factors affect the dis-
ease process, including the physiological state of the patho-
gen, the host and environmental conditions (Schell 1987;
Hayward 1991). Early studies demonstrated that injury of
the host, the inoculum load of R. solanacearum, soil pH
value, type of soil, moisture, and temperature all affected
wilt incidence (Singh et al. 2014; Bittner et al. 2016). In
addition, temperature is an important factor that affects the
growth, motility, aggressiveness and toxic enzyme produc-
tion of the pathogen and the expression of symptoms in the
plant (Schell et al. 1988; Liu et al. 2001; Kang et al. 2002).
Although R. solanacearum is able to survive at relatively
low temperatures for long periods of time (Van Elsas et al.
2000; Milling et al. 2009), most strains of R. solanacearum
are non-pathogenic below 20°C (Thurston 1963; Ciampi and
Sequeira 1980). The aggressiveness decreases when tem-
perature either exceeds 35°C or falls below 18°C (Ciampi
and Sequeira 1980; Fajinmi and Fajinmi 2010). Wilt symp-
toms caused by this pathogen on tobacco rarely appear
below 18°C and are most severe when temperature ranges
between 25 and 35°C (Thurston 1963; Milling et al. 2009;
Wang et al. 2017). Tobacco wilt severity increases with an
increase of the temperature into the range of 30-35°C. It is
also difficult to maintain host resistance in environments
with high temperature and humidity (Hayward 1991).
Tobacco plants resistant to R. solanacearum at moderate
temperatures became more susceptible at higher

temperatures (Bittner et al. 2016). Even though the effects
of temperature on R. solanacearum have been widely stu-
died, how it affects the metabolism of carbon and amino acid
substrates used in phenotypic characterization are still
unknown.

Traditional cellular metabolic phenotypes were tested
one at a time. It was time-consuming and the phenotypes
were sometimes not easy to define. Recently, a Phenotypic
MicroArray/OmniLog system (PMs), with high through-
put, has been developed by Biolog In. (Hayward, CA,
USA). The system can simultaneously detect around
1000 metabolic phenotypes at a time (Bochner et al.
2001). This PMs is easy to use and can rapidly deduce
the phenotype of a tested cell (Bochner 2003). In this
system, phenotypes of the utilization of carbon, nitrogen,
phosphorus and sulphur substrates; biosynthetic pathways;
and survival in osmotic, ionic and pH conditions can all be
determined. Phenotypes of many microorganisms have
been analysed with the PMs, such as Phytophthora para-
sitica (Wang et al. 2015a), Alternaria alternata (Wang
et al. 2015b), Escherichia coli (Bochner et al. 2001) and
Bacillus subtilis (Gusarov et al. 2009).

In this study, the effect of temperature on the pheno-
type of R. solanacearum was characterized and com-
pared with a BIOLOG Phenotype MicroArray (PM) at
20, 24, 30 and 35°C. The temperature 20°C is the mini-
mum detectable temperature of the PMs, and 30 and 35°
C are associated with serious bacterial wilt in commer-
cial tobacco fields. Although few management methods
are available to control bacterial wilt in tobacco,
a detailed understanding of the phenotypes of
R. solanacearum is valuable in developing management
practices to decrease the impact of tobacco bacterial wilt.

Materials and methods
Pathogen, media and chemical preparation

Three R1Bv3 strains of R. solanacearum were col-
lected in 2011 from infected tobacco stems with typi-
cal bacterial wilt symptoms from a commercial
tobacco field in Guizhou province of China. They
were identified in our earlier study (Wang et al.
2015¢) and utilized here throughout the experiment.
These bacteria were incubated in nutrient media with
or without agar (beef extract [0.3%] and peptone
[0.5%] in water [wt/vol]) (NA or NB) (Wang et al.
2012). For phenotypic characterization testing, they
were incubated in Biolog Universal Growth Medium
with blood (BUG+B) (Wang et al. 2015c¢). All materi-
als, reagents and media for the phenotypic study were
purchased from Biolog (Hayward, CA, USA).
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Phenotype characterization of the R. solanacearum
R1Bv3 strains was conducted at 20, 24, 30 and
35°C. These temperatures were chosen based on the
temperatures in the field that led to symptom develop-
ment and the available temperature range (20—40°C)
of the Biolog PM Omnilog system (Bochner et al.
2008). The strains were incubated on (BUG+B) plates
at 30°C in darkness. After 48 h incubation, bacterial
cells on the surface of the plates were scraped with
a sterile cotton swab, and re-suspended in the medium
containing Dye Mix A to make an 85% transmittance
cell suspension. Afterwards, 100 pl of cell suspension
was added to each well of the Biolog PM plates.
A total of 950 different growth conditions were ana-
lysed, including 190 different carbon substrates, 95
nitrogen substrates, 59 phosphorus substrates, 35 sul-
phur substrates, 94 biosynthetic pathways, 285 nitro-
gen pathways, 96 osmotic and ionic conditions, and 96
pH environments. Plates 1-8 were utilized to test the
phenotypes of metabolizing carbon (PM 1-2), nitrogen
(PM 3, 6-8), phosphorus (PM 4), sulphur (PM 4) and
biosynthetic pathways (PM 5), and plates 9-10 were
used to test the phenotypes of the bacterium under
various ion/osmotic (PM 9) and pH (PM 10) condi-
tions. Additionally, IF-0 GN Base was used for PM
1-2. The mixture of IF-0 GN Base, 20 mM sodium
succinate (pH 7.1), and 0.002 mM ferric citrate were
used for PM 3-8. The mixture of IF-10 GN Base and
Dye Mix A was used for PM 9-10. After inoculation,
the plates were placed in an OmniLog incubator and
incubated for 96 h at 20, 24, 30 and 35°C. Data were
obtained every 15 min by the Biolog software. The
phenotypes of R. solanacearum at the different tem-
peratures were compared. Each isolate was examined
twice, and the average metabolic phenotype character-
ization in each well is presented.

Data analyses

Data analysis for the phenotype characterization of
R. solanacearum was conducted using Kinetic and
Parametric software (Biolog). Phenotypes were deter-
mined based on the area under the kinetic curve of dye
formation (Bochner et al. 2001). Heat maps of phenotype
analysis were prepared with the software of Heml
(Heatmap Illustrator, version 1.0) (Zhao et al. 2017).

Results

Effect of temperature on phenotype characterization of
R. solanacearum

Phenotype characterization of R. solanacearum at tem-
peratures of 20, 24, 30 and 35°C was conducted using
the Biolog PM plates 1-10. All three isolates showed
a similar metabolic fingerprint at each test tempera-
ture. The results of the phenotypic characterization of
R. solanacearum R1Bv3 at all four temperatures were
similar. However, a few differences were observed
(Fig. 1). For the utilization of carbon sources,
R. solanacearum showed the highest use ratio (54%)
at 35°C, followed by 24°C (39%) and 20°C (36%),
and the lowest use ratio (30%) was found at 30°C
(Table 1). For amino acid nitrogen substrate metaboli-
zation, the highest use ratio (96%) was found at 35°C,
while the other temperatures all showed a use ratio of
83%. For peptide nitrogen substrate metabolization,
the highest utilization ratio (100%) was found at 35°
C, followed by 20°C (80%) and 24°C (73%), and the
lowest utilization ratio (60%) was recorded at 30°C.
For phosphorus substrate metabolization, the highest
utilization ratio (100%) was found at 30 and 35°C
followed by 20 and 24°C (85%). For sulphur substrate
metabolization, R. solanacearum at all four tempera-
tures presented 100% utilization. Meanwhile, all four
biosynthetic pathway tests showed 100% utilization. In
the osmotic and ionic  adaptability  tests,
R. solanacearum metabolized in more than 13% of
the tested conditions. The highest use ratio (74%)
was found at 35°C followed by 30°C (25%), and the
lowest use ratio was recorded at 20 and 24°C (12.5%
and 17%). For pH environment adaptability tests at the
four temperatures, the metabolization ratio ranged
from 18% to 44%. The highest ratio was found at
35°C (44%), followed by 30°C (20%) and 24°C
(19%), and the lowest ratio was recorded at 20°C
(18%) (Table 1).

Using data from PM1 and PM2 (carbon sources),
R. solanacearum was able to use more than 57 different
carbon sources (Tables 2, and (3). In addition, approxi-
mately 34 compounds were effectively utilized by the
pathogen at all four temperatures, including N-acetyl-
D-glucosamine,  L-proline,  D-trehalose, glycerol,
D-glucuronic acid, DL-malic acid, L-asparagine, sucrose,
L-glutamine and fumaric acid (Tables 2 and 3). In com-
parison, approximately 83 compounds could not be meta-
bolized at any of the four tested temperatures, including
D-serine,  L-fucose,  D-galactonic  acid-y-lactone,
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Fig. 1 Data for the Biolog Phenotype MicroArray PM 1-10 plates for Ralstonia solanacearum. The phenotypes of R. solanacearum were
tested at 20, 24, 30 and 35°C, respectively. The PM 1 to PM 10 plates for each isolate are presented at the first row, first column; first
row, second column; second row, first column; second row, second column; third row, first column; third row, second column; fourth row,
first column; fourth row, second column; fifth row, first column; and fifth row, second column, respectively. Numbers 1-12 on the horizontal
axis and letters A—H on the vertical axis denote the layout of the tested Biolog MicroPlate. Utilization by the isolate of R. solanacearum at
the four different temperatures is indicated by the green areas of the growth curve for each substrate.

Table 1. Ratios of substrate metabolization by Ralstonia solanacearum at four different temperatures in Biolog PM 1 to 10 MicroPlates.

Carbon Sulphur pH
Temperature substrate  Amino acid nitrogen  Peptide nitrogen Phosphorus substrates Biosynthetic Osmotic and ionic  condition
(°C) (%)* substrates (%) substrates (%) substrates (%) (%) pathways (%) conditions (%) (%)
20 36 83 80 85 100 100 13 18
24 39 83 73 85 100 100 17 19
30 30 83 60 100 100 100 25 20
35 54 96 100 100 100 100 74 44

“Percentages listed in each column means the number of substrates metabolized by R. solanacearum in each kind of Biolog microplate divided by the total

number of the substrates in each kind of Biolog microplate.

1,2-propanediol, D-threonine, propionic acid, tricar-
ballylic acid, and acetoacetic acid (Tables 2 and 3). For
the PM analysis at four different temperatures, the carbon
utilization level in several substrates was different, espe-
cially for the sources of L-proline, D-trehalose, dulcitol,
D-ribose, adonitol, glycogen, laminarin, pectin,
D-melezitose, etc. (Tables 2 and 3). Ralstonia solana-
cearum presented higher carbon substrate utilization at
35°C than at the other three temperatures.

Using the PM3 plate, R. solanacearum was tested
for its ability to grow on 95 different nitrogen
sources (amino acids). Approximately 33 compounds
were effectively utilized by the pathogen at all four
temperatures, including ammonia, L-alanine,

L-asparagine,  L-glutamic  acid,  L-glutamine,
L-histidine, L-proline and L-threonine (Table 4),
while other compounds could not be used or were
poorly utilized (Fig. 1, Table 4). Phenotype charac-
teristics of R. solanacearum R1Bv3 at all four tem-
peratures were mostly similar. However, a few
differences were observed such as the ability to meta-
bolize glycine, D-asparagine, D-lysine, D-serine,
D-valine, N-amylamine, agmatine, tyramine, adenine,
etc. (Table 4). Ralstonia solanacearum at 35°C pre-
sented higher amino acid nitrogen substrate utiliza-
tion than those at the other three temperatures.
Using the PM4 plate, R. solanacearum was tested
for its ability to grow on 59 different phosphorus
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Table 2. (Continued.)

Temperature °C

Temperature °C

hal
o

24 30

Substrate 20

24 30 35 Cond.?

20

Substrate

Cond.*

D-Psicose

o+ -+ H5
F+

o+

o+

Fumaric Acid

F5

++

++

L-Lyxose

Ho6

Bromo Succinic Acid

Propionic Acid
Mucic Acid

++
-+
-+
-+

Glucuronamide
Pyruvic Acid

H7

-+
+++
+++

+++
b
++

++
++

++ o+ HS
+H+

++

++

L-Galactonic Acid-y-Lactone

D-Galacturonic Acid
Phenylethylamine
2-Aminoethanol

H9

Glycolic Acid

F9

++

HI10

Glyoxylic Acid
D-Cellobiose

Inosine

F10
F11

HI1

F+
o+

++
o+

++
o+

HI12

F12

?Cond. is short for the assay conducted on the Biolog PM 1 plate. ‘=, ‘+, ‘“++” and ‘+++ means that R. solanacearum could not utilize the tested substrate, utilized poorly, moderately and effectively,

respectively in Biolog PM 1 Microplate after 8 days incubation at 20, 24, 30, 35°C, respectively.

compounds (Wells A2 to E12) and on 35 different
sulphur substrates (Wells F2 to H12). Ralstonia sola-
nacearum was very efficient in utilizing these sub-
strates at all four temperatures. More than 46
phosphorus compounds were effectively utilized
(Table 5). Ralstonia solanacearum metabolized all
tested phosphorus substrates at both 30 and 35°C.
There were nine compounds that could not be utilized
by the pathogen at either 20 or 24°C, including triethyl
phosphate,  hypophosphite,  adenosine-3’,5'-cyclic
monophosphate,  guanosine-3',5'-cyclic =~ monopho-
sphate, uridine-3',5'-cyclic monophosphate, phospho-
noacetic acid, 2-aminoethyl phosphonic acid,
methylene diphosphonic acid and thymidine 3’,5'-
cyclic monophosphate (Table 5). In comparison, all
sulphur substrates were metabolized by
R. solanacearum at all four test temperatures.
A higher utilization efficiency was found for most
sulphur substrates at elevated temperatures (Table 5).

Using the PM5 plate, R. solanacearum presented 95
different biosynthetic pathways at all four temperatures
(Fig. 1). Meanwhile, using the PM6, PM7 and PMS
plates, R. solanacearum was tested for its ability to
grow on 285 different peptide nitrogen substrates. The
pathogen metabolized more than 60% of the tested com-
pounds (Fig. 1, Table 1). At 35°C, it metabolized all
tested peptide nitrogen substrates, while fewer substrates
were utilized at 20, 24 and 30°C. For all four tempera-
tures, approximately 116 peptide nitrogen substrates
were metabolized efficiently, including Ala-Ala, Ala-
Arg, Ala-Asn and Met-Gln (Fig. 1).

Plates PM9 and PM10 were used to test bacterial
growth under various stress conditions. For the tests at
20, 24 and 30°C, R. solanacearum showed similar meta-
bolic fingerprints on plates PM9 and PM10. It showed
active metabolism with up to 20% ethylene glycol, 2%
urea, 100 mM sodium phosphate (pH 7.0), 50 mM
ammonium sulphate (pH 8.0), 80 mM sodium nitrate
and 20 mM sodium nitrite. In comparison, the metabolic
fingerprint of the bacterium at 35°C was quite different
(Fig. 1, Tables 6 and 7). The pathogen showed active
metabolism with up to 7% sodium chloride, 6% potas-
sium chloride, 5% sodium sulphate, 20% ethylene gly-
col, 1% sodium formate, 12% sodium lactate, 200 mM
sodium phosphate (pH 7.0), 100 mM ammonium sul-
phate (pH 8.0), 100 mM sodium nitrate and 20 mM
sodium nitrite (Table 6). When combined with different
osmolytes and a treatment of 6% sodium chloride,
R. solanacearum exhibited active growth in all tests
(plate PM9, Wells Bl to Cl12), except for potassium
chloride (plate PM 9, Well C1). The R. solanacearum
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Table 3. (Continued.)

Temperature °C

Temperature °C

24 30 35

Substrate 20

Cond.?

24 30 35

Substrate 20

Cond.?

++

L-Valine

H4

Oxalic Acid

D,L-Carnitine

H5

Oxalomalic Acid
Quinic Acid

F5

Sec-Butylamine

+++ H6

o+

F6

D.L-Octopamine

Putrescine

H7

D-Ribono-1,4-Lactone

Sebacic Acid
Sorbic Acid

F7

H8

++

F8

Dihydroxy Acetone
2,3-Butanediol
2,3-Butanone

H9

F9

HI10

Succinamic Acid
D-Tartaric Acid
L-Tartaric Acid

F10
F11

HI11

EE
+++

++

o+

H12 3-Hydroxy2-Butanone

++

++

F12

Cond. is short for the assay conducted on the Biolog PM 2 plate. ‘=, ‘+’, ‘++> and ‘+++” means that R. solanacearum could not utilize the tested substrate, utilized poorly, moderately and effectively,

respectively in Biolog PM 2 Microplate after 8 days incubation at 20, 24, 30, 35°C, respectively.

isolates showed good growth between pH 5.0 and 8.0,
with an optimal pH of approximately 6.0. While the
pathogen at 35°C still presented active growth at a pH
of 4.5, it also exhibited no growth at 20°C when the pH
value was 8.0. In the combination of different amino
acids with a pH value of 4.5, R. solanacearum at 20,
24 and 30°C presented no growth in most tests (plate
PM10, Wells B1 to D12) except for when combined with
L-norvaline (plate PM10, Well D3). Meanwhile, for the
test at 35°C, approximately 12 amino acids were meta-
bolized effectively. In comparison, the pathogen exhib-
ited no growth at all four temperatures with the
combination of different amino acids and a pH of 9.5
(plate PM10, Wells E1 to F12). When combined with
amino acids at pH 4.5 and pH 9.5, wells BI-D12 and E1-
G12 (PM 10) investigated the decarboxylase and deami-
nase activities of R. solanacearum, respectively.
Ralstonia solanacearum showed no deaminase activity
at all four temperatures and showed active decarboxylase
activity at 35°C (Fig. 1, Table 7). Additionally,
R. solanacearum at all four temperatures presented simi-
lar metabolic fingerprints under pressure from other
compounds in plate PM 10 (Wells H1 to H12).

Discussion

Temperature is a key factor for disease occurrence and
development. While numerous studies have been per-
formed on the effect of temperature on the growth of
R. solanacearum (Bocsanczy et al. 2012) and on the
disease incidence of tobacco bacterial wilt (Bittner
et al. 2016; Wang et al. 2017), the effect of temperature
on the phenotype of R. solanacearum 1is still poorly
explored. The metabolic phenomics of the R1Bv3 strain
of R. solanacearum at four different temperatures was
systematically analysed using the PMs.

A previous study with R. solanacearum from tomato
showed that the lowest pathogenic temperature was 22°
C, and the disease latent period significantly decreased
with the increase in temperature (Zhuo 2005). The most
suitable temperature for pepper bacterial wilt develop-
ment was 30°C (Tran and Kim 2010). Our early studies
showed that temperatures needed for disease develop-
ment on detached leaves ranged from 20 to 35°C,
whereas at 18°C the strain was non-pathogenic (Wang
et al. 2017). All these findings agree with previous
reports revealing non-pathogenicity of most strains of
R. solanacearum below 20°C (Ciampi and Sequeira
1980; Bocsanczy et al. 2012). The aggressiveness of
the pathogen increased greatly when temperature
increased from 25 to 35°C. This might be due to the
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Table 4. (Continued.)

Temperature °C

Temperature °C

24 30 35

20

Substrate

24 30 35 Cond.?

Substrate 20

Cond.?
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—_— = = S D

4+ H4

-+

++
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+

o+

ot

ot
++

Cytidine

F4
F5

H5

Cytosine
Guanine

H6

F6

H7

+++
ot
+++
-+
-+
o+

o+

SRS
++
++
++
++

-+

Guanosine
Thymine

F7

H8

F8

H9

-+
++

++
o+

Thymidine
Uracil

Fo

HI10

F10
F11

Hl11

Uridine
Inosine

Met-ala

H12

++

F12

Cond. is short for the assay conducted on the Biolog PM 3 plate. ‘=, ‘+°, ‘++” and ‘+++" means that R. solanacearum could not utilize the tested substrate, utilized poorly, moderately and effectively,

respectively in Biolog PM 3 Microplate after 8 days incubation at 20, 24, 30, 35°C, respectively.

10

growth rate, motility and toxic enzyme production of
the pathogen being much higher at higher temperatures.
An earlier study demonstrated that a tobacco plant
resistant to R. solanacearum at moderate temperatures
became more susceptible at high temperatures
(Katawczik and Mila 2012). Meanwhile, previous stu-
dies also showed that tobacco cultivars at all resistance
levels could be infected by the bacterium at 35°C
(Bittner et al. 2016). Therefore, it was important to
choose some typical standard temperatures (20-35°C)
for the study of R. solanacearum here. However, some
more temperatures, such as 18 and 40°C, should be
selected for phenomics study of R. solanacearum in
future work.

Ralstonia solanacearum can infect several hundred
host plant species worldwide and can survive in many
kinds of soil that are distributed in various conditions
(Hayward 1991; Schell 2000). This suggests significant
adaptability of the pathogen. At four different test tem-
peratures, a large amount of carbon, nitrogen, sulphur
and phosphorus substrates was metabolized by
R. solanacearum. More compounds were utilized at 35°
C than at 20, 24 and 30°C. Carbon (PM 1-2) and nitro-
gen (PM 3) sources, as well as osmolyte (PM 9) and pH
conditions (PM 10), were the most informative for the
phenotype analysis of the RIBv3 strain of
R. solanacearum. Corresponding findings have also
been reported in other microorganisms, including
Hypocrea atroviridis (Friedl et al. 2008) and
Pseudomonas syringae (Guo et al. 2017). For carbon
substrates, organic acids and carbohydrates provided
the most informative phenotypes for R. solanacearum.
For nitrogen substrates, amino acids and peptides were
the most informative. Some of these compounds are
detected commonly in soil, root exudates and plant tis-
sues (Wu et al. 2015; Li et al. 2017). Additionally, they
have been shown to help infection by R. solanacearum
of the host root, development of symptoms in plant
tissues, and survival of the pathogen under different
conditions (Wu et al. 2015; Li et al. 2017).

Additionally, compared with the metabolic character-
istics of soil-borne tobacco phytopathogen P. parasitica
(Wang et al. 2015a), some common carbon and nitrogen
substrates were utilized by both pathogens. These com-
mon sources belong to the root exudates of tobacco and
affect the growth of the two soil-borne pathogens.
However, the amount of carbon and nitrogen substrates
metabolized by P. parasitica was higher than that of
R. solanacearum. It appears that R. solanacearum pre-
sents poorer carbon substrate use ability, especially for
chemicals tested on PM1. The reason for this difference
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Table 5. (Continued.)

Temperature °C

Temperature °C

24 30 35

20

Substrate

Cond.?

24 30 35

20

Substrate

Cond.?
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Tetrathionate
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Taurocholic acid

Taurine
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Thiophosphate
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Dithiophosphate
L-cysteine

++

Hypotaurine

H7

F7

++
+++

p-amino benzene sulphonic acid

Butane sulphonic acid

H8

++

D-cysteine

++

H9

L-cysteinyl-glycine
L-cysteic acid
Cysteamine

++
++
++

++
++

2-hydroxyethane sulphonic acide
Methane sulphonic acid
Tetramethylene sulfone

H10

++

++

F10
F11

H11

HI12

L-cysteine sulfinic acid

F12

2Cond. is short for the assay conducted on the Biolog PM 4 plate. ‘—°, ‘+’, “++> and ‘+++" means that R. solanacearum could not utilize the tested substrate, utilized poorly, moderately and effectively,

respectively in Biolog PM 4 Microplate after 8 days incubation at 20, 24, 30, 35°C, respectively.
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is still unclear. More work should be conducted in the
future to investigate the details. Additionally, the char-
acterization of a wide range of nutrient substrate utiliza-
tion phenotypes at different temperatures may aid in
studies of plant-microbe interactions.

Moreover, R. solanacearum at all four temperatures
was able to adapt to a wide range of osmolytes and pH
conditions. More osmolytes were metabolized by the
bacterium at 35°C than at 20, 24 and 30°C. Typical
osmolytes metabolized at 35°C included 6% sodium
chloride and 1% sodium formate. This difference might
be due to the physiological state of R. solanacearum
varying at different temperatures. A previous study
showed that low temperature could affect the viable but
non-culturable state of R. solanacearum (Imazaki and
Nakaho 2009). Additionally, at all four test temperatures,
the metabolic fingerprints of R. solanacearum with
regard to pH were mostly similar, although there were
some differences. At a higher pH wvalue of 8.0,
R. solanacearum at 24, 30 and 35°C presented good
growth, whereas it did not at 20°C. At a lower pH
value of 4.5, the bacterium still showed good growth at
35°C but not at 20, 24 and 30°C. To the best of our
knowledge, this is the first report that temperature affects
the pH adaptability of R. solanacearum. Moreover, when
incubated at 35°C and pH of 4.5, R. solanacearum meta-
bolized many amino acids. Decarboxylases of microor-
ganisms produce alkaline amines by catabolism of amino
acids, which help to counteract an acidic pH. On the
other hand, a high pH can be counteracted by deami-
nases that generate acids (Durso et al. 2004; Maurer
et al. 2005). In this study, R. solanacearum presented
no deaminase activities at any of the four test tempera-
tures. It showed high decarboxylase activities at 35°C
while exhibiting Ifewer decarboxylase activities at 20, 24
and 30°C. Decarboxylase activities of R. solanacearum
might play an important role in supporting the metabo-
lization and pathogenicity of the pathogen in acidic soil,
and help to initiate disease. The metabolic data on the
PM 10 plate suggested that R. solanacearum preferred
an acidic soil environment. Tobacco bacterial wilt nor-
mally is more severe in acidic versus alkaline soils.
A previous study with other Solanaceous crops also
showed that an acidic pH environment enhanced bacter-
ial wilt incidence (Hacisalihoglu et al. 2009). In our
early study of the same pH test condition on detached
leaves, bacterial wilt severity at 35°C was much greater
than at other tested temperatures (Wang et al. 2017). The
reason might be due to higher temperatures enhancing
the decarboxylase activities of R. solanacearum and thus
also enhancing the pathogenicity of the pathogen. The
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Table 6. (Continued.)

Temperature °C

Temperature °C

24 30 35

20

Substrate

24 30 35 Cond.?

20

Substrate

Cond.?

4+
o+

ot
++

60 mM Sodium Nitrate

H4

ot
-
ot
SRS
o+
4+
-+
o+
-+

um Lactate
um Lactate
um Lactate
um Lactate
um Lactate
um Lactate

80 mM Sodium Nitrate

H5

o+
++

100 mM Sodium Nitrate
10 mM Sodium Nitri
20 mM Sodium Nitr:

H6

+++
++

++

++

te
te
te
te
te

= = = = =

H7

H8

40 mM Sodium Nitr

H9

P R —

4% Sod

F4

5% Sod
6% Sodi

7% Sod

F5

F6

F7

8% Sod
9% Sod

F8

F9

60 mM Sodium Nitr

HI10

10% Sodium Lactate

F10
F11

80 mM Sodium Nitr]

HI1

11% Sodium Lactate

100 mM Sodium Nitrite

HI12

12% Sodium Lactate

F12

Cond. is short for the assay conducted on the Biolog PM 9 plate. ‘=, ‘+°, ‘++” and ‘+++" means that R. solanacearum could not utilize the tested substrate, utilized poorly, moderately and effectively,

respectively in Biolog PM 1 Microplate after 8 days incubation at 20, 24, 30, 35°C, respectively.
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relationship between temperature and decarboxylase
activities of R. solanacearum should be analysed in
future studies.

For the tobacco host, the R1Bv3 and R1Bv4 strains of
R. solanacearum have been detected in China (Liu et al.
2008; Xue et al. 2011), with the R1Bv3 strain being the
major pathogen. Meanwhile, strains of R. solanacearum
in different regions have been assigned to RI1Bvl,
R1Bv2, R2Bv1, R3Bv2, etc. (Bocsanczy et al. 2012).
This study investigated the phenotype of the R1Bv3
strain from tobacco. However, the relationship between
other biovars of R. solanacearum is still unclear, and
further analysis using more isolates from different bio-
vars is needed. There may be many different phenotypes'
characteristics among the different races and biovars of
R. solanacearum. More R1Bv3 strains from other crops
in different regions of China should also be tested in
future studies. Meanwhile, strains of R. solanacearum
from different races and biovars should also be com-
pared for phenotype characterization. Additionally, our
findings would provide some useful information for
some scientists characterizing biovars or doing race typ-
ing on different host cultivars, as well as breeders look-
ing for sources of resistance. The outcome would
provide valuable profiles for developing practical ideas
and methods for bacterial wilt management.

Important discoveries from analysing the comparative
effects of temperature on metabolic characteristics of
R. solanacearum provided us with some ideas of how
to find potential novel approaches for tobacco bacterial
wilt management. Altering transplantation time to avoid
periods of high temperature or covering fields with straw
to decrease soil temperature may efficiently reduce bac-
terial wilt disease incidence in tobacco. This disease
control hypothesis has been verified on the bacterial
wilt of tomato (Wei et al. 2015). Meanwhile, enhancing
the amount of some nutritional sources that could not be
metabolized by R. solanacearum, or changing the osmo-
lytes and pH conditions of the soil to make it unsuitable
for R. solanacearum might decrease the growth and
pathogenicity of the pathogen, and subsequently
decrease tobacco bacterial wilt. In this study,
R. solanacearum at 35°C could not grow at osmolytes
of 8% sodium chloride, or at conditions of pH value over
8.5. Thus, perhaps a high percentage of sodium chloride
could be used for tobacco bacterial wilt management.
A previous study showed that a high percentage of
calcium  nutrition had some effect against
R. solanacearum and could be used for tomato bacterial
wilt management (Jiang et al. 2013). In China, lime is
frequently added to the soil before tobacco
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Table 7. (Continued.)

Temperature °C

Temperature °C

24 30 35

20

Substrate

24 30 35 Cond.?

20

Substrate

Cond.?
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Cond. is short for the assay conducted on the Biolog PM 10 plate. ‘=", ‘+’, ‘++” and ‘+++ means that R. solanacearum could not utilize the tested substrate, utilized poorly, moderately and effectively,

respectively in Biolog PM 10 Microplate after 8 days incubation at 20, 24, 30, 35°C, respectively.
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transplantation, and losses caused by tobacco bacterial
wilt normally decrease slightly (Wang et al. 2015c). The
control provided by lime might be due to an increase of
the soil pH. However, it is very difficult to modify the
soil pH value to 8.5 in the field. Tobacco bacterial wilt
still frequently occurs, and losses are still great
each year.

In conclusion, the effect of temperature on the pheno-
type of R. solanacearum was characterized and com-
pared with a BIOLOG Phenotype MicroArray (PM) at
20, 24, 30 and 35°C. The most informative utilization
patterns for carbon sources of R. solanacearum R1Bv3
were organic acids and carbohydrates, and for nitrogen
the most effective sources were amino acids. The bacter-
ium showed much higher metabolic ability at 35°C than
at 20, 24 and 30°C, and appeared to be more adaptable to
osmolytes and pH environments at 30 and 35°C than at
20 and 24°C. Ralstonia solanacearum R1Bv3 presented
no deaminase activity, had high decarboxylase activity at
35°C and low decarboxylase activity at 20 and 24°C.
The comparative phenomics of the R1Bv3 strain of
R. solanacearum showed that temperature significantly
affected its phenotype.
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