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Abstract
Background and Objective: Salicylic acid is a signal molecule which activates plant defense against plant pathogens such as the soft rot
enterobacterium Pectobacterium carotovorum subsp. carotovorum. The objectives of study were to determine bactericidal effects of
salicylic acid on the growth of P. carotovorum subsp. carotovorum and secondly, assess chemical responses of P. carotovorum subsp.
carotovorum to salicylic acid. Materials and Methods: Pectobacterium carotovorum subsp. carotovorum was grown in lysogeny broth
amended with salicylic acid at concentrations of 0, 100, 200, 400, 800 and 1200 mg LG1. The P. carotovorum subsp. carotovorum cultures
were incubated at 25EC and sampled at two time points, 0 h (sampled before incubation) and 24 h. Bacterial counts were done at the
onset of the incubation (0 h) and after the 24 h incubation. The set which was incubated for 24 h was split into two, one subset was
centrifuged and the other was not. From the centrifuged subset the supernatant was recovered and was, together with all the other
samples (0 and 24 h not centrifuged), analyzed with1H nuclear magnetic resonance and gas chromatography. Results: Bacterial
counts done before and after incubation showed that the lower concentrations of salicylic acid, 0, 100, 200 and 400 mg LG1,
supported the growth of P. carotovorum subsp. carotovorum whereas the higher concentrations of 800 and 1200 mg LG1 inhibited the
growth of the bacterium completely. Nuclear magnetic resonance results showed either slight or no differences in the metabolite profiles
and gas chromatography showed different responses without a clearly defined pattern among the experimental treatments. However,
methanethiol was detected by both nuclear magnetic resonance and gas chromatography in all the treatments and was probably formed
as a result of the breakdown of lysogeny broth. Conclusion: From the results obtained it was concluded that salicylic acid promotes the
growth of P. carotovorum subsp. carotovorum at lower concentrations of 0-400 mg LG1 but higher concentrations of salicylic acid of 800
and 1200 mg LG1 inhibit bacterial growth. All the tested salicylic acid concentrations (0-1200 mg LG1) cause only slight chemical shifts
in the bacterial culture. Methanethiol was detected in all treatments and it is probably formed from the breakdown of lysogeny broth.
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not known if exposure to SA of Pcc causes chemical responses

INTRODUCTION

by this enterobacterium. The objectives of this study were
Bacteria in liquid cultures grow sigmoidally in three

therefore to assess the growth of Pcc exposed to different

phases, the lag phase, the exponential phase and the

concentrations of SA as well as investigate chemical responses

equilibrium phase1-4. Liquid culture dynamics range from

of the bacterium to exposure to SA. As a plant defence

depletion of nutrients, accumulation of toxic metabolites and

signalling compound and plant pathogen, SA and Pcc

changes in ion equilibrium. It is assumed that bacteria in

naturally come into contact during plant-pathogen

liquid cultures grow and produce adaptive compounds in

interactions and therefore their interaction warrants

response to their chemical environment. For the purposes of

investigation.

plant-microbe interactions, aspects of importance are the
MATERIALS AND METHODS

response of plant pathogens to compounds produced
during pathogen invasion. Salicylic Acid (SA) is one of

Assessment of bacterial growth in culture amended with

these compounds produced by the plant in its defense
against pathogens . Many studies have shown that this

salicylic acid: Thirty milliliters batches of lysogeny broth with

plant-produced phenolic compound serves as a key signal

concentrations of 0, 100, 200, 400, 800 and 1200 mg LG1 of

molecule for activating Pathogen-Associated Molecular

salicylic acid were prepared. Into each of the six broth

Pattern (PAMP)-triggered immunity (PTI), Effector-Triggered

preparations a 1 mL culture with approximately 4×106

5-9

Immunity (ETI) and Systemic Acquired Resistance (SAR)

Pectobacterium carotovorum subsp. carotovorum (Pcc) cells

following infection by pathogens10,11. Because of its role in

was added. The experiment was replicated six times and the

plant defense, studies have been conducted to investigate the

cultures were incubated at 25EC for 24 h. Another set of the

role of exogenously applied SA against various pathogens.

cultures was frozen immediately after inoculation and was

Czajkowski et al.

analysed as the time 0 h set which was compared with the set

12

found SA to inhibit infection by Dickeya
found that SA inhibits

which was incubated for 24 h. After 24 h of incubation,

biofilm formation, motility and N-Acyl homoserine lactone

bacterial counts were performed by plating or serial diluted

by Pectobacterium carotovorum and
Pseudomonas syringae pv. syringae at sub inhibitory

culture samples. After the counts half of the treatments were

concentrations. Furthermore, it was found that SA induces

kept for further analysis. With the remaining half of the

Pseudomonas corrugata while

treatments, complete culture contents were saved for further

solani of potato. Lagonenko et al.

13

production

biofilm

formation

by

centrifuged at 14000 rpm, the supernatant was recovered and

analysis. Details on the treatments are shown in Table 1.

inhibiting its motility and had no effect on biofilm formation
by Xanthomonas campestris pv. campestris but slightly
increased its motility. In this same study, Erwinia amylovora

1

was insensitive to SA treatment. Chow et al.14 found SA

Magnetic Resonance (NMR) spectroscopy was conducted to

to affect motility of P. aeruginosa and Da et al.15 found

assess if Salicylic Acid (SA) causes Pcc to produce response

SA to attenuate biofilm formation but not swarming in

metabolites in the lysogeny broth Pcc cultures which were

P. aeruginosa. Prithiviraj et al.16 found it to attenuate the
virulence of P. aeruginosa on Arabidopsis thaliana as well as
decrease gene expression of the bacterial fliC genes at growth

amended with SA. This would be observed by chemical shifts

inhibitory levels. Although these studies have generally shown

cultures of the various treatments. Information on samples

the inhibitory effects of SA on plant pathogenic bacteria some

and treatments is shown in Table 1. Secondary metabolites

critical aspects in this knowledge realm have been left out.

were extracted by adding 600 µL methanol-D4 and 600 µL

Effect of SA on the growth of many plant pathogenic bacteria

buffer (deuterium oxide + potassium dihydrogen phosphate).

remains unknown and not much investigation has been done

The mixture was vortexed, sonicated for 20 min and

on chemical responses of bacteria exposed to SA. Prior to

centrifuged briefly at room temperature. The supernatant was

undertaking this study, two areas requiring investigation

dispensed into NMR tubes for analysis. Nuclear magnetic

were identified. Firstly, effect of SA on the growth of the soft

resonance spectroscopic analysis was done using a 600 MHz

rot enterobacterium Pectobacterium carotovorum subsp.

Varian NMR instrument to obtain 1D proton spectra of the

carotovorum (Pcc) has not been investigated. Secondly, it is

samples. Phase correction and baseline correction of the

H nuclear magnetic resonance spectroscopy: 1H Nuclear

in the various cultures which had different concentrations of
SA. Secondary metabolites were extracted from 50 µL of the
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Table 1: Grouping of samples by similarity of *1H nuclear magnetic resonance (NMR) spectra
Sample ID
a

1

Dosage of salicylic acid (mg LG1)

Type of media

Time of sampling (h)

0

Whole cell culture

0

b

2

0

Whole cell culture

0

c

3

0

Whole cell culture

0

Supernatant

a

4

a

5

0
24

0

Supernatant

24

6

0

Supernatant

24

a

7

100

Whole cell culture

0

a

8

100

Whole cell culture

24

a

9

100

Supernatant

24

100

Supernatant

24

b

11

100

Supernatant

24

a

12

200

Whole cell culture

0

a

13

200

Whole cell culture

24

a

14

d

e

10

200

Supernatant

24

15

200

Supernatant

24

16

400

Whole cell culture

0

17

400

Whole cell culture

24
24

g
a
c

a

400

Supernatant

e

18
19

400

Supernatant

24

f

20

400

Supernatant

24

e

21

800

Whole cell culture

0

c

22

800

Whole cell culture

24

e

800

Supernatant

24

e

800

Supernatant

24

e

25

800

Supernatant

24

a

26

1200

Whole cell culture

0

27

1200

Whole cell culture

24

23
24

c

e

1200

Supernatant

24

b

28

1200

Supernatant

24

b

1200

Supernatant

24

29
30

*Only slight differences in NMR spectra were caused by the salicylic acid treatments. Type of media did not influence secondary metabolite profiles so was time of
sampling, Samples with the same letter ( a, b, c, d, e, f, g) had similar NMR spectra

spectra was done using ACD/NMR Processor. The NMR shift

different concentrations of SA. The list of samples is shown is

range visually inspected for spectral differences was between

Table 1, however, only supernatant solutions and no whole

0.5 and 4 ppm (Fig. 1) but only the range of the spectra from

cell cultures were included in the gas chromatography

0 to 6 ppm was bucketed for further analysis. From the

analysis. When gas chromatography was performed the total

bucketed range principal component analysis was done using

growth inhibiting 1200 mg LG1 salicylic acid treatment was

SIMCA to ascertain treatment differences. Nuclear magnetic

omitted because it was not expected to produce results

resonance spectra were queried on NMR Shift DB to identify

different from the 800

the metabolites in the treatment samples. For each sample

completely inhibited the growth of Pectobacterium

analysed with NMR, NMR Shift DB generated an output of

carotovorum subsp. carotovorum cells. Small volumes (10 µL)

300 compounds represented by the spectrum and these

of the supernatant samples were dispensed into gas

compounds were matched with compound identities from the

chromatography vials. The samples were deproteinized by

output of the gas chromatography analysis.

adding 40 µL of methanol and subsequently centrifuged for

Gas chromatography analysis: Gas chromatography analysis

then derivatized with hydroxylamine chloride for 90 min at

mg LG1 treatment which also

10 min at 12000 g. The supernatant was dried under N2 and
to produce

40EC and MSTFA for 50 min at 40EC. The samples were

response metabolites (volatile organic compounds) in the Pcc

injected into the gas chromatogram for analysis.

lysogeny broth cultures which had different concentrations

Measurements of retention time were taken and similarity

of SA. This would be observed by differences in the gas

scores based on entries in the database were recorded for

chromatography spectra in the various cultures which had

identification of the volatile compounds.

was

conducted to assess if SA causes Pcc
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ID10 (100 mg LG1 supernatant, 24 h)

Intensity

ID8 (200 mg LG1 supernatant, 24 h)

ID 29 (1200 mg LG1 supernatant, 24 h)

ID 13 (200 mg LG1 cell culture, 24 h)

ID 17 (400 mg LG1 cell culture, 24 h)

4

3.5

3

2.5

2

1.5

1

0.5

NMR shift (ppm)

Fig. 1: 1H nuclear magnetic resonance (NMR) spectra of representative samples tested in the NMR analysis
The box is drawn to show some of the differences in the spectra

carotovorum subsp. carotovorum (Pcc) bacterial count was

RESULTS

approximately 4×106 per treatment. The assay lasted for 24 h
Assessment of bacterial growth in culture amended with

after which final bacterial counts were conducted in each of

salicylic acid: The assays were conducted in 50 mL tubes

the treatments. The counts were as follows after the 24 h

with a volume of 31 mL broth. The initial Pectobacterium

incubation: The treatment with 0 mg LG1 Salicylic Acid (SA)
281
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Fig. 2: Principal component analysis of all the observations in Table 1
The observations are labelled by the dose of salicylic acid (0, 100, 200, 400, 800 and1200 mg LG1). The Q2 value was 0.657, PCAReadyPccData9Until6.0-Copy.M1
(PCA-X), Colored according to Obs ID (Dose (mg LG1))

had a total count of approximately 3×109 bacterial cells, the

samples based on NMR spectral differences is illustrated in

1

treatment with 100 mg LG of SA also had approximately

Table 1. Principal Component Analysis (PCA) was not able to

3×109 cells, the count with 200 mg LG1 SA had approximately

clearly discriminate between the samples (Fig. 2-6). However,

9

1

9

when all the samples which were taken at time 0 h (before

bacterial cells and no bacterial growth was recorded in the

incubation) were analysed separately some grouping was

4×10 cells, the treatment with 400 mg LG had about 1×10
1

800 and 1200 mg LG treatments. The pH was seven for the

evident. At 0 h sampling time point the difference between

initial media except for 800 and 1200 mg which had a pH

the samples was the amount of SA added as the

slightly lower than seven. The pH at termination was also

bacterium had not had sufficient time in the culture to

seven except for 400 and 800 mg LG1 samples which had a pH

produce response chemicals. At the 0 h time point the

1

of six as well as 1200 mg LG sample which had a pH of 4. The

0 mg LG1 SA treatment samples were grouped together by

pH changes did not form part of the study but pH was tested

PCA and the rest of the samples formed another single but

just to assess if the culture changed.

distinct cluster (Fig. 3). This was not the case with the results
of the separate analysis of samples taken at the 24 h sample

Analysis of H nuclear magnetic resonance data: When the

point. No discrimination was evident among the samples

NMR spectra was closely inspected some minor differences

(Fig. 4). The reasons for lack of discrimination amount the

were observed between spectra according to the

24 h sample point could not be understood by just analyzing

experimental treatments. The NMR spectra showed that the

the data generated in this study and therefore additional

alkyl region 0.7-1.3 ppm was slightly different between the

experimentation and expanded analysis of the cultures are

spectra. The methyl ketone region (2-2.4 ppm) also differed

necessary. However, it could be that cell exudates produced

slightly as well as the alcohol ether region (3.5-4.5 ppm)

during culturing and chemical products from the breakdown

(Fig. 1). The samples representing these differences were the

of lysogeny broth mask the PCA discrimination which was

1

supernatant of the dosage 100 mg LG of Salicylic Acid (SA)

evident with just differences in SA concentration at time 0 h.

after 24 h of incubation (Sample ID 10), the supernatant of the

Similarly, PCA was not able to discriminate among whole cell

1

cultures sampled at both time 0 h and time 24 h (Fig. 5) and

1

dosage of 200 mg LG of SA after 24 h of incubation (Sample
ID 8), the cell culture of the dosage of 1200 mg LG after 24 h

the reasons for this lack of discrimination could not be

of incubation (Sample ID 29), the cell culture of the dosage

ascertained from analysing data generated from just this

1

study. There was also no discrimination of supernatant

1

of 200 mg LG after 24 h of incubation (Sample ID 13) and the
cell culture of the dosage of 400 mg LG after 24 h of

samples taken at both the time 0 h and the time 24 h sampling

incubation (Sample ID 17) (Fig. 1). Further comparison of

points (Fig. 6).

1
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Fig. 3: Principal component analysis of all observations at 0 h time interval (Table 1)
The observations are labelled by the dose of salicylic acid (0, 100, 200, 400, 800 and 1200 mg LG1). The Q2 value was 0.793, PCAReadyPccData5Until6.0
ZeroHoursOnly.M1 (PCA-X), Colored according to Obs ID (Dose (mg LG1))
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Fig. 4: Principal component analysis of all observations at the 24 h time interval (Table 1)
The observations are labelled by the dose of salicylic acid (0, 100, 200, 400, 800 and 1200 mg LG1). The Q2 value was 0.546, PCAReadyPccData2Until6.0 24 h.M1
(PCA-X), Colored according to Obs ID (Dose (mg LG1))

"-pinene,

Gas chromatography: The production of volatile compounds

actetyldehyde

by Pcc was expected because bacteria are known to produce
volatile compounds

17-19

20-31

camphor,

methanol

and

. Of these, butanoic acid, was emitted in all

the experimental treatments, propanoic acid by all the

. In this study it could be ascertained

that the volatile compounds

camphene,

treatments except for 800 mg LG1 and acetaldehyde was

detected uniquely in the

mg LG1 treatment. It could be

different experimental treatments are produced by the

emitted only in the 400

bacterium and are not part of the medium since a different

assumed that propanoic acid was produced by the bacterium

set of unique volatile compounds were found in each

since it was only the culture (800 mg LG1) which did not

treatment (Fig. 7). The most frequently emitted volatile

support any bacterial growth which did not have propanoic

compounds by bacteria are,

furfural,

acid. Unlike in the NMR analysis where a slight discrimination

butanoic acid, propanoic acid, 5-hydroxy-methyl-furfural,

between lower salicylic acid (SA) dosages and higher dosages

$-caryophyllene, geomycin, 2-methyl isoborneol, 1-octen-3-ol,

was observed on the spectra (Fig. 1, Table 1) no observable

among

others,
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Fig. 5: Principal component analysis of all observations of whole cell cultures (Table 1)
The observations are labelled by the dose of salicylic acid (0, 100, 200, 400, 800 and 1200 mg LG1). The Q2 value was 0.609, PCAReadyPccData3Until6.0 cells.M1
(PCA-X), Colored according to Obs ID (Dose (mg LG1))
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Fig. 6: Principal component analysis of all observations of the supernatant (Table 1)
The observations are labelled by the dose of salicylic acid (0, 100, 200, 400, 800 and 1200 mg LG1). The Q2 value was 0.531, PCAReadyPccDataUntil6.0
Supernatant1-Copy.M1 (PCA-X), Colored according to Obs ID (Dose (mg LG1))

outside the scope of this study and therefore it is not
known how much SA concentration change is necessary to
initiate a change in the profile of secondary metabolites and
volatile organic compounds produced by Pcc. Methanethiol
(CH4S) was detected in all the treatments and was probably
produced as a result of the degradation of the lysogeny broth.
It was detected with a similarity of 97.5% by NMR Shift DB and
was also detected by gas chromatography. Out of the
compounds detected either by gas chromatography or NMR
it could be ascertained that methanethiol was found in those
samples since it was detected by both NMR and gas
chromatography.

pattern could be seen in the spectra of volatile compounds
produced in the different treatments. However, the gas
chromatography spectra were unique for each
experimental treatment, to indicate that a unique set of
volatile compounds is produced by Pcc in response to
exposure to SA. Salicylic acid is produced by the plants
during pathogen invasion. It is obvious that different
volumes of SA may be produced by the plant and therefore
the bacterial pathogen may produce different response
secondary metabolites and volatile organic compounds as has
been demonstrated by this study. The quantification of
compounds produced during the plant-Pcc interaction falls
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Fig. 7: Gas chromatography spectra of supernatant solutions of bacterial cultures grown in different concentrations [(a) 800,
(b) 400, (c) 200, (d) 100 and (E) 0 mg LG1] of salicylic acid
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composition of the culture with little influence on the
metabolite shifts. Only 0 mg LG1 concentration of SA was
shown to differ from the other concentrations by Principal
Component Analysis (PCA) of NMR intensity values (Fig. 3). The
difference between the samples analysed by PCA in Fig. 3 was
the concentration of SA. Microbial metabolomic procedures
aim at quantifying microbial substrates and products
either outside the cells (extracellular) or inside the cells
(intracellular). For the present study only excreted metabolites
could be detected because the cells were not lysed before
chemical analysis and therefore any within-cell changes
induced by SA could not be detected. Because this study
aimed at understanding bacterial cell responses when Pcc is
inside the plant, it was necessary not to lyse the cells as it was
assumed that at no point bacterial cells are lysed during plant
invasion and proliferation within the plant. Generally,
extracellular metabolites are quantified in the cell free
supernatant obtained either by filtration or centrifugation at
low temperatures. This was the first set for analysis in this
study and in the other set no centrifugation to recover the
supernatant was done and the culture with the bacterial cells
suspended was analysed (Table 1). This was the nearest point
at which the endo metabolome (the total complement of
metabolites inside bacterial cells) could be understood. Lack
of detection of chemical changes in the Pcc cultures treated
with different dosages of SA could be as a result of the low
level of sensitivity of NMR and the fact that the volatile
compounds (and compounds which could be derivatized)
were mostly those in the growth medium and not as a result
of response compounds produced by the bacterium. Holistic
analytical metabolomics platforms must therefore be
supplemented with more advanced hyphenated techniques
to delineate even minute components of the culture.
However, a basic gas chromatography instrument was able to
provide analysis of what was the requirement in this study.
Gas chromatography was suitable for use to achieve the aims
of this study based on its validation done in a previous study35.
To test the suitability of gas chromatography for analysis of
bacterial cultures an extensive study was done using different
microorganisms, i.e., Bacillus subtilis, Propionibacterium
freudenreichii and Escherichia coli35. Escherichia coli was
analysed at different growth stages of the culture to assess
detection of culture differences. Many metabolite classes
could be analyzed, alcohols, aldehydes, amino acids, amines,
fatty acids, (phospho-) organic acids, sugars, sugar acids, (acyl) sugar amines, sugar phosphate, purines, pyrimidines and
aromatic compounds. The derivatization reaction proved to be
efficient with more than 50% of compounds transferred to the
volatile state. Linearity for most metabolites was satisfactory

DISCUSSION
Salicylic Acid

(SA)

promoted the growth of
Pectobacterium carotovorum subsp. carotovorum (Pcc) at
lower concentrations (0, 100, 200, 400 mg LG1) but higher
concentrations of SA (800 and 1200 mg LG1) inhibited the
growth of this bacterium. Only slight shifts in both nuclear
magnetic resonance and gas chromatography profiles
occurred when this bacterium was exposed to
concentrations up to 1200 mg LG1. Methanethiol was found in
all the cultures (all the treatments) and it was probably formed
from the breakdown of lysogeny broth. Concentrations of SA
chosen were 0, 100, 200, 400, 800 and 1200 mg LG1 and this
selection was guided by the study of Wu et al.32, who found
that biomass, colony diameter, number of conidium
germination and conidium production of Fusarium oxysporum
f. sp. niveum were decreased by 52.0, 25.7, 100 and 100% at
concentrations of 800 mg LG1 and it was therefore estimated
that, for the purposes of this study, the effective
concentration against Pcc would not exceed 1200 mg LG1.
That lower concentrations of SA (0, 100, 200, 400 mg LG1)
supported the growth of Pcc and higher concentrations
(800 and 1200 mg LG1) inhibited bacterial growth was not
surprising but it was expected that there would also be
chemical shifts (detected either by NMR or gas
chromatography or both) due to exposure to SA. The finding
that SA inhibits the growth of Pcc was concurrent with
previous findings12-16. However, inhibition of growth occurred
only in the two highest concentrations of 800 and 1200 mg LG1
and Pcc cells multiplied at the lower concentrations during
the 25EC incubation over 24 h. The lower concentrations
stimulated Pcc growth in a near-dose dependant manner.
The boost of growth of Pcc by the lower concentrations of
SA was probably due to the use of SA as a carbon source.
Bacteria have the catechol and gentisate pathways as part of
their metabolism and use these pathways to degrade SA33. It
was therefore assumed that Pcc employed these pathways to
support its growth in the lower dosages of SA. Furthermore,
SA has another nutritive function in bacteria, it facilitates iron
incorporation into iron depleted bacterial cells34 and this
nutritional function must have been utilised by Pcc at the
lower concentrations of SA. The results of this study showed
very little chemical modification of the culture environment by
the Pcc. Both NMR and gas chromatography profiles did not
detect major shifts between Pcc treated with the various
doses of SA whether before incubation or after and whether
the supernatant or whole culture cells were analysed. From
the observed NMR data, it was concluded that bacterial
cells and SA have very little contribution to the chemical
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to higher concentrations may be able to ward of Pcc. In
addition to its role as a defence signalling molecule, SA may
also play the role of a bactericide in the plant.

with regression coefficients better than 0.996 and the
sensitivity was satisfactory with quantification limits at
40-500 pg on-column or 0.1-0.7 mmol gG1 of microbial cells
(dry weight). Generally, intrabatch precision (repeatability) and
inter batch precision (reproducibility) for the analysis of
metabolites in cell extracts was better than 10 and 15%,
respectively35. The GC has proven to be advantageous with its
high sensitivity, the simultaneous quantification of many
different metabolites (glycolysis, tricarboxylic acid cycle and
pentose phosphate pathway) and the small sample volumes
(10 µL) required for analysis with a detection limit in the
picomole range36-38. This reliability of the GC supported the use
of this instrument for analysing the cultures of Pcc which were
amended with SA to produce different concentrations of this
plant hormone in the culture. With the GC analysis it was
possible to detect methanethiol which was also detected by
NMR. Detection of methanethiol by the two detection
methods improved the confidence that this compound was
present in the cultures. Because methanethiol was present in
all the cultures analysed by GC (all supernatant cultures) it
could therefore be concluded that it was formed from the
breaking down of lysogeny broth. To conclude, lower
concentrations of SA support the growth of Pcc and higher
concentrations of 800 and 1200 mg LG1 of SA completely
inhibit the growth of Pcc. Very little chemical response was
induced by the tested concentrations of SA on Pcc.
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