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Abstract: Pseudomonas donghuensis P482 exhibits broad antibacterial and antifungal activity, primarily related
to the production of 7-hydroxytropolone (7-HT). However, the restricted nutritional conditions (viz. mineral
medium with single carbon source) diminished the antagonistic activity of P482. In this study, we unveil
profiles of the secondary metabolites from P482 and its selected mutants, using nutrient-diluted (10% tryptone
soy broth, TSB) and nutrient-restricted (M9 with either 0.4% glucose or 0.4% glycerol as a sole carbon source)
media to explore differences in the quantity and quality of the secondary metabolites produced. No 7-HT was
found to be synthetized by P482 under restricted nutritional conditions. However, both the wild-type and the
tested mutants of P482 still did express some antagonistic activity towards the plant pathogenic bacteria tested.
Based on these results, we postulate that 7-HT is not the sole antimicrobial compound produced by P.
donghuensis P482 and that other antimicrobials may be involved in P482 antagonistic activity under limiting-
nutrient conditions.

Keywords: antimicrobials; Pseudomonas donghuensis; metabolomics; 7-hydroxytropolone; single
carbon source; secondary metabolites

1. Introduction

The regulatory role of nutrients on the secondary metabolism in Pseudomonas spp. has been
researched mainly to provide data on enhancing the production of the most valuable metabolites —
antimicrobials [1]. The broader research showed, however, that the availability of the carbon sources
influences the secondary metabolism of pseudomonads in a complex compound- and strain-
dependent manner. In Pseudomonas sp. F113 (now classified as a novel species of Pseudomonas ogarae
sp. nov. nom. rev. [2]), the production of 2,4-diacetylphloroglucinol (2,4-DAPG) was elevated in the
presence of sucrose and fructose while reduced in the presence of glucose [3]. However, a study by
Duffy and Défago (1999) [4] on various strains of P. fluorescens (currently some of them classified as
P. protegens) revealed that this relationship is strain-dependent, as some of the strains included in

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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their work exhibited a glucose-stimulated increase in 2,4-DAPG yield. Thus, more studies
investigated the inconsistent regulatory nature of carbon sources in producing various secondary
metabolites by Pseudomonas spp. [5-8].

Among the most studied carbon sources in the context of Pseudomonas spp. secondary
metabolism are glucose and glycerol [5-10]. Glucose is one of the primary energy sources for most
living organisms and is the most ubiquitous carbohydrate on Earth. Pseudomonas spp. metabolize
glucose efficiently; however, when the environment is abundant in organic acids or amino acids, they
will be metabolized primarily by pseudomonads due to carbon catabolic repression (CCR) [11].

The second mentioned carbon source, glycerol, is a common organic compound, a simple polyol
primarily found in nature as a component of glyceride lipids. It can be assimilated as a carbon source
by most Gram-negative bacteria, including Pseudomonas spp. The primary glycerol metabolism in
pseudomonads has been researched, mainly utilizing P. putida KT2440 as a model [12,13]. Recently,
our study revealed a significant relationship between these two carbon sources and P. donghuensis
P482 antibacterial activity governed by 7-hydroxytropolone (7-HT) [14].

7-HT is the most often reported metabolite of P. donghuensis; it has been described as a broad-
range antimicrobial, nematicide, and iron scavenger [15-17]. Its biosynthesis has been linked to a
defined gene cluster, the inactivation of which attenuated all the P. donghuensis traits attributed to
7-HT; as such, mutants did not produce this compound under rich medium conditions [17,18].
Likewise, the importance of 7-HT was also reported for the P. donghuensis HYS and SVBP6 strains
[16,19].

In our earlier studies, we demonstrated that inactivation of the genes involved in the synthesis
of 7-HT in P. donghuensis strain P482 entirely abolished the antibacterial activity of this strain when
tested against the pathogens Dickeya solani and Pectobacterium brasiliense on a non-defined-rich-
medium (LB) [17]. However, when nutrient availability was limited, and glucose was the only carbon
source in the minimal medium, the effect of mutations on the antibacterial activity, surprisingly, was
not as distinct as in the rich medium, and the mutants retained nearly half of the P482 wild type (wt)
activity [14]. Moreover, the presence of glycerol in the minimal medium allowed the mutant strains
to keep the antibacterial activity at the level of P482 wt.

Disruption of the genes within another P482 cluster identified, 'cluster 17, had a diverse impact
on the inhibition of pathogen growth by P482, also dependent on the carbon source present in the
tested medium and the type of pathogen used in the antibiosis assays [14]. Mutants in this cluster
maintained antibacterial activity when glucose was present in the assay medium, but the activity was
substantially diminished in the presence of glycerol.

This study aimed to evaluate the effects of the carbon source on the production of 7-HT by P.
donghuensis P482 strain. Metabolomic analyses revealed the profiles of the secondary metabolites
produced by P482 wt and its selected mutants, grown in nutrient-diluted (10% tryptone soy broth,
TSB) or nutrient-restricted (M9 with either glucose or glycerol as a sole carbon source) media.

2. Results and Discussion

Under in vitro conditions, the secondary metabolism of Pseudomonas spp. has been repeatedly
shown to be influenced by nutrients and carbon sources in culture media [20]. Although the diverse
effects of glucose and glycerol utilization on producing valuable secondary metabolites by
Pseudomonas spp. are indisputable, they have not been explored broadly for P. donghuensis.

2.1. Complex Nutrient Availability Supports the Synthesis of Metabolites with Antimicrobial Activity

Our earlier analyses concerning nutritional dependencies of the secondary metabolism of P.
donghuensis P482 showed that, when tested in a minimal M9 medium supplemented with a single
carbon source (restricted nutritional conditions), the carbon sources impact the antibacterial activity
of P482 [14]. In the presence of glucose, mutants affected in the synthesis of 7-HT exhibited a
significantly decreased ability to inhibit pathogen growth. However, when glycerol served as a single
carbon source, the 7-HT mutants efficiently suppressed the pathogens' growth, reflecting the activity
of the P482 wild-type strain.
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Interestingly, we found that on undefined nutrient-diluted medium (agar-solidified 0.1 TSB),
the tested mutants showed only traces (KN4705, KN4706) or no (KN4709) activity towards P. syringae
pv. syringae Pss762, and none of them inhibited the growth of D. solani IFB0102 (Supplementary
Figure S1). The 'cluster 17' mutants (KIN4240 and KN4243), on the other hand, showed comparable or
slightly reduced antibacterial activity (as in the case of strain KN4240), or heavily reduced activity
(up to -60% as in the case of strain KN4243) compared to the wt strain against both tested pathogens
(Supplementary Figure S1). We observed similar levels of antibacterial activity of these two mutants
on the minimal M9 medium supplemented with glucose, but they were very little active when
glycerol was the sole carbon source [14].

2.2. UV-Vis Spectra of Post-Culture P482 Strains Supernatants Confirmed the Absence of 7-HT in KN4705,
KN4706 and KN4709 Strains Grown in 0.1 TSB

The UV-Vis spectra of post-culture supernatants reveal metabolic differences between P.
donghuensis strains. The study by Chen et al. (2018a) [18] demonstrated the presence of two peaks that
correspond to the iron scavenger 7-HT: at 330 nm and 392 nm, in the UV-Vis absorption spectrum of
the supernatant obtained from P. donghuensis HYST culture in King's B medium [16]. To verify the
presence of the 7-HT in the nutrient-diluted medium, the UV-Vis absorption spectra in the
wavelength range 300-500 nm were obtained from post-culture supernatants of the P482 strains, both
wt strain and its mutants, grown in 0.1 TSB for 24 h. The expected spectra for 7-HT were obtained
only for P482 wt and two mutants, KN4240 and KN4243 (Figure 1).
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Figure 1. UV-Vis absorption spectra of post-culture supernatants of P482 wt and its mutants. The
samples measured were the given strain's post-culture supernatants from 0.1 TSB medium. The
spectra were recorded in the wavelength range 300-500 nm. The dashed vertical lines indicate the
peak absorption wavelengths for 7-HT (obtained: 327 nm and 393 nm, (red lines); expected: 330 nm
and 392 nm) in P. donghuensis wt and its mutants. Lines colour - light blue — P482 wt; sapphire —
KN4709; grey - KN4705; green — KN4240; orange — KN4706; navy — KN4243.

They contain two peaks at wavelengths 327 nm and 393 nm (a slightly shifted spectrum of 7-
HT), pointing to the lack of influence of these mutations on the production of 7-HT under the tested
conditions. The spectrophotometry outcome for KN4240 and KN4243 in 0.1 TSB (Figure 1) differed
substantially from that in the minimal M9 medium [14], where no peaks at 330 or 327 nm were
recorded, regardless of the carbon source used. Thus, no 7-HT biosynthesis was detected in the
minimal medium. The gene in the BV82_4243 locus might be linked to the 7-HT secretion [14], since
it encodes part of an efflux pump — a homologue of the EmrA protein. It was shown for Salmonella
typhimurium subjected to several antibacterial compounds that the activity of efflux pumps involved
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in expelling antibiotics from the cells was affected by the presence of different carbon sources in the
growth media [21]. A similar regulation mechanism might also play a role in P. donghuensis strain
P482 when secondary metabolites need to be secreted outside the cells through an efflux pump.

As expected, the mutants KN4705, KN4706, and KN4709 did not produce 7-HT in 0.1 TSB
medium at a detectable level, and no peaks characteristic for 7-HT were observed. In the case of these
mutants, the results also agree with those obtained for direct antibiosis tests towards bacterial plant
pathogens D. solani IFB0102 and P. syringae pv. syringae Pss762 described in the earlier paragraph.
The antibacterial activity of these mutants was nearly or entirely abolished (Supplementary Figure
S1). The lack of growth inhibition zones on the agar-solidified 0.1 TSB medium might, therefore, be
attributed to the lack of production of 7-HT by KN4705, KN4706, and KN4709 mutants.

2.3. LC-MS Analyses Confirmed the Lack of 7-HT Biosynthesis by P482 in the Nutrient-Restricted Medium

Post-culture supernatants of P482 wt obtained in undefined nutrient-diluted (0.1 TSB) or in
nutrient-restricted (M9 with either 0.4% glucose or 0.4% glycerol as a sole carbon source) media were
subjected to LC-MS analysis. The 0.1 TSB medium was chosen here as the production of the crucial
metabolite, 7-HT, was most efficient and reflected the highest antibacterial activity of P482 strain.
Overall, the LC-MS analysis of the extracts showed that the growth media influenced the P482
metabolome (Supplementary Figure S2). The number and retention time of the peaks varied
depending on whether P482 was cultured in a nutrient-diluted undefined 0.1 TSB medium or
nutrient-restricted M9 minimal medium. In contrast, the carbon source (glucose or glycerol) in the
M9 medium showed a minor impact on the P482 metabolome (Supplementary Figure S2).

The LC-MS data were further subjected to statistical analysis (Figure 2). The hierarchically
clustered heatmap shows the results of the ANOVA analysis, revealing the growth medium-
dependent log?2 fold change (FC) in the normalized abundances of the compounds detected in the
samples (Figure 2a). The heatmap visualizes the striking differences between the contents of the
tested extracts. Overall, 205 compounds were detected in the 0.1 TSB-cultured P482 extract, which
were also present in the minimal media samples. Furthermore, 22 and 30 unique compounds were
detected in the glycerol and glucose culture extracts, respectively, which did not appear to be present
in the 0.1 TSB extracts (Supplementary dataset 1). The principal component analysis (PCA)
additionally confirmed the statistical differences between the overall metabolite profiles of the
samples (Figure 2b). The first component (x-axis, 91.51% of total variance) distinguishes the effect of
the rich medium from the impact of minimal media on the metabolome of P482. The second
component (y-axis, 7.16% of total variance) further separates the minimal media extracts by the
difference in the P482 metabolome caused by the carbon source (glucose/glycerol). The variation
between the biological replicates on the PCA plot is insignificant, suggesting there is no observable
effect of other, possibly uncontrollable conditions of the experiment.


https://doi.org/10.20944/preprints202406.0948.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 June 2024 d0i:10.20944/preprints202406.0948.v1

medium:

0.1 TSB

(rich)

M9 (minimal)
0.4% glucose
M9 (minimal)
0.4% glycerol

color range

9.4 0 9.4

b A M9+ 0.4% glucose A M9 +0.4% glycerol A 01TSB

component 2 (7.16%)
o

-40 -30 -20 -10 0 10 20 30 40
component 1 (91.51%)

Figure 2. Statistical analysis of the LC-MS data obtained for the metabolite extracts of P482 wt cultured
in 0.1 TSB, M9 +0.4% glucose, or M9 + 0.4% glycerol. a. Heatmap with hierarchical clustering showing
the diverse metabolic profiles of P482 wt depending on the nutritional conditions. The colour range
represents log2 fold change (FC) of the normalized intensity values for compounds detected in the
samples (compounds with FC > 2, ANOVA, p < 0.01 were included in the analysis); b. Principal
component analysis (PCA) biplot representing the similarity between all the samples included in the
analysis (three biological replicates of each extract condition).

The automated and manual database search could structurally match very few detected
compounds. Additionally, most automatically matched bioactive compounds have never been
reported in Pseudomonas spp. Of these automatically annotated metabolites, only two compounds
have been previously described as antimicrobials of pseudomonads: 7-HT (m/z 139) [16] and zafrin
(m/z 213)[22]. 7-HT is known to be a metabolite of P. donghuensis and can be additionally detected
with UV-Vis spectrophotometry. Only 7-HT, which was hypothesised to contribute significantly to
P482 antimicrobial activity, was evaluated in the following analyses.

The presence of 7-HT in the tested P482 wt post-culture extracts was assessed using LC-MS
analyses. The UV-Vis results obtained for the culture supernatants of P482 wt suggested that while
7-HT is indeed produced under rich or nutrient-diluted medium conditions (Figure 1), its
biosynthesis is inhibited in minimal media, regardless of the carbon source used (glucose or glycerol)
[14]. The LC-MS investigation confirmed this hypothesis. Peaks in the mass spectra corresponding to
7-HT were found in the chromatograms obtained in 0.1 TSB-grown P482 wt post-culture extracts
(nutrient-diluted medium), as reported in Figure 3.
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Figure 3. LC-MS confirmation of 7-hydroxytropolone (7-HT) presence in 0.1 TSB P482 wt extract. a.
Representative HPLC chromatogram of P482 wt post-culture extract obtained growing the strain in
0.1 TSB medium. The arrow indicates the peak (retention time, RT=6.92 min) possibly corresponding
to 7-HT. b. Mass spectrum of the peak at RT=6.92 min with the highest intensity value corresponding
toion 139 m/z, corresponding with the mass of 7-HT. The table shows raw counts and intensity values
for each detected ion. The row corresponding to 7-HT m/z is highlighted.

Moreover, no 7-HT presence was detected in the extracts from P482 wt grown in M9 minimal
media with either glucose or glycerol as the carbon source. This outcome reinforces the assumption
that P482 requires nutrients other than those included in the M9 medium formulation or a specific
molecular signalization to biosynthesize 7-HT.

To summarize, the analysis established the important effect of the nutritional environment on
the metabolome of P482 strain, while the single carbon source as a component of a minimal medium
did not prove to be as contributory. Moreover, 7-HT was found to be produced by P482 only in the
rich (LB, TSB and nutrient-diluted, 0.1 TSB), undefined media (as found here and in [14]).

The metabolomic analysis of P482 wt extracts produced in three distinct media (0.1 TSB, M9
supplemented with glucose or M9 supplemented with glycerol) revealed substantial disparities in
secondary microbial metabolism. This visualization underscores the stark contrast between the
metabolic profiles observed in environments abundant in nutrients and those characterized by
nutritional limitations. These results show that P482 produces numerous compounds in a nutrient-
rich environment, where all the essential precursors are present, and the energy supply is sufficient
for more than the primary metabolism [23-25]. The analysis also reveals the difficulties of
investigating the effects of a single carbon source on the bacterial metabolome. While minimal media
offer limited nutrients, hindering the activation of robust secondary metabolism, the complexity of

media complicates direct comparisons of carbon source effects on microbial phenotype.
Nevertheless, the fact that the difference between glucose and glycerol as a sole carbon source does
not significantly affect the P482 metabolome builds on the comprehensive analysis. Van der Werf
(2008) [26] study on P. putida S12 showed that the metabolic profiles after S12 growth on various
carbon sources are very similar, mainly differing in the concentration of several detected compounds.
Moreover, a study on the metabolome of P. aeruginosa showed that the growth under minimal
nutritional conditions engages the metabolism of bacteria mostly in pathways directly related to the
utilisation of the given carbon source, while the secondary metabolism is reduced [24].

2.4. Mutations in Four of P482 key Antimicrobial Loci Have an Unpredicted Influence on the Strain
Metabolome

To test whether and how the mutations in the 7-HT biosynthesis cluster and 'cluster 17' genes
affect the metabolome of P482, the extracts from the 0.1 TSB post-culture supernatants of P482 wt,
and of its mutants (KN4706, KN4709, KN4240, and KN4243) were analysed by LC-MS.
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Firstly, metabolic differences between the mutants can be observed by comparing their HPLC
chromatograms (Supplementary Figure S3 a,b). Comparison of the chromatograms of P482 wt and
the 7-HT mutants (KN4706, KN4709) is the first confirmation of 7-HT biosynthesis ability loss in the
mutants (no peak at approx. 6.92 min; Figure 4 a,b). The only other difference between the mutants
seems to lie in the ratios of normalised concentrations of the numerous detected compounds,
although it is not cleanly visible in the chromatograms. Nevertheless, it suggests that the introduced
mutations influence P482 metabolome.
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Figure 4. Overlay of the representative LC-MS chromatograms of the studied extracts. The analysed
extracts were obtained from 0.1 TSB post-culture supernatants of: a. P482 wt (green line) and its 7 HT
biosynthesis cluster mutants: KN4706 (pink line) and KN4709 (orange line); b. P482 wt (green line)
and its 'cluster 17' mutants: KN4240 (pink line) and KN4243 (orange line). The chromatograms are
given as excerpts of chromatograms available in Supplementary Figure S3 (a and b) presenting the
zoom on peaks at 6.92 min retention time, corresponding to the detection of 7-HT in the mass spectra.

Statistical analyses of the metabolomic data were performed as described in the previous section
(Figure 5). The hierarchically clustered heatmap represents the mutant-dependent difference in the
abundance of the ions detected in the extracts (Figure 5a). Only the compounds for which at least a
2-fold change in abundance between the mutants was observed were included in this analysis,
resulting in only 32 compounds. Among these, only eight were present in the extracts from P482 wt
cultures, four of which were not detected in any mutant culture. None of the 32 compounds, except
7-HT, could be fully identified based on the database search; however, the mass was used to calculate
the formula of these metabolites. The metabolites present only in the wild-type strain culture were:
Ci7HisNO (mass: 247.0993), CioHisN11Ou (mass: 573.0944), CiHsClOsS: (mass: 414.2035) and
C19H31CIN4O4 (mass: 414.2032) (Supplementary Data_set_1).

Furthermore, three metabolites were only present in P482 wt and KN4240. These metabolites
were putatively identified as: CzHwN (mass: 387.3852), CHisSs (mass: 467.0057), and the
antimicrobial iron chelator, 7-HT (mass: 138.0312). Unsurprisingly, 7-HT was not produced by the
P482 mutants designed to be defective in its biosynthesis, namely, KN4706 and KN4709 (Figure 5b).
This result suggests that the gene in the BV82_4243 locus is linked to 7-HT biosynthesis and/or
secretion [14], since it encodes a part of an efflux pump (EmrA). This might also explain the detection
of 7-HT in one of the replicates of KN4243 extract, as it could originate from the cells disrupted during
centrifugation when the bacteria might still synthesize the compound but is not released outside the
cells.

The PCA of the obtained data is presented in a biplot showing the two first principal component
scores for each sample (Figure 5 c). These two principal components are responsible for only ca. 55.5%
of the total variance in the analysed data, meaning that the other two components, omitted in the
biplot, might also be significant for understanding the correlations (Supplementary Table S2). Since
each biological replicate was scored separately, the plot presents three data points for each strain.
First, it shows the variance in metabolome between the mutants and the variance between biological
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replicates. The correlations between the mutants were similar to those observed in the hierarchical
clustering (Figure 5 a): the KN4706 and KN4243 mutants' metabolomes resemble each other, and the
metabolome of KN4709 was similar to that of P482 wt.
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Figure 5. Statistical analysis of the LC-MS data obtained for the metabolite extracts of P482 wt and its
mutants cultured in 0.1 TSB. a. Heatmap with hierarchical clustering showing the diverse metabolic
profile of P482 wt and its selected mutants (KN4706, KN4709, KN4240 and KN4243). The colour range
represents log2 fold change (FC) of the normalised intensity values for compounds detected in the

jnal inten
component 2 (25.33

component 1 (30.26

samples, a calculated mass of the compared compound is below each column (compounds with FC >
2, ANOVA, p < 0.01 were included in the analysis). b. Bar plot showing the mean raw MS signal
intensity obtained for the m/z 139 ion (7-HT) for P482 wt and each investigated mutant. The error bars
represent standard deviation. c. Principal component analysis (PCA) biplot representing the
similarity between all the samples included in the analysis (three biological replicates for each
mutant).

However, the metabolic profile of the KN4240 mutant is substantially different from other tested
strains, including KN4243. Although the genes inactivated in these two mutants were classified into
one biosynthetic cluster [14], they are the members of the separate operons and thus, the lack of
correlation between their metabolomes (as well as the antibacterial activity) confirms their various
functions in P482 metabolism. The metabolic profiles of KN4706 and KN4709, while both missing 7-
HT, differ significantly, which implies the involvement of the 7-HT cluster genes in distinct additional
processes, yet unidentified. The product of the BV82_4240 gene might be involved in various cellular
processes since the gene encodes an SDR family NAD(P)-dependent oxidoreductase, including the
synthesis of secondary metabolites [27].
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Taken together, the results of the selected P482 mutants' metabolomic analysis do not comply
with the predictions which would have clustered the mutants in the neighbouring genes together.
The KN4243 mutant from 'cluster 17' shares the metabolomic similarity with KN4706, a 7-HT
biosynthesis cluster mutant, although their carbon source-dependent antagonism towards bacterial
plant pathogens differs substantially (Table 1).

Table 1. Summary of metabolic properties and antibacterial activity of the P482 strains (wt and
mutants) under nutrient-restricted and nutrient-diluted media conditions.

Strain Medium/C-source
nutrient-restricted media nutrient-diluted medium
M9 + glucose M9 + glycerol (0.1 TSB)

7-HT Dsp Pss 7-HT Dsp Pss 7-HT Dsp DPss
P482 Wt - HH EE - b HdH + HH E
KN4705 - *% *4 - Exat Exatd - - *
KN4706 - *% % - HdH HdH - - *
KN4709 - *F * - Kk E - - -
KN4240 - Ex bt - - * + Ko %%
KN4243 - *k % - * * + *34 *F

7-HT — synthesis of 7-HT; Dsp — antibacterial activity towards Dickeya solani IFB0102; Pss — antibacterial activity
towards Pseudomonas syringae pv. syringae Pss762; Rich medium — LB agar or 0.1 TSB agar. *** - antibacterial
activity equal to that of wt strain; ** - antibacterial activity of up to 50% of that of the wt strain; * - traces of
antibacterial activity recorded for the analysed strain; - - no antibacterial activity observed. The data collected in
the table are based on the results obtained in [14,17] and in this study (Supplementary Figure S1).

2.5.7- HT Biosynthesis Is Not Stimulated by the Substances Produced by the Pathogen

The production of 7-HT could not be confirmed for P482 in nutrient-restricted media. However,
the 7-HT biosynthesis cluster mutants (KN4705, KN4706, KN4709) showed reduced antimicrobial
abilities in the direct antagonism tests performed on the same, albeit solidified, media with added
glucose ([14] and summarized in Table 2). This suggests the contribution of this gene cluster's product
to P482 antibacterial activity against plant pathogens. Furthermore, since the direct antagonism tests
are performed to allow the contact between the antagonist and the pathogen (primarily indirect,
through secreted compounds), we hypothesized that pathogen signalling might be responsible for
the 7-HT biosynthesis by P482 under minimal media conditions.

Table 2. Strains used in this study.

Strain Origin/features References
Wild type strains
P. donghuensis P482 Rhizosphere of tomato (Poland) [37]
P. vranoviensis DSM16006 Soil next to a highway (Czech Republic) [38]
D. solani IFB0102 Potato plant (Poland) [39]
P. syringae pv. syringae Pss672 Apricot (Poland) [40]

Genetically modified strains
P. donghuensis P482 mutant carrying an insertion of
KN4705 PKNOCK-Km suicide vector in the locus BV82_4705 [17]
encoding bacterial regulatory s, TetR family protein
P. donghuensis P482 mutant carrying an insertion of
PKNOCK-Km suicide vector in the locus BV82_4706

KN4706 encoding the HpcH/Hpal aldolase/citrate lyase family (17]
protein
KN4709 P. donghuensis P482 mutant carrying an insertion of (7]

pKNOCK-Km suicide vector in the locus BV82_4709
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relevant to the synthesis of the acyl-CoA dehydrogenase, C-
terminal domain protein
P. donghuensis P482 mutant carrying an insertion of
pPKNOCK-Km suicide vector in the locus BV82_4240,

KN424 14
N4240 relevant to the synthesis of the SDR family NAD(P)- [14]
dependent oxidoreductase
P. donghuensis P482 mutant carrying an insertion of
KN4243 PKNOCK-Km suicide vector in the locus BV82_4243, the [14]

emrA gene relevant to the synthesis of the efflux transporter,
RND family, MFP subunit (HlyD_D23 domain containing)

To prepare the ethyl acetate (EtOAc) extract, P482 was cultured for 96 hours in minimal M9
medium with either glucose or glycerol as the only carbon source and supplemented with the 48-
hour culture filtrate of D. solani IFB0102 (DsFIL) in the corresponding minimal medium (M9
supplemented with 0.4% glucose or 0.4% glycerol). Before extracting secondary metabolites, the post-
culture supernatants were sampled for the preliminary UV-Vis spectrophotometry test. The obtained
spectra of the supernatants of the P482 cultures with added DsFIL exhibited substantial differences
that reasonably depend on the carbon source present in the medium (Supplementary Figure S4).
When glycerol was the carbon source for P482 in the DsFIL-supplemented M9 medium, the peaks
corresponding to the produced compounds absorbing 350-425 nm light wavelengths were much
higher than those recorded for the conditions with glucose, suggesting higher levels of synthesis of
the metabolites. Furthermore, the absorption peaks found in the glycerol/DsFIL P482 culture
supernatant were analogous to those detected in our previous study where P482 supernatant was
obtained from the culture without DsFIL [14]. Thus, as no detectable peak was found at ~330 nm, we
assume that P482 did not produce 7-HT in presence of glycerol and DsFIL. However, a vague shape
of the typical 7-HT 330 nm peak was observed in the glucose/DsFIL culture supernatant of P482
(Supplementary Figure 54). This contrasts with the absorption spectrum obtained earlier [14] for P482
cultured under corresponding conditions without DsFIL supplementation, where no peak at 330 nm
was detected. Although the method does not allow for quantitative analysis, the flat shape of the
P482 glucose/DsFIL supernatant spectrum was unexpected.

Moreover, the organic extracts from the described P482 culture supernatants were subjected to
LC-MS analysis. This part of the study was performed to ultimately determine whether the addition
of DsFIL stimulates the 7-HT production by P482 under nutrient-restricted conditions. The
comprehensive analysis of the spectra directed towards the detection of ions with m/z in the range
138.5-139.5 showed that 7-HT (m/z = 139; [M+H]*) was present in trace amounts in the tested extracts
regardless of the carbon source being glucose (Supplementary Figure S5) or glycerol (Supplementary
Figure S6). For all the MS peaks with possible 7-HT ion mass detected, m/z 139 was one of the minor
ions in the spectrum, and the fragmentation did not show the previously obtained pattern. Moreover,
the m/z value of several detected ions found in the query range was 139.1. This disagrees with the
calculated 7-HT m/z (139.038) and does not indicate the presence of this compound in the analysed
extracts. These results suggest that the DsFIL supplementation of M9 minimal media with either
glucose or glycerol does not cause any noteworthy changes in 7-HT biosynthesis by P482.

Together, the analyses do not support the hypothesis that the compounds synthesised by the
pathogen might stimulate the production of 7-HT by P482 and thus the antibacterial activity of this
strain under minimal medium conditions.

The postulate that compounds secreted by IFB0102 might modulate antimicrobials production
by P482 is not novel and came from the published reports of such interspecies interactions between
various microorganisms [28-32], although it was not confirmed in the case of P482 and IFB0102. The
puzzling lack of 7-HT in P482 secondary metabolites extracts might have several causes. The addition
of IFB0102 supernatant does not take the other direction of signalisation into account — P482 might
be releasing compounds that trigger IFB0102 to produce modulators of P482 activity. A co-culture
would be an optimal way to test this idea [28], it is problematic due to the fact that P482 substantially
inhibits the growth of IFB0102. It is, nevertheless, an intriguing topic for further studies on metabolic
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pathways of P482. It is also plausible that the 7-HT production might be induced only on the solid
media, as the regulation of bacterial metabolism might be significantly rearranged during colony
formation [33]. Another explanation of the 7-HT absence in the described extracts is that M9 minimal
medium might not contain the necessary precursors for 7-HT biosynthesis, thus the gene expression
alone would not equal the synthesis of the final product [34,35]. However, in the case of P482 it is
unclear as the biochemical pathway of 7-HT biosynthesis in P. donghuensis is not well understood and
needs further research. Future studies could be based on the recently elucidated dihydroxytropolone
biosynthetic pathway in Streptomyces spp. [36]. Interestingly, glucose is shown to be a substrate in
this process, which supports the conclusion of glucose rather than glycerol promoting the 7-HT genes'
expression and their importance in antimicrobial activity of P482.

3. Conclusions

While 7-HT appears to be the primary metabolite involved in the antimicrobial activity of P.
donghuensis P482, this study suggests that other metabolites may also contribute to its antagonistic
effects against bacterial plant pathogens. Investigation into the influence carbon sources on the
secondary metabolism of P482 revealed that under minimal media supplemented with either glucose
or glycerol (nutrient-restricted conditions) 7-HT was notably absent in post-culture extracts, This
absence persisted even when the media were supplemented with cell-free culture supernatant from

the pathogens. Intriguingly, both wild-type and mutant strains of P482 retained antibacterial
activities under nutrient these conditions, indicating the involvement of alternative mechanisms of
antagonism or biosynthetic pathways.

4. Materials and Methods
4.1. Bacterial Strains and Growth Conditions

The bacterial strains used in the study are listed in Table 2.

Unless otherwise stated, all bacterial strains were grown in Miller's Lysogeny Broth (LB,
Novagen, Merck Group, Germany) or on LB solidified with 1.5% agar (LB-agar, Novagen, Merck
Group, Germany). The bacteria were cultured at 28 °C, and the liquid cultures were grown with
shaking. The medium was supplemented with kanamycin (30 ug ml?) when necessary. 10% (0.1)
tryptic soy broth (TSB, Oxoid, USA) stands for tenfold diluted TSB medium and was used as an
optimal liquid medium to produce antimicrobials by P482 in metabolomic analyses (Matuszewska
M, IFB UG and MUG, University of Gdansk, Gdansk, Master thesis, 2016). The minimal M9 medium
[41] was supplemented with a single carbon source: glucose (final concentration 0.4%, Sigma-Aldrich)
or glycerol (final concentration 0.4%, Sigma-Aldrich).

4.2. Extraction of Secondary Metabolites

Bacteria (P482 strain or its mutants) were cultured in 250 ml or 500 ml (M9 nutrient-restricted
medium) of a given liquid medium at 28°C with shaking (120 rpm). Culture flasks with baffled
bottoms and vented caps with filters (Duran, Germany) were used to keep the environment well-
oxygenated. The cultures were finished after 96 hours, long after bacteria entered the stationary
growth phase, regardless of the nutritional conditions. Subsequently, they were centrifuged for 30
min in 10000 X g, and the supernatants were collected and subjected to the extraction of secondary
metabolites with ethyl acetate (EtOAc) (Merck, USA). The organic residues were collected and traces
of water were removed with anhydrous sodium sulphate [42]

The dry extract was then dissolved in HPLC-grade methanol (MeOH) (100 pul MeOH per 500 ml
of the initial culture) (Merck, USA) and stored at -20 °C until further analysis.

4.3. UV-Vis Absorption Spectra

The selected culture supernatants of P482 wt and its mutants were tested for 7-HT using UV and
visible light (UV-Vis) spectrophotometry [43]. The bacteria were cultured in a liquid 0.1 TSB medium
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at 28°C with shaking. The samples of the cultures were collected after overnight incubation. The
samples of bacterial suspensions were centrifuged, and the supernatants were collected and
subsequently subjected to filtration to exclude the presence of cells that may interfere with the
absorption read. The supernatant samples were then placed in a 96-well plate with a transparent
bottom, and their absorption spectra in the wavelength range from 200 to 900 nm were measured
using Epoch2 Microplate Spectrophotometer (BioTek, USA).

4.4. HPLC-MS Analyses
4.4.1. Metabolomics

The extracts of P482 and its mutants' secondary metabolites obtained in this study were
subjected to high-performance liquid chromatography coupled with mass spectrometry (HPLC-MS).
The extract samples were prepared by evaporating the solvent, weighing the crude extract, and
dissolving it in 40 pl of EtOAc:MeOH mixture (1:1) per 1 mg of the extract (all used solvents were of
HPLC-grade purity (Merck, USA). All samples were filtered with a 0.22 um regenerated cellulose
syringe filter and diluted tenfold before chromatographic procedures.

HPLC-MS was carried out using the Agilent 1260 Infinity Series chromatograph coupled with
Ultra High Definition (UHD) quadrupole-time of flight (Q-TOF) mass spectrometer (model G6540B)
with a dual electrospray ionization (Dual ESI) source (Agilent Technologies, USA). Agilent Mass
Hunter software (Agilent Technologies, USA) was used for instrument control and data acquisition.
The sample injection volume was 5 pl. The reverse-phase (RP) HPLC separation utilized a Zorbax
Eclipse Plus C-18 column (4.6 x 100 mm, with 3.5 um particles, Agilent Technologies) and the linear
gradient elution program with H20O and acetonitrile (both acidified with 0.1% formic acid (FA)) as the
solvents (Supplementary Table S5). The flow was set at 0.6 ml/min. The UV detection on the diode
array detector (DAD) was set for 254 nm, 300 nm and 420 nm wavelengths. The MS equipment
operated in positive mode. Mass spectra were recorded as centroid spectra in the m/z range of 100-
1700. The spectra were analysed using MassHunter Qualitative Analysis Software and subjected to
MassHunter Profinder (Agilent Technologies, USA) batch feature analysis using the bacterial
compound database created at IPSP-CNR. Further data analyses were carried out also with the use
of OpenChrom software version 1.4.x (Lablicate GmbH, Germany) and using publicly available
online databases: ChemSpider (www.chemspider.com, Royal Society of Chemistry), MetaCyc
(www.metacyc.org [44] PubChem (https://pubchem.ncbi.nlm.nih.gov, [45]and KEGG COMPOUND
(www .kegg jp/kegg/compound/, [46].

The m/z data obtained in the study were transformed into mass and compound formulas and
used as queries against microbial metabolic databases.

4.4.2. Detection of 7-Hydroxytropolone

The extracts obtained from the P482 wild type (referred to as P482 wt) cultures in M9 media
containing cell-free filter sterilised D. solani IFB0102 filtrate were subjected to HPLC-MS analysis to
determine whether these conditions promote 7-HT biosynthesis by P482. The crude extracts (from an
initial 200 ml of culture each) were dissolved in 50 ul of HPLC grade MeOH (Merck, USA) per sample.
HPLC-MS was carried out using the micro-HPLC LC200 (Eksigent, Dublin, CA, USA) system with
autosampler CTC PAL (CTC Analytics AG, Zwinger, Switzerland). The chromatograph was paired
with QTRAP 6500 mass spectrometer (AB Sciex LLC, Framingham, MA, USA) with Sciex Analyst
software (version 1.6.2) for data acquisition and analysis. The sample injection volume was 1 ul. The
RP-HPLC separation utilized a ChromXP C18 CL column (0.3 x 150 mm, 3 pum particles, 120 A, AB
Sciex LLC). The elution program was a linear gradient (A: 2% — 98%; 10 minutes) of buffers A: H.O
+0.1% FA and B: AcN + 0.1% FA. The MS equipment operated in the positive mode with the scan
type Q1. Mass spectra were recorded as centroid spectra in the m/z range of 30-500.

4.5. Statistical Analyses
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Statistical metabolomic data analyses were conducted using Mass Profiler Professional software
(Agilent Technologies, USA). First, the signal values of the entities detected in the samples included
in a given analysis were normalised and subjected to ANOVA analysis with Tukey's posthoc test
(p<0.01). Then, they were further filtered using a fold change (FC) threshold. Only samples with FC
>2 were included in the analyses. Finally, these results were subjected to hierarchical clustering and
principal component analysis (PCA).

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Table S1. HPLC elution program for the extract samples. Table S2. Table S2.
Principal component analysis of the LC-MS results of P482 wt and mutants 10% TSB culture extract samples.
Figure S1. Antibiosis assay for P482 wt and its mutants against Pseudomonas syringae pv. syringae Pss762 and
Dickeya solani IFB102 strain on 0.1 TSB-agar medium. Figure S2. The overlay of the representative LFiC-MS
chromatograms of the P482 wt extracts. Figure S3. The overlay of the representative LC-MS chromatograms of
the studied mutant extracts. Figure S4. UV-Vis absorption spectra of culture supernatants of P482 wt cultured
with D. solani IFB0102 culture filtrate. Figure S5. The results of 7-HT detection in the metabolite extracts from
P482 cultured in M9 + 0.4% glucose supplemented with D. solani culture filtrate. Figure S6. The results of 7-HT
detection in the metabolite extracts from P482 cultured in M9 +0.4% glycerol supplemented with D. solani culture
filtrate.
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