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Abstract

Seeds harbor diverse microbial communities, including beneficial microbes that play a vital role
in protecting plants from seed-borne pathogens. Despite their critical importance, the
molecular mechanisms driving intermicrobial competition within the seed microbiome remain
poorly understood, limiting the potential to optimize seed inoculation strategies. In this study,
we evaluated the inhibitory potential of 30 seed-borne bacterial strains against the
phytopathogen Xanthomonas campestris pv. campestris 8004 (Xcc8004). We identified
Pseudomonas lactucae CFBP13502 as a potent inhibitor of Xcc8004, mediated by
exometabolites specifically induced in the presence of Lysobacterales (formerly
Xanthomonadales). Transcriptomic analysis of CFBP13502 revealed upregulation of a gene
cluster involved in the biosynthesis of a lipopeptide siderophore biosynthesis. Gene deletion
confirmed that this cluster is essential for the growth inhibition of Xcc8004. Furthermore, iron
supplementation abolished this inhibitory effect, providing strong evidence for the role of iron
chelation. Through comparative metabolomics, we elucidated the structure of a novel family of
lipopeptide siderophores, which we named lactuchelins, produced by CFBP13502. Our
findings provide the first molecular evidence of competitive exclusion mechanisms at the seed
microbiome interface, highlighting lactuchelins as a promising avenue for the development of
seed-based biocontrol strategies against seed-borne phytopathogens.
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Introduction

Historically, seeds have been viewed as a means of plant pathogens dispersal which can lead
to the emergence of diseases in new geographical areas (Denancé & Grimault, 2022).
However, seed transmission is not restricted to plant pathogens as seeds harbor diverse
microbial communities (Simonin et al., 2022) that can contribute to plant growth and disease
suppression (Pal et al., 2022; Garin et al., 2024). Promoting these beneficial microbes at the
expense of plant pathogens through seed inoculation has recently emerged as a promising
strategy (Simonin et al., 2023; Arnault et al., 2024). However, this requires an understanding
of the molecular mechanisms involved in intermicrobial competition within this habitat.

Due to their small size and limited nutrient reserves, seeds often host microbial communities
dominated by a few key taxa (Newcombe et al., 2018; Chesneau et al., 2022). Additionally,
priority effects are known to lead to nutrient pre-emption for late-arriving microbes (Debray et
al., 2022) and this has been shown to efficiently explain the establishment of seed inoculums
on seedlings (Arnault et al., 2024). Consequently, microbial competition might play a decisive
role in shaping community composition during seed-to-seedling transmission. Modes of
competition between microbes could be exploitative competition where microbes outcompete
others by efficiently scavenging scarce resources or interference competition where microbes
directly antagonize others (Granato et al., 2019). For example, in the case of the seed-borne
pathogen Xanthomonas campestris pv. campestris 8004 (Xcc8004), a strong competitive
interaction has been found with Stenotrophomonas rhizophila, which ultimately limits Xcc8004
transmission from seed to seedling. This competition is mediated by T6SS interference
competition (Garin et al., 2024) and potentially exploitative competition (Torres-Cortés et al.,
2019).
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While carbon is often considered the primary limiting nutrient in seeds, micro-elements
availability presents also a significant challenge for microbial establishment. For instance, iron
plays an important role in Pseudomonas putida establishment on seeds (Molina et al., 2005).
The ability to efficiently acquire iron can thus be a major determinant of microbial success
during seed transmission. Iron acquisition is usually achieved through the secretion of
siderophores, secondary metabolites that possess different iron-chelating functional groups
such as catechols, hydroxamates, carboxylates, or phenolates (Schalk, 2025). Siderophores
are well-known for their role in microbe-microbe interactions and competition (Kramer et al.,
2020).

Pyoverdines are a well-characterized group of siderophores produced by Pseudomonas
species that contribute to the fluorescence property of these bacteria (Cezard et al., 2015).
Pyoverdine biosynthesis genes are highly conserved, present in 97% of sequenced
Pseudomonas genomes (Gu et al., 2024). Non-fluorescent pseudomonads can however
produced other siderophores such as corrugatin (Risse et al., 1998) and its derivatives
ornicorrugatin (Matthijs et al., 2016) and histicorrugatin (Matthijs et al., 2016). These peptidic
siderophores are acylated with a lipid chain of variable length. Lipopeptide siderophores are
highly prevalent in marine bacteria, since the amphiphilic properties of these molecules could
limit siderophore diffusion via membrane attachment (Sandy & Butler, 2009; Gauglitz et al.,
2014; Robertson et al., 2018; Galica et al., 2021). However, lipopeptide siderophores are also
present in a number of plant-associated bacteria, such as strains of the Burkholderia cepacia
group (ornibactins, Stephan et al., 1993), Cupriavidus taiwanensis (taiwachelins, Kreutzer &
Nett, 2012), Herbaspirillum seropedicae (serobactins, Rosconi et al., 2013), Variovorax
boronicumulans (variochelins, Kurth et al., 2016) or Azotobacter chroococcum (crochelins,
Baars et al., 2018).

Despite the importance of iron acquisition in microbial competition, the role of siderophore-
mediated interactions in seed-borne microbial communities remains underexplored. By
analysing seed-borne bacterial strains that are highly competitive against Xcc8004 during
seed-to-seedling transmission (Torres-Cortés et al., 2019; Simonin et al., 2023), we identified
a non-fluorescent strain belonging to the Pseudomonas lactucae species (Sawada et al., 2021)
that significantly reduced Xcc8004 growth. Compounds responsible for this activity are related
to a new lipopeptide siderophore family that we propose to name lactuchelins. Lactuchelins
production in P. lactucae CFBP13502 is enhanced during interactions with specific bacterial
strains including Xcc8004. The gene cluster involved in the biosynthesis of this compound is
distributed in eight species of Pseudomonas including several strains isolated from seed.
Investigating how seed-associated bacteria utilize these siderophores to outcompete plant
pathogens could provide novel strategies for microbiome-based disease management in
crops.

Methods

Bacterial strains and culture media.

Thirty bacterial strains covering the diversity of seed microbial communities (Simonin et al.,
2022) were selected (Table S1). All these strains were isolated from radish seed samples
collected in 2013, 2014 and 2015 (Rezki et al., 2018) except one strain isolated from radish
flower in 2016 (Chesneau et al., 2020). Xanthomonas campestris pv. campestris 8004
(Xcc8004) is a spontaneous rifampicin-resistant strain (Turner et al., 1984), which derives from
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X. campestris pv. campestris NCPPB 1145, a strain isolated from cauliflower. All strains were
routinely grown in 1/10 strength Tryptic Soy Broth (TSB 10% : 17 g.I"" tryptone, 3 g.I"" soybean
peptone, 2.5 g.I" glucose, 5 g.I"" NaCl and 5 g.I"" K;HPOy4) at 28°C, supplemented when needed
with 15 g. I'! of agar and 50 pg.ml™" of rifamycin.

Mono-culture and co-culture of the 30 selected bacterial strains with Xcc8004 were performed
at 28°C under constant shaking (150 rpm) during 24h using a starting ODeoo of 0.02. Culture
supernatant was filtered through 0.22 um filters. The resulting cell-free supernatant (CFS) was
mixed 40% (v/v) with 50% (v/v) of 1/5 strength TSB and 10% (v/v) of a fresh cell suspension
of Xcc8004 at an initial ODeggo of 0.2. Three hundred pl of the resulting mix was added per well
of 96 well-plates. OD was recorded every hour during 24 hours, under constant shaking (150
rpm) at 28 °C (Fig. S1). Iron supplementation was performed by adding a range of FeCls
concentration (from 0.3 uyM to 50 puM final concentration) in the coculture or in the CFS. Times
of generation were calculated using library growthcurver R package (version 0.3.1).
Differences between generation times were assessed by Kruskall-Wallis tests followed by
Dunn's post-hoc tests.

Genome sequencing and annotation

Genome sequences of radish-associated bacterial strains were initially obtained through
HiSeq 4000 PE150 sequencing (Torres-Cortés et al., 2019). Genomes sequences were
assembled with SOAPdenovo 2.04 (Luo et al., 2012) and VELVET 1.2.10 (Zerbino & Birney,
2008) and annotated with prokka 1.14.6 (Seemann, 2014).

In addition, DNA of P. lactucae 13502 was subjected to long-read sequencing. High-molecular
weight (HMW) DNA was extracted using the Masterpure kit (Lucigen Corporation, USA) with
slight modifications. A cell pellet was resuspended in PBS to obtain ODeoo 2.0. 1 mL of ODeoo
2.0 culture was centrifuged, decanted, then resuspended in 300 uL TE buffer with 2.5 uL
lysozyme (5 mg/mL) and 1 uL RNaseA (5 mg/mL). The solution was incubated at 37°C for 45
min. Cells were lysed by adding 300 uL of MasterPure 2x Tissue and Cell Lysis Solution and
1 uL of Proteinase K (50 mg/mL). Samples were incubated at 65°C for 15 min then placed on
ice for 5 min. HMW DNA was further purified using phenol-chloroform extraction. Nanopore
libraries were created using the SQK-LSK109 kit and sequenced on a MinlON (Oxford
Nanopore Technologies, UK) with a R9.4.1 flow cell. Basecalling, adapter removal, and
barcode removal of the nanopore reads was done with Guppy 4.0 software (Oxford Nanopore
Technologies, UK). lllumina libraries were prepared with the Illlumina DNA prep kit and
sequenced with 2X150bp reads on a NovaSeq 6000 (lllumina, USA). lllumina reads were
trimmed and cleaned using BBtools (https:/jgi.doe.gov/data-and-tools/bbtools) (Lui et al.,
2021). lllumina and nanopore reads were used as input to Unicycler (Wick et al., 2017) for
hybrid genome assembly. Unicycler was run with default parameters. Visualization of the gene
cluster was performed with geneviewer 0.1.10 (Ven der Velden N, 2025).

RNA-Seq experiments

Transcriptome analysis of P. lactucae CFBP13502 was performed during co-culture with two
strains (Stenotrophomonas rhizophila CFBP13503 and Xcc8004) that produced a CFS with
bacterial growth inhibition potential. These transcriptomes profiles were compared to co-
culture of P. lactucae CFBP 13502 with two strains (Pantoea agglomerans CFBP13505 and P.
viridiflava CFBP13507) that did not trigger CFS with Xcc8004 inhibitory activity. Four
independent replicates were performed per co-culture at a starting ODeoo = 0.02. Total RNA of
each strain was isolated by a modification of the method of (Piper et al., 1999). A 2-ml


https://www.zotero.org/google-docs/?9sc9cO
https://www.zotero.org/google-docs/?9sc9cO
https://www.zotero.org/google-docs/?9sc9cO
https://www.zotero.org/google-docs/?rY1TrU
https://www.zotero.org/google-docs/?rY1TrU
https://www.zotero.org/google-docs/?rY1TrU
https://www.zotero.org/google-docs/?52fW8z
https://www.zotero.org/google-docs/?52fW8z
https://www.zotero.org/google-docs/?QoocUm
https://jgi.doe.gov/data-and-tools/bbtools
https://www.zotero.org/google-docs/?rttYYP
https://www.zotero.org/google-docs/?rttYYP
https://www.zotero.org/google-docs/?rttYYP
https://www.zotero.org/google-docs/?rttYYP
https://www.zotero.org/google-docs/?HqapKi
https://www.zotero.org/google-docs/?HqapKi
https://www.zotero.org/google-docs/?HqapKi
https://www.zotero.org/google-docs/?vUXB55
https://www.zotero.org/google-docs/?Fbei8X
https://www.zotero.org/google-docs/?Fbei8X
https://www.zotero.org/google-docs/?Fbei8X
https://doi.org/10.1101/2025.02.28.640635

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.28.640635; this version posted April 2, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

suspension of co-culture after 6 h growth was centrifuged 30 s at 14,000 x g. The pellet was
resuspended in 600 pl of hot (65°C) Trizol (Invitrogen, Cergy Pontoise, France) and the mixture
was shaken at 65°C for 5 min. After 5 min at room temperature, the cell debris was removed
by centrifugation (2,500 x g, 5 min at 15°C) and the supernatant was transferred to a fresh
tube. Chloroform (120 ul) was added to 600 pl of the supernatant and the mixture was vortexed
vigorously 30 s. After 2 min at room temperature, the phases were separated by centrifugation
at 12,000 x g for 15 min at 4°C and the upper phase (300 ul) was removed to a fresh tube.
Isopropyl alcohol (250 pl) was added and the mixture was incubated at room temperature for
10 min. The precipitated RNA was collected by centrifugation at 12,000 x g for 20 min at 4°C.
The supernatant was removed and the pellet was washed with 500 pl of 75% ethanol. A new
pellet of RNA was collected by centrifugation at 7,500 x g for 5 min at 4°C and was air dried to
near completion. The RNA was dissolved in 89 ul of sterile double-distilled H20, and the
preparation was treated with 1 ul of DNase (Ambion Applied Biosystems, Courtaboeuf, France)
(2 U pl-1) to remove contaminating DNA during 1 h at 37°C. The preparation was heated 10
min at 75°C to inactivate the DNAse and RNA was ethanol precipitated and dissolved in 50 pl
of double-distilled H20.

RNA-Seq libraries were prepared with the QIAseq FastSelect -5S/16S/23S and QIAseq
stranded total RNA Lib kits following manufacturer’s instructions (Qiagen, Venlo, Netherlands).
RNA fragmentation was performed at 89°C for 6 min. The quality of the resulting libraries was
assessed with a Bioanalyzer (Agilent, Santa Clara, CA) and concentration of libraries and
subsequent equimolar pool was quantified with quantitative PCR using lllumina primers
(Roche, Basel, Switzerland). The equimolar pool was sequenced with lllumina NextSeq550
using High Output 150 cycles cartridge (lllumina, San Diego, CA)

A median of 25 million paired-end reads (min= 16, max = 32) was obtained per sample. Quality
and adapter trimming was performed with Trim Galore 0.6.3
(https://github.com/FelixKrueger/TrimGalore) using a Phred score of 20. Reads were mapped
on P. lactucae CFBP13502 genome sequence with Salmon (Patro et al., 2017). Differentially-
expressed genes (DEGs) were determined using DeSeq2 v1.36 (Love et al., 2014) at an
adjusted p-value < 0.01 (Wald Test) and a logarithmic fold change (|log2FC| > 2) estimated
with apeglm v1.18 (Zhu et al., 2019). Proteins function were inferred with PaperBLAST (Price
& Arkin, 2021). Iron gene repertoire of P. lactucae CFBP13502 was estimated with FeGenie
(Garber et al., 2020).

Construction of P. lactucae CFBP13502AltcJ

Deletion of ltcd (APEGCL_17050) was performed by allelic exchange using the suicide vector
pEX18Tc (Hoang et al., 1998). The deletion plasmid pEX18Tc-AltcJ was constructed using the
TEDA cloning procedure (Xia et al., 2019). Briefly, pEX18Tc was digested with Xbal (New
England Biolabs) followed by shrimp alkaline phosphatase treatment (Phusion High-Fidelity
DNA polymerase; New England Biolabs). ltcJ flanking regions were PCR-amplified from
CFBP13502 with the Phusion High-Fidelity DNA polymerase and the primer pairs listed in
Table S2. The dephosphorylated pEX18Tc vector and PCR products were purified using the
NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel). TEDA reaction was then carried out
by mixing 150 ng of pEX18Tc with the corresponding PCR products at a molar ratio of 1:4.
One hundred microlitres of E. coli DH5a were transformed with 5 uL of TEDA reaction using
the Inoue transformation procedure (Sambrook & Russell, 2006) modified by Xia et al. (2019).
Amplicon insertions were validated by colony PCR with the primer pair M13F/M13R. Plasmids
(PEX18Tc-AltcJ) were extracted with the NucleoSpin plasmid kit (Macherey-Nagel), and
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insertion regions were verified by sequencing. E. coli MFDpir was transformed with pEX18Tc-
Alted using the modified Inoue method. Plasmids were transferred to P. lactucae CFBP13502
by conjugation. P. lactucae CFBP13502 transconjugants were selected on TSA10
supplemented with tetracycline (20 ug/mL). The resulting colonies were grown in TSB10 (28°C,
120 rpm, 3 h) and bacterial suspensions were spread on TSA10 supplemented with 5%
saccharose. Allelic exchanges were validated by PCR and sequencing.

Deletion mutants were complemented in trans with the plasmid pBBR-MCS3. The pBBR-
MCS3 plasmid was digested by Xhol and Xbal and ligated with the PCR-amplified product of
Itcd obtained from CFBP 13502 with the Phusion High-Fidelity DNA polymerase and the primer
pairs listed in Table S2. Plasmids (pBBR-/tcJ) were extracted with the NucleoSpin plasmid kit
(Macherey-Nagel), and insertion regions were verified by sequencing. E. coli MFDpir (Ferriéres
et al., 2010) was transformed with pBBR-/fcJ using the modified Inoue method. Plasmids were
transferred to P. lactucae CFBP13502 by conjugation. P. lactucae CFBP13502
transconjugants were selected on TSA10 supplemented with tetracycline (20 ug/mL). The
resulting colonies were spread on TSA10 (28°C, 48h) and the presence of the pBBR-/tcJ
plasmid was validated by PCR.

Genome-wide mutant fitness assays

We performed pooled mutant fitness assays as described previously (Wetmore et al., 2015;
Price et al., 2018). The Xcc8004 mutant library (Luneau et al., 2022) was revived in MOKA rich
medium (Yeast Extract 4 g/l, Casamino acids 8 g/l, K2HPO4 2 g/l, MgS04.7H20 0.3 g/l)
supplemented with rifampicin, 50 ug/ml; kanamycin: 50 ug/ml; tetracycline: 5 ug/ml. Culture
was left to grow at 28°C under constant agitation (150rpm) until reaching mid-log phase.
Samples of the culture of Xcc8004 pooled mutants were collected as the “Time0” controls. The
remaining culture was pelleted and washed two times then resuspended in 10mM MgSO4.

We incorporated the Xcc8004 mutant library (starting ODeoo = 0.02) in Xcc8004+13502 cell-
free supernatant supplemented with TSB20, and compared, as controls, the fitness of the
library in three other cell-free supernatant : the mutant library grown : (i) in PBS, (ii) in Xcc8004
cell-free supernatant and (iii) in 13502 cell-free supernatants (Cultures were performed
following 1/4/5 ratio described in “Phenotype screening for Xcc8004 inhibition” section). We
collected the mutant population in our various conditions after 24 hours of growth, and
extracted genomic DNA from the Time0O and condition samples using NucleoSpin® 96 Food
kit (Macherey-Nagel) following the supplier's recommendations. 200 ng of DNA were amplified
using Q5 Polymerase (NEB) and BarSeq primers (Wetmore et al., 2015). PCR cycling
conditions were as follows: denaturation at 98°C (4 min), 25 cycles at 98°C (30 sec), 55°C (30
sec) and 72°C (30 sec), and a final elongation at 72°C for 5 min. Amplicons were purified with
magnetic beads and pooled in equimolar concentration. Concentration of the pool was
monitored with quantitative PCR (KAPA Library Quantification Kit, Roche) and sequenced on
v3 150 lllumina cartridge (lllumina, San Diego, CA).

To analyze our data, we used a mature pipeline developed to acquire fitness from raw
sequencing data. Mutant fithess scores were calculated as the normalized log2 ratio of the
abundance of its barcode in the library under our experimental conditions versus the “Time0”.
Each mutant is associated with a unique barcode; thus the reads of a certain barcode
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characterize the abundance of the mutant inside the library. Gene fitness is calculated as the
weighted mean of the fithess of each individual mutant. Genes fithess were then normalized
to correct variation in copy number along the chromosome, the running median along the
chromosome is zero. For each fithess score, we performed a t-like test. Finally, to identify
significant Xcc8004 genes in 13502+Xcc8004 CFS compared to our controls, we applied two
thresholds [fitness|>1 and [t|>5. To infer the function of Xcc8004 genes based on mutant
phenotype, we used the SEED database from the fitness browser (fit.genomics.lbl.gov). We
also inferred gene function based on scientific articles published using PaperBLAST.

Comparative metabolic profiling

To identify the metabolite inhibiting Xcc8004 growth we performed comparative metabolic
profiling of Xcc8004+13502 CFS, Xcc8004 CFS, 13502 CFS and TSB CFS. The first step was
to de-complexified our CFS. For this purpose, Xcc8004+13502 CFS was freeze-dried and
submitted to a liquid/liquid extraction with H-O versus four different organic solvents, ethyl
acetate (AcOEt), butanol (BuOH), dichloromethane (DCM) and methyl tert-butyl ether (MtBE).
Each extract was evaporated then tested as previously described in “Cell-free supernatant
assays on Xcc8004 inhibition” section, by replacing cell-free supernatant by our extracts.
BuOH extract was selected due to its inhibitory effect on Xcc8004 growth. Thus, we performed
liquid/liquid extraction (H.O/BuOH) on the fourth cell-free supernatant and analyzed each
fraction via UPLC-HRMS/MS at a concentration of 100 yg.mL-1. A sample called “Mix”
containing an equivalent mixture of the 4 fractions at 100 ug.mL-1 was also prepared and will
be used to align all the chromatograms obtained between them and to check the statistical
analysis by PCA. Each sample was injected 5 times in both positive and negative modes.

The analysis was performed using a Waters Acquity UPLC H-Class Series system.
Chromatographic separation was carried out on an Acquity HSS T3 column (100 mm x 2.1
mm, 1.8 ym) thermostated at 25 °C. The mobile phase consisted of solvent A (0.1% formic
acid in water) and solvent B (0.1% formic acid in acetonitrile), with gradient from 0 to 35% of
B in 20 min then 35% to 100% of B in 5 min held for 3 min. The flow rate was set at 300 pL.min-
1. The injection volume was 1 pl.

Mass spectrometry was performed on a Waters Xevo G2-XS system. The analyses were
performed as two separated methods, one operated in positive electrospray ionization (ESI)
mode and one in negative ESI mode. Mass data were acquired in MSe Continuum sensitivity
mode with a mass range from m/z 50 to 2000 with a scan rate of 2 s.

The tuning parameters (positive and negative) were : capillary voltage 500 V, sampling cone
40 V, cone voltage 80 V, source temperature 120 °C, desolvation temperature 500 °C,
desolvation gas flow 100 L.h-1 and cone gas flow 1000 L.h-1. The low collision energy was
set at 6 V and the high collision energy was a ramp from 15 to 40 V. The collision pressure of
argon was constant at 6.5E-3 mbar. Mass correction was performed with leucine enkephalin
solution at 200 pg.mL-1, measured at 30 second intervals throughout each injection, at a flow
rate of 5 yL.min-1. The ions monitored were m/z 556.2766 and 554.2620 in ESI+ and ESI-,
respectively.
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The data were then processed with the Progenesis QI software. Potential markers of interest
were extracted from S-plots constructed following OPLS-DA, and markers were chosen based
on their contribution to the variation and correlation within the data set.

Culture, extraction, purification and identification of lactuchelins

Bulk extraction of the metabolites was performed on liquid cultures of CFBP13502 for 24 h in
2 L of iron-depleted M9 medium at 28 °C. Subsequently, cells were removed from the
supernatant by centrifugation (10 min at 5000 g) and filtration through vacuum filtration system
with 0.22 ym filter membrane (TPP, Switzerland).

The resulting CFS was then subjected to freeze-drying (22.5 g), redissolved in 1 L of water
complemented with iron chloride and extracted 3 times against BUOH (3 x 1 L). The resulting
aqueous (LLW) and BuOH (LLB) fractions were concentrated in vacuo at 40 °C.

The LLB fraction (1.1 g) was absorbed on Polygoprep C18 bulk media (50-60 um) with a ratio
media/fraction of 2/1, and transferred into a pre-conditioned HyperSep C18 cartridge (5000 mg
; 40-60 um). A ratio bed weight/fraction of 20/1 was applied. The adsorbed metabolites were
then eluted with 50 mL of 3 step solvents : water (SW), water/MeOH (50/50 ; SWM), and MeOH
(SM). The resulting fractions were concentrated in vacuo at 40 °C. Finally, SWM (482 mg) was
injected on a preparative HPLC Shimadzu LC-20AP solvent delivery system coupled to an
SPD-UV detector and an FRC-10A fraction collector using LabSolutions software and an
Thermo Fisher Scientific Hypersil Gold PFP column (150 x 20 mm; 5 ym; 175 A). The flow rate
was set at 18.9 mL.min™" with a gradient of (A) water + 0.1% of formic acid and (B) MeCN +
0.1% formic acid (20% to 60% B in 10 min, 60% to 100% B in 2 min, then 100% B for 6 min)
and UV detection was set at 190 nm. The resulting fractions (F1 to F5) were then concentrated
in vacuo at 40 °C.

F4 (18.4 mg) was subjected to an iron removal protocol. Ferric iron was removed according to
literature protocols (Stephan et al., 1993). For the following procedures, all work was carried
out in iron-free glassware. F4 fraction (13.6 mg) was dissolved in 80 mL of H>O, added to 50
mL of a 8-hydroxyquinoline solution in MeOH (290 mg, 1 mM), and stirred at room temperature
for 24 h. The MeOH was then removed in vacuo at 40 °C, and the remaining aqueous solution
was extracted with CH2Cl, (5 x 40 mL). The aqueous layer was mixed with a solution of
Gaz(S04)3 (30 mg, 35 pmol) in sulfuric acid (0.1 N) and the mixture was allowed to mix for 30
min at room temperature. After adjustment of the pH at 7, the solution was freeze-dried.

A final purification of the Ga(lll)-F4 fraction (12 mg) was accomplished following the previously
established preparative purification method to remove excess of gallium and other impurities.

All NMR spectroscopy experiments (1H, 13C and 2D) of lactuchelin (6.5 mg) were recorded
as the Ga(lll) adduct in DMSO-d6 on a Bruker Avance NEO 600 MHz spectrometer equipped
with a 5 mm DCH cryoprobe. HRMS fragmentation pattern was recorded during the
comparative metabolic profiling.

In vitro growth inhibition assay against Xanthomonas campestris pv campestris 8004

The Xcc8004 growth inhibition activity of fractions and purified lactuchelin was evaluated by
an in vitro growth inhibition assay. Fractions and purified lactuchelin were resuspended at 1


https://www.zotero.org/google-docs/?opYenp
https://www.zotero.org/google-docs/?opYenp
https://www.zotero.org/google-docs/?opYenp
https://doi.org/10.1101/2025.02.28.640635

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.28.640635; this version posted April 2, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

mg/mL in a 9:1 (v/v) water/DMSO mixture and mixed with 50% (v/v) of a fresh cell suspension
of Xcc8004 at an initial concentration of 1600 CFU/uL in TSB 20%. One hundred pl of the
resulting mix was added per well of 96 well-plates. The automated MilliDrop Azurevo (Eurofins,
France) system was used to identify the effect of fractions and purified lactuchelin on the
growth curve of Xcc8004 grown in TSB 10%. The MilliDrop experiments were done according
to the MilliDrop protocol. In brief, the bacterial growth was measured in droplets containing the
bacterial suspension by a spectrophotometer at different timepoints. The growth curves were
finalized after 30 h to prevent coalescence of the droplets. The bacterial droplets were grown
at 28 °C. The 96 well-plates used for the generation of droplets were also incubated in a
microplate spectrophotometer at 28°C and the OD was recorded every hour during 24 hours,
under constant shaking (150 rpm).

Results
Identification of a bacterial cell free supernatant inhibiting Xcc8004 growth

Growth of the phytopathogenic strain Xanthomonas campestris pv. campestris 8004
(Xcc8004) was evaluated in TSB10 medium supplemented with various cell-free supernatants
(CFSs) (Fig. S1). These CFSs were derived from (i) pure overnight cultures of 30 seed-borne
bacterial strains or from (ii) co-cultures of each bacterial strain with Xcc8004 (Fig. 1A and
Table S1).

Most of the CFSs derived from single or co-cultures did not modulate Xcc8004 growth (Fig.
1B and Fig. S2). The areas under the curve (AUC) of Xcc8004 following supplementation of
CFSs collected from single or co-cultures were overall similar, with average AUC values of 7.4
and 6.6, respectively (Fig. 1B). However, the CFS collected from the co-culture of P. lactucae
CFBP13502 and Xcc8004 decreased the AUC of Xcc8004 to 4.2 (Fig. 1B), which represented
a ~40% reduction compared to the CFS of P. lactucae CFBP13502 alone (Fig. 1C). Altogether
these results suggest that the co-culture of P. lactucae CFBP13502 with Xcc8004 produced
metabolite(s) limiting Xcc8004 growth.

To determine whether the growth reduction effect observed was specific to Xcc8004 or could
be generalised to other bacterial strains, (i) CFS collected from a pure culture of CFBP13502
and (i) CFS collected from the coculture of CFBP 13502 and Xcc8004 were applied to cultures
of the 30 bacterial strains employed in this study. The growth of 28 strains was inhibited by the
CFS derived from the co-culture in comparison with the CFS from the pure culture (Fig. S3).
However, the magnitude of this inhibitory effect varied, with reductions ranging from 15 to 60%
of their AUC. The three strains that were not sensitive to the co-culture supernatant were
affiliated to P. fluorescens CFBP13506, P. coleopterorum CFBP13575 and P. lactucae
CFBP13502.
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Fig. 1 : Impact of bacterial cell-free supernatants (CFSs) on Xanthomonas campestris pv.
campestris 8004 (Xcc8004) growth in TSB10. (A) Phylogenetic analysis of the 30 seed-borne
bacterial strains employed in this work. Heatmap displays Xcc8004 growth (Area under the curve, AUC)
following supplementation of CFSs derived from pure cultures of 30 seed-borne bacterial strains (blue-
single) or co-culture with Xcc8004 (yellow-dual). (B) Distribution of Xcc8004 growth (AUC) after
supplementation with CFSs from pure culture (blue-single) or co-culture (yellow-dual). (C)
Representative growth curves of Xcc8004 supplemented with CFS of a pure culture of CFBP13502
(blue - single) or a co-culture of CFBP13502 and Xcc8004 (yellow - dual).

Transcriptome profiling of P. lactucae CFBP13502 highlighted a biosynthetic gene
cluster involved in lipopeptide siderophore synthesis

To test whether the observed Xcc8004 growth reductions were also produced by CFBP13502
during interactions with other bacterial strains, CFSs were collected from co-cultures between
CFBP13502 and the 30 remaining bacterial strains. A decrease in the AUC of Xcc8004 growth
was observed for four of these dual CFSs derived from co-cultures of CFBP13502 with (i)
Xcc8004, (if) Stenotrophomonas rhizophila CFBP13503, (iii) S. rhizophila CFBP13529 and (iv)
Bacillus simplex CFBP13531 (Fig. 2A).

Transcriptome profiling of P. lactucae CFBP13502 was performed in two co-cultures that
produced CFSs with Xcc8004 growth inhibition (P. lactucae CFBP13502 with S. rhizophila
CFBP13503 or Xcc8004) and two co-cultures without reduction of Xcc8004 AUC (P. lactucae
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CFBP13502 with Pantoea agglomerans CFBP13505 or P. viridiflava CFBP13507, Fig. 2A).
RNAs were collected after 6h of co-culture, which corresponded to the late exponential growth
phase of P. lactucae CFBP13502.

Expression was detected in 97% of the 5,687 predicted genes of CFBP13502. Of the 99
differentially expressed genes (DEGs, P < 0.01, |log2FC| > 2), 29 were associated with iron
acquisition and iron gene regulation (Table S$3). Among these 29 up-regulated genes, 12 were
located within a biosynthetic gene cluster (BGC) over a 50 kb region (Fig. 2B). According to
antiSMASH v7.0 (Blin et al., 2023), this BGC possesses sequence similarities to BGC
associated with lipopeptide siderophores. The BGC of CFBP13502 is composed of five non-
ribosomal peptide synthase (/tcD-H) involved in the potential incorporation of the acyl chain
and seven amino acids (Fig. 2B). Two of these amino acids, aspartate and ornithine, are likely
modified by an aspartate B-hydoxylase (/tcC, Reitz et al., 2019), a L-ornithine N(5)-
monooxygenase (lfc/_1) and a N-hydroxyornithine acetyltransferase (/tcJ). The BGC also
encoded a thioesterase (/tcB) and an ABC transporter (/tcA) putatively involved in translocation
across the cytoplasmic membrane into the periplasm. The uptake of the ferrisiderophore in the
perisplasm is probably mediated through a specific TonB-dependent transporter (/tcK) and
translocation across the inner membrane is likely performed through the ABC transporter
FhuBCD. Iron removal is then probably performed through FhuF. Of note fhuC, fhuD and fhuB
were the only genes not differentially expressed under our experimental conditions. Moreover
other genes potentially involved in siderophore production were located outside the BGC. This
is the case for a a small MbtH like protein (APEGCL_19865 (Drake et al., 2007)), and a protein-
coding gene ltcl_2 (APEGCL_18425) sharing 72% of identity at the nucleic acid level with
Itcl_1. According to these genomic predictions, the BGC of P. lactucae CFBP13502 is therefore
potentially involved in the production of a lipopeptide siderophore. We propose to name this
siderophore lactuchelin.

The distribution of the lactuchelin BGC was searched in the 15,013 Pseudomonas genomic
sequences available at the time of analysis (April 2023). According to protein similarity search
this gene cluster is present in 38 Pseudomonas strains (Table S4). These strains are affiliated
to 8 bacterial species (according to the number of shared 15-mers (Briand et al., 2021)), which
belonged to P. fluorescens, P. putida and P. syringae groups.
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Fig. 2 : Up-regulation of a biosynthetic gene cluster involved in lipopeptide siderophore
production. (A) Area under the curve of Xcc8004 growth following supplementation of CFSs derived
from co-culture of CFBP13502 and 30 seed-borne bacterial strains. Bacterial strains are colored
according to their taxonomic affiliation at the Order level. Stars indicated the cocultures employed for
RNASeq experiment. (B) Biosynthetic gene cluster involved in synthesis of a lipopeptide siderophore
and in silico prediction of lactuchelin structure. (top) Composition of the biosynthetic gene cluster
containing 5 NRPS genes. (bottom) Domain architecture of the NRPS proteins and amino acids
predicted to be loaded, CAL : Co-enzyme A ligase domain, PCP: Peptidyl-Carrier Protein domain, C:

Condensation domain, TauD: hydroxylase, A: Adenylation domain, E: Epimerization domain, TE:
Thioesterase domain, C.
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Lactuchelin is responsible for the anti-Xcc8004 activity

In P. aeruginosa, production of type Il pyoverdine is abolished following deletion of pvdY2
(Lamont et al., 2006) an ortholog of /tcJ. A deletion mutant of /tcJ was performed in P. lactucae
CFBP13502 and complemented in trans with a complete copy of this gene in the plasmid
pBBR-MCS3 (see Methods). The three strains we co-cultured overnight with Xcc8004:
CFBP13502 wt, CFBP13502A/tcd and CFBP13502A/tcJ-pBBR-MCS3:/tcJ. The corresponding
CFSs of these three co-cultures were added in TSB10% medium and the growth of Xcc8004
was monitored. A CFS collected from a pure culture of CBP13502 was also added in TSB10%
as a control. We observed a significant (P< 0.05) reduction of Xcc8004 growth (Fig. 3A) in
media supplemented with the CFS collected from the co-culture CFBP13502 wt and Xcc8004
in comparison to the CFS of a pure culture of CFBP13502 wt. In contrast, no significant
difference in Xcc8004 growth was observed following supplementation of the CFS derived from
CFBP13502Altcd and Xcc8004 (Fig. 3A). Complementation of CFBP13502A/tcJ with pBBR-
MCS3:ltcd partially restored the growth inhibition of Xcc8004. Altogether these results
indicated that the BGC of CFBP13502 was responsible for the growth limitation of Xcc8004
observed following supplementation of the CFS.

If iron-chelation by lactuchelin is responsible for the growth reduction of Xcc8004,
supplementation of CFS with FeCls should alleviate the growth inhibition. A gradual increase
in Xcc8004 growth was observed following supplementation of CFS from Xcc8004 and
CFBP13502 co-culture with a range of FeCls; concentration (from 0,39uM to 50uM, Fig. 3B).
These results suggest that iron chelation by lactuchelin produced by CFBP13502 is likely
involved in the decrease of Xcc8004 generation time.
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Fig. 3 : (A) ItcJ mutation abolished the anti-Xcc8004 activity. Xcc8004 growth was monitored in
TSB10 medium supplemented with CFSs from CFBP13502 (yellow) and co-cultures of Xcc8004 and
CFBP13502 (blue), CFBP13502Altcd (purple) and CFBP13502A/tcJ pBBRMCS3-/tcJ (green). (B)
Xcc8004 growth inhibition is relieved by FeCls supplementation. Xcc8004 growth was monitored in
TSB10 medium supplemented with CFSs from CFBP13502 (blue) and co-culture of Xcc8004 and
CFBP13502 (yellow). Each CFS was supplemented with various concentrations of FeCls ranging from
0.39uM to 50uM.

To explore the impact of the inhibitory CFS on the physiology of Xcc8004 we employed a
library of barcoded transposon mutants (Luneau et al., 2022), specifically a method called
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random bar code transposon site sequencing (RB-TnSeq). The abundances of each barcoded
mutant was estimated after growth in TSB10 supplemented with (i) PBS, (i) CFS of Xcc8004
and (iif) CFS of Xcc8004-CFBP13502. When employing PBS and CFS of Xcc8004 samples
as a control group, we identified seven genes with negative fitness values (Fig. 4A-B).
However, only one genes (Xcc-8004.2406.1 or mntH) that encodes a manganese exporter
protein was specifically altered (T-test<0.01) in the CFS of Xcc8004-CFBP13502 in
comparison to PBS, and CFS from pure cultures of Xcc8004 (Fig. 4B).
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Fig. 4 : RB-TnSeq screening of Xanthomonas campestris pv. campestris fitness in inhibitory
CFS. (A) Comparison of gene contribution to fithess in TSB10 supplemented with PBS (Control) and in
TSB10 supplements with CFBP13502 and Xcc8004 CFS. Genes with no significant fithess are in gray.
Genes found as differentially represented in CFS condition are shown as red triangles. Each dot
corresponds to the mean of 3 replicates. (B) Heatmap highlights fitness (gradient color) of the significant
Xcc8004 genes in the different conditions.

Identification of lactuchelins in CFS

To identify the putative lipopeptide siderophore, we performed comparative metabolic profiling
of CFSs derived from pure cultures of CFBP13502 and Xcc8004 and CFS from the co-culture
of CFBP13502 and Xcc8004. Four different organic solvents (AcOEt, BuOH, DCM and MtBE)
were employed for liquid/liquid extraction with H-O. The BuOH-extracted fraction had the same
anti-Xcc8004 activity than CFS of CFBP13502 and Xcc8004 (Fig. S4).

Discriminant analysis of the different conditions in negative ionization mode highlighted 14
compounds enriched in the co-culture of CFBP13502 and Xcc8004 (Table 1), potentially
involved in bioactivity. Each of them harbors a neutral mass in accordance with a lipopeptide
generated by the BGC previously identified (minimal molecular mass 795.64 according to the
putative structure of the peptide backbone biosynthesised by the NRPS identified).
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Peak number  Retention time (min) m/z Neutral mass Anova (p) Max fold change

1 19.16 515.6610 1033.3366 2.05E-11 11

2 19.23 501.1806 1004.3758 1.60E-09 103
3 20.56 1023.3334  1024.3407 2.22E-16 36
4 23.08 548.1783 1098.3712 3.66E-15 19
5 23.08 1051.3659 1052.3732 4.44E-16 31

6 23.34 542.6866 1087.3878 1.28E-13 8

7 23.58 1121.3526  1122.3599 1.12E-10 13
8 23.70 1077.3797 1078.3870 1.11E-16 49

9 23.90 529.4484 1060.9114 1.08E-12 40290
10 23.90 548.1962 1098.4083 1.75E-08 12
11 24.23 1088.3928 1089.4001 2.07E-08 10
12 24.41 557.1781 1116.3708 1.59E-12 25
13 24.41 562.1927 1126.4000 5.90E-14 32
14 24.41 1079.3940 1080.4013 1.67E-15 28

Table 1 : List of metabolites enriched in CFS of coculture of CFBP13502 and Xcc8004, detected
in negative mode.

P. lactucae CFBP13502 was then cultivated in an iron-depleted M9 minimal medium to
improve the production of compounds involved in iron chelation. The production of the
metabolites described in Table 1 was increased (Fig. $5) as well as the inhibitory activity of
the CFS (Fig. S6). Twenty-six compounds with m/z ranging from 951.3821 to 1116.4193 were
detected in HRMS analysis in negative mode. They were classified into three series, where
mass differences of 2 or 26 between two molecules correspond to an additional unsaturation
or a methyl group, respectively. A Am/z of 52.9114 was calculated for certain compound pairs
between series 1 and 2, indicative of a ferric complex [M - 3H + Fe**], while a Am/z of 23.9581
was observed between compounds of series 1 and 3, corresponding to an aluminum complex
[M - 3H + APP*]. Altogether, these findings indicate that series 1 corresponds to the free forms
of the siderophores, series 2 to their ferric complexes, and series 3 to their aluminum
complexes. Thus, nine siderophores were identified in their free, Fe(lll)-bound, or Al(lll)-bound
forms, differing primarily by the length of their fatty acid chain, ranging from C8 to C16 (Table
S5).

The inhibitory activity of the different fractions obtained during the purification process was
evaluated against Xcc8004 (Fig. 5), showing an increase in inhibition with the concentration
of the compounds. The fraction F4, with a strong inhibitory activity, contained a purified
compound (1). The LC-MS/MS analysis in negative mode of this compound revealed an iron-
complex form with m/z at 1086.4011, corresponding to [M - 3H + Fe*']- of the Fe(lll)-(1), which
was consistent with a molecular formula of C43Hs7FeNsO21, the associated free form detected
in non-supplemented CFS harbour a m/z at 1033.4591 [M-H]-, in accordance with a molecular
formula of Cs3H7oNsO21. The mass fragmentation pattern in positive mode of the isolated
compound (1) confirmed the partial amino acid sequence: [fatty acid]-[BOHAsp]-[Ser]-[Ser]-
[Ser] (Fig. S7). Additional fragments of m/z 417.16 and 286.14, corresponding to a neutral lost
of 131.02 validated the presence of a second B-OH-Asp moiety. Iron complexed with
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compound (1) was removed by treatment with 8-hydroxyquinoline and the free form of
compound (1) was complexed with gallium for NMR analysis.

Structural characterization of Ga(lll)-(1) was achieved using 'H, *C, COSY, HSQC and HMBC
experiments (Table S6 and Fig. 6), as well as genetic predictions and MS/MS data. Initial
analysis of the "H and COSY spectrum revealed the presence of a lipopeptide containing eight
spin systems. This included the four canonical amino acid Ser and three non-canonical amino
acids, two B-OH-Asp and one ornithine (Orn). A final spin system was identified as a 3-
hydroxybutanoic acid (Hbu). A tetradecenoic acid moiety was identified by 'H and *C NMR
and confirmed by MS/MS analysis. HMBC and COSY correlations from the amide protons to
adjacent carbonyl carbons and alpha-protons identified the linear peptide sequence as
[BOHAsp]-[Ser]-[Ser]-[Ser]-[Orn]-[Ser]-[BOHAsp]. Due to the absence of correlations between
Hbu moiety and other spins systems especially between H-5 of the Hbu moiety and the a-
carbonyl C-3 of BOHAsp and carbonyl C-7 of Hbu moiety with the H-8 of Orn, the cyclization
of the peptide core was confirmed by comparison with the literature data in particular with
imaqobactin (Robertson et al., 2018). This confirmed the presence of a cyclic depsipeptide
linked between Orn and BOHAsp residues via Hbu. Finally, an HMBC correlation between NH-
36 and C-37 of the tetradecenoic acid moiety placed it on the NH-36 position coupled via an
amide linkage. The location of unsaturation was determined by the analysis of all HMBC and
COSY correlations. Unfortunately, the geometry of unsaturation was impossible to resolve due
to the impossibility to distinguish H-43 and H-44 both to &H 5.32. The isolated compound (1)
was named lactuchelin A.
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Fig. 5 : Xcc8004 growth inhibition of the fractions during the purification process of compound
1. Xcc8004 growth was monitored in TSB10 medium supplemented with fractions from CFS of culture
of CFBP13502 in iron-depleted M9. Growth inhibition was evaluated by the area under the curve of
growth curves (auc). CT: control, LLW: water extract from liquid/liquid partition, LLBW: BOH/water
emulsion from liquid/liquid partition, LLB: BUOH extract from liquid/liquid partition, SW: water fraction
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from SPE partition of BuOH extract, SWM: 50/50 water/MeOH (v/v) fraction from SPE partition of BuOH
extract, SM: MeOH fraction from SPE partition of BUuOH extract, F1, F2, F3, F4 and F5: fractions
obtained from purification of SWM on preparative HPLC.
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Fig. 6: Structural characterization of lactuchelin A. (A) Structure of lactuchelin A. (B)
Fragmentation pattern of lactuchelin A in MS/MS experiment, dashed lines represent the
characteristic “y” and “b” ions. (C) Key 'H-'"H COSY (blue line) and "H-"*C HMBC (red arrow)
correlations of lactuchelin A.

Discussion

By screening a collection of seed-borne bacterial strains for antagonistic properties towards
the seed-transmitted pathogen Xanthomonas campestris pv. campestris 8004, we identified a
cell free supernatant (CFS) that decreased Xcc8004 generation time of approximately 60%.
The antagonistic activity of this CFS was observed during co-culture of the producer strain P.
lactucae CFBP13502 with four specific bacterial strains tested in this work including Xcc8004.
The compounds involved in the growth inhibition of Xcc8004 are a new class of lipopeptide
siderophore that we named lactuchelins.

Lactuchelins are newly described hydroxamate siderophores featuring a cyclic depsipeptide
core composed of serine, B-hydroxy-aspartate, and N-hydroxyornithine, linked via ester and
amide bonds, with an additional 3-hydroxybutanoic acid moiety. This type of cyclization has
only been reported so far in imagobactin (Robertson et al., 2018). According to metabolomics
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we were able to identify nine compounds, detected in three different forms: free, complexed
with iron or complexed with aluminium. Due to low abundance of these compounds, only one
- lactuchelin A - could be fully characterized. The production of lipopeptide siderophores in
suites differing by the fatty acid tails is a well-known process, primarily observed in marine
environments (Butler, 2005). However, terrestrial examples have also been reported, such as
the cupriachelins from the bioplastic producer Cupriavidus necator (Kreutzer & Nett, 2012) and
serobactins from the grass endophyte Herbaspirillum seropedicae (Rosconi et al., 2013). The
combination of seven amino acid cores with a long fatty acyl chain results in amphiphilic
compounds excreted in microbial supernatants. The variation of fatty acid chain length (ranging
from C8 to C16) within the lactuchelins series enhances the partitioning of these siderophores
into cell membranes. This structural diversity likely improves not only iron uptake (Sandy &
Butler, 2009) but also the acquisition of other trivalent metals, such as aluminium (lll), in P.
lactucae, as evidenced by the detection of Al(lll) complexes.

Although HRMS analysis indicated that lactuchelins can complex ferric iron and aluminium,
several lines of evidence indicated that chelation of iron is involved in the growth inhibition of
Xcc8004. First FeClz supplementation of the CFS completely relieved growth inhibition.
Second, RB-TnSeq experiments have highlighted a decrease of fithess of mntH deficient
mutants in Xcc8004 following supplementation with CFS from the coculture of Xcc8004 and
CFBP13502. In Neisseria meningitidis, mntH encodes a manganese exporter protein that
regulates the intracellular ratio of Mn/Fe conferring protection against manganese toxicity at
low iron concentration (Veyrier et al., 2011). Other Xanthomonas species are sensitive to iron
deprivation by siderophores. For instance pyoverdine productions by P. putida KT2440 can
inhibit the growth of Xanthomonas fragariae (Henry et al., 2016). Finally, the growth inhibition
of a large number of strains (n=27) following CFS supplementation of the co-culture of Xcc8004
and CFBP13502 supports the chelation of an essential element for bacterial growth. The three
strains that were not impacted by this CFS corresponded to P. lactucae CFBP13502, P.
coleopterorum CFBP13575 and P. fluorescens CFBP13506. The two first strains
(CFBP13502, CFBP13575) possessed the BGC of lactuchelins that include the TonB-
dependent transporter LtcK potentially involved in lactuchelins uptake. While P. fluorescens
CFBP13506 does not have this BGC, an ortholog of LtcK is encoded in its genome sequence.
Therefore, this strain can potentially utilize lactuchelins produced by P. lactucae CFBP13502
via xenosiderophore utilization, a strategy called siderophore piracy (Traxler et al., 2012).

In comparison to pyoverdine, the distribution of lactuchelin biosynthesis genes within
Pseudomonas is much less important, representing 0.25% of the genome sequences
availables versus 97% for pyoverdine (Gu et al., 2024). Lactuchelins BGC is found in all strains
of P. lactucae (P. fluorescens group, (Sawada et al., 2021), P. californiensis (P. syringae group,
(Carvalho et al., 2022) and P. coleopterorum (P. putida group, (Menéndez et al., 2015) species.
Interestingly these lactuchelin-producing strains do not possess pyoverdine BGC. This “mutual
exclusion” between siderophores is not frequent. Indeed, most pyoverdine-producers strains
can usually synthesize other siderophores (known as secondary siderophores because of their
lower affinity for ferric iron) including the lipopeptide siderophores ornicorrugatin (Matthijs et
al., 2008) and histicorrugatin (Matthijs et al., 2016). The absence of pyoverdine BGC in
lactuchelin-producers is probably due to the fact that producing these two siderophores is too
costly to maintain. Lactuchelin production could reflect an iron acquisition strategy that is not
solely based on the diffusion of siderophores in the external environment (as is the case with
pyoverdines). Indeed the amphiphilic nature of lactuchelin could limit siderophore diffusion
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through membrane association (Gauglitz et al., 2014). As a result, moderate siderophore
secretion could then limit their use by individuals other than the producers (Kimmerli, 2023).

The induction of lactuchelin production by P. lactucae CFBP 13502 is specifically triggered
during coculture with three Lysobacteraceae strains (Xcc8004, Stenotrophomonas rhizophila
CFBP13503 and CFBP13529) and one strain of Bacillus simplex (CFBP13531). This suggests
that iron concentration is not the primary driver of lactuchelin biosynthesis under our
experimental conditions. Rather, this induction may result from signaling molecules that
stimulate lactuchelin biosynthesis. Previous studies have demonstrated that siderophore
production can be regulated by various factors, such as quorum sensing (Popat et al., 2017),
ions (Ztoch et al., 2016), and primary metabolites. For example, histidine represses the
histidine utilization repressor HutC, thereby inducing pyoverdine synthesis in P. fluorescens
SBW?25, independent of iron limitation (Naren & Zhang, 2020). Further investigation of the
interactions between Xcc8004 and P. lactucae 13502 is necessary to better understand the
mechanisms driving its induction.

In conclusion, P. lactucaea CFBP 13502, through its production of the newly identified
lipopeptide siderophore lactuchelin, emerges as a promising candidate for targeted microbial
seed treatments to reduce the impact of the seed-borne pathogen Xcc8004. While lactuchelin
exhibits broad antimicrobial activity within the seed microbiota, its specific induction by
Lysobacteraceae may facilitate a precise and efficient biocontrol strategy, minimizing
unintended disruptions to native microbial communities and the surrounding environment.
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Supplementary figures
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Fig. S1 : FlowChart culture-free supernatant experiments (CFSs)
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Fig. S2 : Xcc8004 growth following supplementation with CFSs. Xcc8004 growth was monitored in
TSB10 medium supplemented with single or dual cell-free supernatants (CFSs).
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Fig. S3 : The CFS of CFBP13502 and Xcc8004 inhibited the growth of a wide range of bacterial
taxa. 31 bacterial strains growth (panels) were measured for 24 hours in TSB10% supplemented with
CFS of CFBP13502 (single - blue) or CFS of CFBP13502+Xcc8004 (dual - yellow), using
spectrophotometer. Three replicates were performed for each condition.
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Fig. S4 : BUOH extracts inhibits Xcc8004 growth. Xcc8004 growth monitored in TSB10 medium
supplemented with fractions ethyl acetate (AcOEt), butanol (BuOH), dichloromethane (DCM) and methyl
tert-butyl ether (MtBE) obtained from CFS of Xcc8004 and CFBP13502. A. Growth curves of Xcc8004
in the different fractions.
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Fig. S5 : Extracted ion chromatograms of m/z between 900 and 1100, showing an increase of
lactuchelins production in iron-depleted M9 medium. Green trace, bottom : CFS of coculture of
CFBP13502 and Xcc8004 ; purple trace, up : single culture of CFBP13502 in iron-depleted M9 medium.
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Fig. S6 : Culture of CFBP13502 in iron-depleted M9 medium improves the anti-Xcc8004 effect of
the CFS. Xcc8004 growth monitored in CFSs from co-cultures of Xcc8004 and CFBP 13502 (yellow),
CFBP13502Altcd (purple) or CFBP13502A/tcJ pBBRMCS3-/tcJ (green). A. Xcc8004 growth monitored
in TSB10 medium . B. TextTextTextTextTextText. Stars denote statistically significant differences
(Wilcoxon-test , ** P < 0.01).
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Fig. S7 : Fragmentation spectra of compound (1) in positive mode m/z 1035.4727
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Supplementary tables

Table S1 : Bacterial strains used in this study.

Strain (CFBP) Biosample Species-Group Host Habitat Year Reference

8340 SAMNA 1088060 X campestris pv. campestris 8004 Brassica oleracea var. botrytis unknown 1958 Qian et al., 2005

13502 SAMNOS044009 Pseudomonas lactucae Raphanus sativus Flamboyant5 Seed 2013 Torres-Cortes et al., 2019
13503 SAMNOS062466 Stenotrophomonas rhizophila Raphanus sativus Flamboyant5 Seed 2013 Torres-Cortes et al., 2019
13504 SAMNOS062476 Pseudomonas koreensis subgroup Raphanus sativus Flamboyant5 Seed 2013 Torres-Cortes et al., 2019
13505 SAMNOS062489 Pantoea agglomerans Raphanus sativus Flamboyant5 Seed 2014  Torres-Cortes et al., 2019
13506 SAMNOS062490 Pseudomonas fluorescens subgroup Raphanus sativus Flamboyant5 Seed 2014 Torres-Cortes et al., 2019
13507 SAMNOS062491 Pseudomonas viridiflava Raphanus sativus Flamboyant5 Seed 2014 Torres-Cortes et al., 2019
13508 SAMNOS062492 Pseudomonas koreensis subgroup Raphanus sativus Flamboyant5 Seed 2014 Torres-Cortes et al., 2019
13509 SAMNOS062824 Pseudomonas fluorescens subgroup Raphanus sativus Flamboyant5 Seed 2014 Torres-Cortes et al., 2019
13510 SAMNOS062823 Pseudomonas lactis Raphanus sativus Flamboyant5 Seed 2014  Torres-Cortes et al., 2019
13511 SAMNOS063090 Erwinia persicina Raphanus sativus Flamboyant5 Seed 2014 Torres-Cortes et al., 2019
13512 SAMNOS063421 Paenibacillus Raphanus sativus Flamboyant5 Seed 2014 Torres-Cortes et al., 2019
13513 SAMNOS063410 Plantibacter Raphanus sativus Flamboyant5 Seed 2014 Torres-Cortes et al., 2019
13514 SAMNOS063676 Pseudomonas fluorescens subgroup Raphanus sativus Flamboyant5 Seed 2014 Torres-Cortes et al., 2019
13515 SAMNOS064882 Pseudomonas viridiflava Raphanus sativus Flamboyant5 Seed 2014  Torres-Cortes et al., 2019
13516 SAMNOS064883 Pantoea agglomerans Raphanus sativus Flamboyant5 Seed 2014 Torres-Cortes et al., 2019
13517 SAMNOS0643884 Pseudomonas fluorescens subgroup Raphanus sativus Flamboyant5 Seed 2014 Torres-Cortes et al., 2019
13528 SAMNOS064885 Pseudomonas fluorescens subgroup Raphanus sativus Flamboyant5 Seed 2014 Torres-Cortes et al., 2019
13529 SAMNOS064919 Stenotrophomonas rhizophila Raphanus sativus Flamboyant5 Seed 2014 Torres-Cortes et al., 2019
13530 SAMNOS064920 Enterobacter cancerogenus Raphanus sativus Flamboyant5 Seed 2013 Torres-Cortes et al., 2019
13531 SAMN16237854 Bacillus simplex Raphanus sativus Flamboyant5 Seed 2013 Garin et al., 2024

13532 SANMNOS064921 Pantoea agglomerans Raphanus sativus Flamboyant5 Seed 2013 Torres-Cortes et al., 2019
13533 SANMN16237857 Pseudomonas orientalis Raphanus sativus Flamboyant5 Seed 2013  Garin et al., 2024

13566 SAMN16237858 Pantoea agglomerans Raphanus sativus Flamboyant5 Seed 2014  Garin et al., 2024

13569 SAMN16237903 Pantoea agglomerans Raphanus sativus Flamboyant5 Seed 2015  Garin et al., 2024

13570 SAMN16237824 Plantibacter Raphanus sativus Flamboyant5 Seed 2013 Garin et al., 2024

13572 SAMN16237826 Pseudomonas viridiflava Raphanus sativus Flamboyant5 Seed 2013  Garin et al., 2024

13573 SAMN16237813 Pseudomonas lactis Raphanus sativus Flamboyant5 Seed 2013  Garin et al., 2024

13574 SAMN16237900 Pseudomonas syringae group Raphanus sativus Flamboyant5 Seed 2015  Garin et al., 2024

13575 SAMN16237901 Pseudomonas coleopterorum Raphanus sativus Flamboyant5 Seed 2015 Garin et al., 2024

13649 SANMN16237913 Pseudomonas fluorescens subgroup Raphanus sativus Flamboyant5 Flower 2016  Garin et al., 2024
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Table S2 : Primers used in this study.

Primer Sequence 5'-3' Description
Upe403F CTAGAGGATCCCCGGGTACCGTAGTAGGCCCGCTGAGTTT gReexzrﬁinnmerforlhe amplification of the upstream region of ItcJ and knock-out of the
UpeBO7R_1511 GTAATAGGGGGCGATGCGATCCGGCGTGGTCATGATGATTC gznrwealrtinr|merforthe amplification of the upstream region of ltcd and knock-out of the

Reverse primer for the amplification of the downstream region of ItcJ and knock-out of
the gene ltcJ
Forward primer for the amplification of the downstream region of ltcJ and knock-out of the

Dn1510F GATCGCATCGCCCCCTATTAC

Dne1920R CGAATTCGAGCTCGGTACCCGTGCATGGAGGCTCCTAAG

gene lItcJ
Upv403F GTAGTAGGCCCGCTGAGTTT Verification of the deletion of 702 pb in ItcJ gene
1218R_v_del_I TTCGCCGCTGAAGGTGTAG Verification of the deletion of 702 pb in ltcJ gene
Dnv1920R CGTGCATGGAGCCTCCTAAG Verification of the deletion of 702 pb in ItcJ gene

Forward primer for the amplification of the 1.5
kb fragment containing pvdY2, Xhol site underined
Reverse primer for the amplification of the 1.5
kb fragment containing pvdY2, Xbal site underlined

Upc719F TCTACTCGAGGGACGAACTCAGCAGGTCAA

Dnc2173R CATTATCTAGAACCGAAATCGACTGCGGAAT
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Table S3 : Differentially expressed genes of P. lactucae CFBP13502. Comparison of CFBP13502
transcriptome profiles was performed during co-cultures with (i) strains that produced a CFS with
Xcc8004 inhibitory activity and (i) strains that did not trigger CFS with inhibitory activity. Only
differentially expressed genes at a P < 0.01 and [log2FC| > 2 are displayed.

Locus tag log2FC  Gene Predicted function FeGenle (category)
APEGCL_00675 2.1 pnt8 NAD(P) transhydrogenase, beta subunit, PntB -

APEGCL_00680 2.0 pntAB putative NAD(P) transhydrogenase subunit alpha part 2, PntAB -

APEGCL 01120 3.9 2 3-butanediol dehydrogenase -

APEGCL 01975 38 hutF Formiminoglutamic iminohydrolase, HutF -

APEGCL 01995 6.7 huty Urocanase, HutU -

APEGCL 02000 orT ABC transport - membrane protein, OrfT -

APEGCL 02005 orfA ABC - perif binding OrfA -

APEGCL 02010 orfB ABC - oOrf8 -

APEGCL 02015 orfC ABC transporter - ATPase component, OrfC iron_aquisition-siderophore synthesis
APEGCL 02020 orfH Ortholog of HutH, OrfH -

APEGCL_02025 hutH Histidase, HutH -

APEGCL_02030 hutT Histidine permease, HutT -

APEGCL_02035 hut! Imidazolone propionate hydrolase, Hutl -

APEGCL_02040 hutG N-formylglutamate deformylase, HutG -

APEGCL_02525 putP Sodium/proline symporter PutP -

APEGCL_03690 tRNA-Met -

APEGCL_04195 TonB-dependent siderophore receptor iron_aquisition-siderophore_transport
APEGCL_04405 kdgD 5-keto-4 -

APEGCL 04515 fagA hypothetical protein -

APEGCL 04520 fumC Fumarate hydratase, FumC -

APEGCL 04525 orfX hypothetical protein -

APEGCL 04530 sodA Superoxide dismutase, SodA -

APEGCL 04535 Putative heavy-metal transporter iron_aquisition-ron transport
APEGCL 04685 hypothetical protein -

APEGCL 05320 fecR Anti-sigma factor, FecR iron _gene requlation
APEGCL 05325 fecl ECF Sigma factor, Fec! iron_gene_regulation

APEGCL_05330
APEGCL_10245
APEGCL_10250
APEGCL_11485
APEGCL_11500
APEGCL_11915
APEGCL_11920

DUF3649 domain-containing protein -
hypothetical protein -
hypothetical protein -

feml ECF Sigma factor, Fem! iron_gene_regulation
TonB-dependent siderophore receptor iron_aquisition-siderophore_transport
Rieske domain-containing protein -
FAD-dependent oxidoreductase -

APEGCL 12180 ABC transporter permease -
APEGCL 12465 acoA Acetoin dehydrogenase alpha subunit, AcoA -
APEGCL 12470 acoB Acetoin dehydrogenase beta subunit, AcoB -
APEGCL 12475 acoC Acetoin -
APEGCL 13070 kquD probable 2-hydroxyacid dehydrogenase, KquD -
APEGCL 13075 kquT probable 2-ketogluconate transporter, KquT -
APEGCL 13080 kgquk probable 2-ketogluconate kinase, Kquk -
APEGCL 13085 kquE hypothetical protein, KquE -
APEGCL_13090 ptxS Transcriptional regulator, PtxS -

APEGCL_13730
APEGCL_13735
APEGCL_13740
APEGCL_13990
APEGCL_15150

DNA-binding response regulator, LuxR famiy -
hypothetical protein -
hypothetical protein -
Major facilitator famiy transporter -
hypothetical protein -

APEGCL_15280 TonB-dependent siderophore receptor iron_aquisition-siderophore_transport
APEGCL 15285 TonB-dependent siderophore receptor iron_aquisition-siderophore_transport
APEGCL 15630 2-Keto-d-Glucose Dehydrogenase -
APEGCL 16170 ABC for D L i binding com -
APEGCL 16715 metE 5 i -
APEGCL 16895 DUF4137 domain-containing protein -
APEGCL 16990 fhuF Iron-hydroxamate reductase FhuF iron_aquisition-siderophore transport
APEGCL 16995 el 1 L-omithine N(5)}-monooxygenase, iron_aquisition-siderophore _synthesis
APEGCL 17000 ftcH Non-ribosomal peptide synthase iron_aquisition-siderophore synthesis
APEGCL_17005 IcG Non-ribosomal peptide synthase iron_aquisition-siderophore_synthesis
APEGCL_17010 McF Non-ribosomal peptide synthase iron_aquisition-siderophore_synthesis
APEGCL_17015 McE Non-ribosomal peptide synthase iron_aquisition-siderophore_synthesis
APEGCL_17020 itcD Non-ribosomal peptide synthase iron_aquisition-siderophore_synthesis
APEGCL_17025 #tcC Aspartate B-hydroxylase -
APEGCL_17030 itcB Thioesterase iron_aquisition-siderophore_synthesis
APEGCL_17035 McA Cyclic peptide export ABC transporter iron_aquisition-siderophore_synthesis
APEGCL_17050 fted N i iron_aquisition-siderophore_synthesis
APEGCL_17055 HteK Lactochelin-ron receptor iron_aquisition-siderophore_transport
APEGCL 17520 srbA sRNA regulator of biofims A -
APEGCL 17525 aceA Isocitrate lyase -
APEGCL 18225 PggA Coenzyme PQQ synthesis protein A, PqgA -
APEGCL 18240 MBL fold metallo-hydrolase -
APEGCL 18245 Qui dehydi i SoxYZ-ike camer -
APEGCL 18250 pedG Bacterial extracellular solute-binding proteins, family 3 -
APEGCL 18255 pedF Cytochrome c-type protein -

APEGCL_18275
APEGCL_18285
APEGCL_18315
APEGCL_18335
APEGCL_18420
APEGCL_18425

pedS2 Sensor histidine kinase, PedS2 -

pedA2 YVTN family beta-propeller repeat protein, PedA2 -

nosP Nitric oxide sensing protein, NosP -
ArsR family transcriptional requlator -
hypothetical protein -

el 2 L-omithine N{5}-monooxygenase, iron_aquisition-siderophore_synthesis
4 2.

APEGCL_18540 qabT iron_aquisition-siderophore_synthesis
APEGCL 19435 MFS transporter -

APEGCL 19440 QlucD D-glucarate dehydratase, GlucD -

APEGCL 19865 mbtH MbtH family protein -

APEGCL 19915 pvdS Iron requlated transcription activating factor, PvdS iron_gene regulation

APEGCL 22045 antK Gluconokinase, GntK -

APEGCL 22225 LysE/ArgO family amino acid transporter -

APEGCL 22410 gevH 1 Glycine cleavage system protein H, GevH -

APEGCL 22840 qap-1 3 1 -

APEGCL_22845 ECF Sigma factor iron_gene_regulation
APEGCL_22855 TonB-dependent transducers iron_aquisition-siderophore_transport
APEGCL_22860 hemO Heme oxygenase, HemO iron_aquisition-heme_oxygenase
APEGCL_23715 hypothetical protein -

APEGCL_26110 fiul RNA polymerase sigma factor iron_gene_regulation
APEGCL_26115 fiuR Anti-sigma factor, FUR iron_gene_regulation
APEGCL_26500 Lyase, putative -

APEGCL 26655 dguC Pernplasmic solute binding protein, DguC -

APEGCL 26660 hypothetical protein -

APEGCL 26665 D-amino acid dehydrogenase -

APEGCL 27375
APEGCL 28690

hypothetical protein -
ECF Sigma factor iron_gene
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Table S4 : Distribution of the lactuchelin BGC within Pseudomonas strains.

Biosample Hb sze O ismH ame Species Pseudomonas groups clustas Biom Location Host Host tissue
SAMN 07459505 65 4979003 P.fragi F1815 unknown P . flucrescens oroup G_101 Stored beef Australia MNA NA

SAMN 16237070 25 4842123 P .coleopterorum CFBP 13615 P. cdeopterorum P . puticla oy cup G_104 Plart France Phasealus vulgaris Se=d

SAMN 16237062 .} 4843938 P .coleopterorum CFBP 13599 P. cdeopterorum P putida o cup G_104 Plart Frence Phasealus vulgaris Se=d

SAMN 16237901 B 4805492 P .coleopterorum CFBP 13575 P. cdeopterorum P . putida o cup G_104 Plart France Raphanus sativis Se=d

SAME 8104472687 62 4706160 P . viridifiava p2E4 P. cdeopterorum P . putida o cup G_104 Plart Germeny Arabidopsis thaliana Leaf
SAMEA104471794 195 4853911 P .viridifiava p11.C6 P. cdeopterorum P . putica oy cup G_104 Plart Germeany Arabidopsis thaliana Leaf

SAMN 04151643 13 4877329 P ssudom oras Leafl 29 P. cdeopterorum P . putida o cup G_104 Plart Switzerland Arabidopsis thaliana Leaf

SAMMN 06853640 ) 4732857 P seudom oras RIT-Pl-a P. cdeopterorum P . putica oy cup G_104 Plart usa Toxicodendron radicans NA&
SAMND5216510 2 4922895 P .coleopterorum LM G 285587 P. coeopterorum P putida o oup G_104 Anima CzechRepublic  Hylesinus fraxini NA&

SAMN 25640549 s 5861354 P szudomoras sp. TNT11 P.margiralis P flucrescens o oup G_146 Sail Antarclica NA& NA

SAMN 16411057 109 7009445 P .verorii 1804 P.margiralis P fluorescens oroup G_146 ‘Wastewaer Dermark NA& NA&

SAMN 13243210 1 6377537 P.margiralisICMP 35537 P.margiralis P flucr escens o cup G_146 Plart usa Cichorium intybus Leaf

SAMN 02468436 1 5M 8820 P seudom oras Lz4w P. paraversuta P fluorescens oroup G_198 Soail Antarctica NA& NA&

SAMN 04371285 1 5101808 P.fragi P121 P. paraversuta P flucrescens o oup G_198 Sail Ardtic MNA NA&
SAMEAT131756 2 5015321 P .paraversuta UBT376 P. peraversua P flucrescens group G_198 Mincedmeat Germeany NA& Na
SAMN 11653302 30 4975116 P szudomoras 9.1 P. paraversuta P . flucrescens oroup G_198 Seasedmerts - MNA NA&

SAMN 10617661 B 5239703 P seudomoras PAMC 29040 P. paraversuta P flucrescens o oup G_198 Sail Antarclica NA& NA

SAMN 02470565 48 5070893 P . fragi A22 P. paraversuta P.flucrescens oroup G_198 Soil Ardtic NA& NA&
SAMN10724583 <) 4754740 P seudom oras TMWW22089 P. paraversuta P fluorescens o oup G_198 Packaged mincGermeany NA& NA
SAMEATI3757 63 5003339 P paraversuta V4D ABIS4i2a" P. per aversuta P . fluorescens oroup G_198 M old-ripened d Germ any MN& N
SAMN13831438 638 5291230 P seudom oras FI4BN 2 P. paraversuta P . flucrescens o oup G_198 Water France NA& NA

SAMN 14766589 2004 4706572 P ssudomoras GC 01 P. paraversuta P.flucrescens oroup G_198 Soil Antarctica NA& NA&

SAMN 02470777 1 6270867 P . flucrescens WHE P.lactucee P flucrescens o oup G_239 Plart usa Triticum aestivam Rhizosphere
SAMN 05589716 40 6391767 P . flucrescens AH4 P.lactucae P flucrescens oroup G_239 Plart usa Poa Rhizosphere
SAMH 09049009 53 6144992 P.lactucae CFB P13502 P. lactucae P.fluorescens group G_239 Plant France Raphanus sativus Seed

SAMN 05580722 2] 6142928 P . flucrescens G2Y P.lactucee P fluorescens oroup G_239 Plart usa Lodium perenne Rhizosphere
SAMNQSS89723 43 6134297 P flucrescens A34224 P.lactucae P flucrescens group G_239 Soil usA Foa Rhizosphere
SAMN 05589718 a 6135529 P .flucrescens TDH40 P.lactucae P fluorescens oroup G_239 Plart usa Poa Rhizosphere
SAMN 17975962 23 6272383 P .lactucae M AFF 301381 P.lactucae P flucrescens group G_239 Plart Japan Lettuce Leaf
SAMNA17975957 68 6257063 P .lactucse M AFF 3013807 P.lactucee P flucrescens oroup G_239 Plart Japan Lettuce Leaf

SAMN 04076495 1 5149788 P .versua 10107 P.versuta P flucrescens group G_291 Sail Antarctica NA NA

SAMN 06011243 kel 5219878 P .versuta 24R15 P. versuta P flucrescens o oup G_291 Sail Antarclica NA& NA
SAMN0B011244 10 5101242 P .versuta 24R112 P.versuta P flucrescens oroup G_291 Soil Antarctica NA& NA&

SAMN 14311042 153 6069155 P .typographi C2L11 P . typographi P . putida o cup G_456 Beetle CzechRepublic  fps typographus NA
SAMN14311043 165 5858923 P .typographi C2L12B P . typographi P . putida o cup G_456 Bedtle CzechRepublic  fvs typographus NA&

SAMN 14311041 208 5979767 P typographi ca3aT P . typographi P . putica o cup G_456 Beetle CzechRepublic  fps typographus NA

SAMN 18822676 147 6291404 P . californiensis CDF 26017 P. cdiforniensis P.syringae o oup G_527 Plart usa Delphiniom Leaf

SAMMN 18822677 149 6292325 P . californiensis CDF 8602 P. cdiforniensis P.syringae o oup G_527 Plart usa Delphiniven Leaf
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Table S5 : Compounds corresponding to lactuchelins detected in CFS of CFBP13502 and masses of their different forms (free, Fe3+, Al3+). nd : not
detected, uns : unsaturated form

Mass free form > 2
Compound | Raw formula | Calculated mass lonisation Masske complex MassAl' complex Fatty acid lenght
lon formula lon formula
Positi Calculated +|C37H61N8021 953.39513| C37H58FeN8021 1006.30659| C37HS8AIN80O21 977.35319
OStVE " IMeasured + 953.3934 1006.3068 977.3532
1 C37H60N8021 952.3873 c8
Negative Calculated - [C37H59N8021 951.37948| C37H56FeN8021 1004.29094| C37HS6AIN80O21 975.33754
g Measured - 951.3821 1004.2941 975.3389
Positi Calculated +|C37H63N8021 979.41078| C39H60FeN8021 1032.32224| C39H60AIN80O21 1003.36884,
osiive
2 C39H62N8021 978.40295 Measured + 979.4087 1032.3207 1003.367| €10+ uns
Negative Calculated - [C37H61N8021 977.39513| C39H58FeN8021 1030.30659| C39HS58AIN80O21 1001.35319
g Measured - 977.3975 1030.3094 1001.3546
Positive Calculated +|C39H65N8021 981.42643| C39H62FeN8021 1034.33789| C39H62AIN80O21 1005.38449
3 C39H64NSO21 980.4186 Measured + 981.4251 1034.3368 1005.3823 c10
Negative Calculated - [C39H63N8021 979.41078| C39H60FeN8021 1032.32224| C39H60AIN80O21 1003.36884,
8 Measured - 979.4135 1032.3253 1003.3707
Positive Calculated +|C41H67N8021 1007.44208| C41H64FeN8021 1060.35354| C41H64AIN80O21 1031.40014
4 CA1HEENSO1 1006.43425 Measured + 1007.4396 1060.3512 1031.3972 €12 + uns
Negative Calculated - [C41H65N8021 1005.42643( C41H62FeN8021 1058.33789| C41H62AIN80O21 1029.38449
8 Measured - 1005.4294 1058.3414 1029.3853
Positive Calculated +|C41H69N8021 1009.45773| C41H66FeN8021 1062.36919| C41H66AIN80O21 1033.41579
5 CA1HE8NSO1 1008.4499 Measured + 1009.4554 1062.3693 1033.4131 12
Negative Calculated - [C41H67N8021 1007.44208( C41H64FeN8021 1060.35354| C41H64AIN80O21 1031.40014
8 Measured - 1007.4453 1060.3572 1031.4011
Positive Calculated +|C43H71N8021 1035.47338| C43H68FeN8021 1088.38484| CA43H68AIN80O21 1059.43144
6 Ca3H70N8O21|  1034.46555 Measured + 1035.4722 1088.3828 1059.4291 C14+ uns
Negati Calculated - [C43H69N8021 1033.45773| C43H66FeN8021 1086.36919| C43H66AIN8O21 1057.41579
€83MVE  IMeasured - 1033.4618 1086.3732 1057.4166
Positive Calculated +|C43H73N8021 1037.48903( C43H70FeN8021 1090.40049| C43H70AIN80O21 1061.44709
7 CA3H72N8O21 1036.4812 Measured + 1037.4872 1090.3992 1061.4453 c1a
’ Negati Calculated - [C43H71N8021 1035.47338( C43H68FeN8021 1088.38484| C43H68AIN8O21 1059.43144
egative
gat! Measured - 1035.4767 1088.3884 1059.4318
Positi Calculated +|C45H75N8021 1063.50468( CA5H72FeN8021 1116.41614| CA5H72AIN8021 1087.46274
osiive
s Ca5H7ANS021|  1062.49685 Measured + 1063.5018 nd 1087.4608 C16+ uns
Negative Calculated - |C45H73N8021 1061.48903| CA5H70FeN8021 1114.40049| CA45H70AIN8O21 1085.44709
g Measured - 1061.4913 1114.4019 1085.4479
Positive Calculated +|C45H77N8021 1065.52033| CA5H74FeN8021 1118.43179| CAS5H74AIN8021 1089.47839
9 CASH76NS021 1064.5125 Measured + 1065.5183 1118.4302 nd c16
Negative Calculated - |C45H75N8021 1063.50468| CA5H72FeN8021 1116.41614| CASH72AIN8021 1087.46274
& Measured - 1063.5074 1116.4193 nd
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Table S6 : "H NMR (600 MHz) and '*C NMR (150 MHz) spectroscopic data of Ga(lll)-(1) in DMSO-
ds (8 in ppm, J in Hz).

No Sy, mult. () bc
1 - 173.6
2 3.82,d(2.5) 74.2
E 4.43, dd (8.2; 2.0) 56.1
4 - 167.9
5 5.37,m 67.1

{a) 269, dd
(15.2;11.3)
6 35.3
{b) 2.89,dd
{15.2;11.3)
7 - 162.6
(a) 3.39

{overlapped by
residual water

8 signal, deduced 505
from 2D NMR)
) 413,m
(@) 165 m
9 23
(k)  1.8,m
@) 169,m
10 289
)  2.02,m
11 4.35, td (9.3; 4.4) 52.7
12 - 171.4
13 6.88, d (8.5)
14 4.19,m 55.0
@ 3.91,d(82)
15 62.2
)  4.08d(82)
16 = 169.5
17 6.99, m
18 1.12,d (6.1) 19.8
19 8.05,d 87)
20 - 169.7
21 427,m 56.4
(a)  3.65,dd
22 (10.9; 2.6) 60.6
) 378 m
23 7.84,d(7.3)
24 - 171.8
25 4.08,d 8.2) 54.8
(a)  371,dd
26 07:24) 61.6
) 386dd
(10.7,2.4)
27 6.99, m
28 = 168.8
29 4.19,m 56.14
{a)  3.51,dd
30 (10.3;2.7) 60.8
) 378 m
31 7.66, br. s
32 Foa01
33 a7,deo) ¥ ses
34 461, s oo
35 F 600
36 8.20, d (8.0)
a7 Foom
38 2.17,m F'ooasg
39 1.49, m Fooasa
40 1.26,m F o3
41 1.26,m ¥ s
a2 1.97,m F o o%s
a3 5.32,m F o0
a4 5.32,m F o0
45 1.97,m Foss
46 1.29, m r 29.1
47 1.26, m r 283
48 1.26,m Fooan
49 1.26,m Foon
50 oss,tie8 T 140
15-OH 9.37,br.s

34-0H 10.99, br. s


https://doi.org/10.1101/2025.02.28.640635

