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ABSTRACT: Bacterial genomes encode numerous cryptic biosynthetic gene clusters (BGCs) that represent an untapped potential
source of drugs or biopesticides. However, the limited analysis of BGCs in a specific genus has limited the discovery of their natural
products through genome mining. Herein, we report the systematic analysis of the biosynthetic potential of 136 genomes of the
Chromobacterium genus. A total of 1713 BGCs were identified and grouped into 190 gene cluster families (GCFs). However, only
eight BGCs from seven GCFs have been functionally characterized, highlighting the vast underexplored potential of the genus for the
production of novel natural products. Guided by this analysis, we investigated a cryptic BGC of GCF9 featuring a glycosyltransferase
and a nonribosomal peptide synthetase (NRPS) with a starter condensation domain, leading to the identification of a class of
glycolipopeptides chromorhipeptins from Chromobacterium rhizoryzae. Chromorhipeptins A and B demonstrated broad-spectrum
antifungal activity against several plant pathogenic fungi, including Valsa mali, with minimum inhibitory concentrations (MICs) at
0.04 and 0.16 μM, respectively, outperforming the fungicide carbendazim (MIC = 0.78 μM). These findings revealed the
biosynthetic potential of Chromobacterium and underscored the power of genome mining to unlock cryptic bacterial natural products
for crop protection against plant pathogenic fungi.
KEYWORDS: natural product, genome mining, antifungal activity, nonribosomal lipopeptides, Chromobacterium

■ INTRODUCTION
Bacteria are a vital source of bioactive natural products for the
development of therapeutic agents and ecofriendly biopesti-
cides.1−3 Global analysis of bacterial genomes show that only
3% of the natural products potentially encoded in bacterial
genomes have been experimentally characterized,4,5 leaving
many biosynthetic gene clusters (BGCs) in bacteria to be
explored for novel bioactive natural products.5 Genome mining
has accelerated the discovery of new natural products through
bioinformatic-guided prioritization of cryptic BGCs.6−8 How-
ever, the lack of detailed analysis of the BGCs within specific
genera, such as Chromobacterium spp., has limited the further
discovery of its natural products via genome mining.
The genus Chromobacterium, classified within the family

Chromobacteriaceae, order Neisseriales, class β-Proteobacteria, is
Gram-negative bacteria with remarkable secondary metabolic
versatility, including alkaloids, peptides and polyketides.9−14

These bacteria are predominantly distributed in tropical and
subtropical aquatic and soil ecosystems, with certain species
colonizing continental low-temperature regions and even the
human gut.15,16 Chromobacterium spp. produce pharmaceuti-
cally significant natural products (NPs), including the FDA-
approved anticancer agent romidepsin (FK228),9 potent Gq
protein inhibitor FR900359,10 and antibacterial agent viola-
cein.11 In addition, Chromobacterium spp. have been used in
agriculture for pest control; for example, Chromobacterium
subtsugae strain PRAA4-1 is the active ingredient of the
bioinsecticide Grandevo.17 However, NPs research in this
genus mainly focused on the model species C. violaceum, and

most compounds were discovered before the 2000s, except for
the genome mining of the lipopeptides valhidepsins from C.
vaccinii,18,19 This suggests that its biosynthetic potential
remains largely unexplored. Therefore, an in silico systematic
analysis of BGCs in Chromobacterium would facilitate the
evaluation of the biosynthetic potential and the discovery of
bioactive compounds from this genus through genome mining.
Nonribosomal peptide synthetases (NRPSs) are the most

widespread natural product BGCs in bacterial genomes,20 and
these products nonribosomal peptides (NRPs) have rich
structural and bioactive diversity.21 NRPSs usually comprise
several modules, each module generally containing adenylation
(A) domain, condensation (C) domain, and the peptidyl
carrier protein (PCP),22 which is responsible for amino acid
activation and peptide bond formation.23 The selectivity of
NRPS A domains combined with the catalytic domain
organization that generally follows the collinearity principle
enables the predict of amino acid building blocks and the
putative peptide structure.23,24 The diversity of NRPs generally
originates from the different substrates of the A domains,
multiple types of C domains, the presence of optional domains
such as epimerization (E) and methylation (MT) domains,
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and postassembly modifications such as glycosylation catalyzed
by glycosyltransferases.25,26 In general, glycosylation increases
the diversity of peptides and broadens the range of
functionality.27 Some NRPs have a fatty acyl chain at their
N-terminal to form the nonribosomal lipopeptide (NRLP),
which is introduced by a starter condensation (Cs) domain or
fatty acyl ligase at the initiation of NRPS, and the fatty acyl
chains of lipopeptides show significant effects on their
biological activities.28−31 NRLPs play critical pharmaceutical
roles as antibiotics (e.g., daptomycin and polymyxin), while
also serve as principal antifungal substances of biocontrol
bacteria, such as surfactin, fengycin, and iturin from Bacillus
spp. and syringomycin, viscosin, and tolaasin from Pseudomo-
nas spp.32−34

Because lipidation and glycosylation enhance the membrane
targeting ability of antimicrobial compounds and pharmacoki-
netic properties, they are the two common modification
approaches to increase peptide efficacy.35 NRLP BGCs
containing glycosyltransferase genes usually produce glycosy-
lated NRLPs, also known as glycolipopeptides, representing an
intriguing class of peptides with lipidation and glycosylation
modifications, e.g., the antifungal occidiofungins from
Burkholderia spp.36 and the antifungal and cytotoxic
hassallidins produced by cyanobacteria.37 Thus, genome
mining of potential glycolipopeptide BGCs facilitates the
discovery of bioactive natural products.
In the present study, we first systemically analyze the BGCs

and gene cluster families (GCFs) in the Chromobacterium
genus, revealing its large biosynthetic potential. Among these
GCFs, GCG9 harboring a Cs domain-contained NRPS
together with a glycosyltransferase, suggesting its product
could be a class of glycolipopeptides. Guided by this analysis,
the products of a cryptic NRPS BGC chr (belong to GCF9) in
C. rhizoryzae, chromorhipeptins A−D, was identified by
CRISPR/Cas9-mediated gene inactivation, compound purifi-
cation, and structural elucidation. Chromorhipeptins A and B
exhibited potent antifungal activity against plant pathogenic
fungi such as Valsa mali (apple canker), surpassing the
commercial fungicide carbendazim, demonstrating the power
of genome mining to discover bioactive natural products for
agriculture applications.

■ MATERIALS AND METHODS
General Experimental Procedures. Optical rotations were

obtained on a Rudolph AUTOPOL IV automatic polarimeter and
were uncorrected. All NMR spectra were acquired on a Bruker
AVNEO 600 MHz NMR spectrometer. HRESIMS data were
obtained on a Bruker Impact HD microTOF Q III mass spectrometer
(Bruker Daltonics, Bremen, Germany) operating in positive-ion mode
with direct infusion. HPLC-MS was operated using a Thermo
Scientific Dionex Ultimate 3000 system equipped with a Thermo
Scientific Acclaim C18 column (2.1 × 100 mm, 2.2 μm). Column
chromatography was performed using reversed phase C18 gel (YMC).
Semipreparative reversed-phase HPLC was performed on an Agilent
1260 Infinity II (Agilent Technologies) or a Shimadzu Essentia LC-16
liquid chromatography system with an ODS column (Agilent
ZORBAX Eclipse XDB-C18, 9.4 × 250 mm, 5 μm, 2.5 mL/min).
Whole-Genome Sequencing and Analysis. The whole-genome

sequencing of C. rhizoryzae was completed with the Illumina and
Nanopore platforms from Wuhan Benagen Technology Co., Ltd. The
Unicycler38 (Version 0.5.0) sequence assembly system was used to
assemble the genome.
Global Genome Mining of BGCs in Chromobacterium

Genomes. Genome Collection and Phylogenetic Analysis. A total
of 131 Chromobacterium genomes were retrieved from the National

Center for Biotechnology Information (NCBI; https://www.ncbi.
nlm.nih.gov/)39 (data updated to July 2024) and supplemented with
five additional genomes from our laboratory collection. Genomic
metadata, including accession numbers, genome sizes, and assembly
types, were downloaded via the NCBI FTP server. Assembly quality
of all 136 genomes was assessed using CheckM240 (v1.0.2) to
evaluate completeness and contamination rates. Phylogenetic
reconstruction was performed with UBCG41 (v3.0) based on their
conserved bacterial marker genes, and the resulting tree was visualized
and annotated using iTOL42 (Interactive Tree of Life).

Diversity and Novelty Analysis of Biosynthetic Gene Clusters
(BGCs). All genomes were processed using the command-line version
of antiSMASH43 (v7.1.0) with default parameters for BGC prediction.
A custom Python toolkit (https://github.com/BioGavin/astool) was
employed to extract the number and class of BGCs, along with
relevant architecture information, from the antiSMASH outputs. To
assess the diversity and novelty of the predicted BGCs, all BGCs were
compared to those in the Minimum Information about a Biosynthetic
Gene Cluster (MIBiG) database44 (v4.0) and all previously
characterized gene clusters from this genus using biosynthetic gene
similarity clustering and prospecting engine (BiG-SCAPE)45 (v2.0)
with a similarity threshold of 0.3. Gene cluster networks were
visualized and annotated using Cytoscape46 (v3.10.0). Clinker47 was
utilized to align and visualize representative BGCs from an NRPS
gene cluster family containing a starter condensation (Cs) and uridine
diphosphate glycosyltransferase. Fasttree48 was utilized to align the C
domains of the chr BGC. The phylogenetical tree was visualized and
annotated using iTOL.
Microorganism and Culturing Conditions. The Chromobacte-

rium rhizoryzae strain MCCC 1K07697 was isolated from activated
sludge that was collected at Xiamen University Sewage Treatment
Plant and purchased from the Marine Culture Collection of China
(MCCC). For seed culture, a single colony was inoculated into 50 mL
of Luria−Bertani (LB) medium (10 g/L tryptone, 5 g/L yeast extract,
10 g/L NaCl) in a 250 mL flask and incubated at 30 °C with shaking
(200 rpm) for 24 h. Subsequently, 0.5 mL overnight seed culture was
transferred into 50 mL of potato dextrose broth (24 g/L Potato
Dextrose Broth) in 250 mL flasks (total: 200 flasks, 10 L medium) at
30 °C, 200 rpm for 3 days. 2% XAD-16 resin was added to adsorb
metabolites, followed by methanol extraction (35 mL per flask). The
combined extracts were evaporated under reduced pressure. The
extract was obtained and analyzed by HPLC-MS according to the
report. Empty medium was utilized as acontrol.49

Genetic Manipulation. Genetic inactivation of the target genes
(Table S1) of C. rhizoryzae cluster were used by the CRISPR/Cas9-
mediated knockout.50,51 The CRISPR/Cas9 plasmid was constructed
from the sgRNA fragment, pKCcas9dO vector,52 and 1kb
homologous arms at both ends of the desired deletion genomic
region via Gibson assembly in the E. coli GB05-dir competent cells.
The vector fragment was obtained by the double digestion of
pKCcas9dO with HindIII and SpeI. The 1 kb homology arms of chrA
were amplified by PCR using genomic DNA as the template with
primer pairs 7697B4H1-F/R and 7697B4H2-F/R. The sgRNA
fragment was generated through two-step PCR amplification using
pKCcas9dO as the template with primer pairs gRNA-R-S08/
gRNA_target-S08 and gRNA-R-S08/gRNA_target-S08-2. These
correct plasmids were verified by restriction digestion. One milliliter
of overnight liquid LB culture of E. coli ET12567/pUZ8002 was
transferred into 1.3 mL fresh LB medium and incubated at 30 °C, 950
rpm for 3 h. Then the cultures were centrifuged at 9600 rpm for 30 s
at 25 °C in a centrifuge and the supernatant was discarded as much as
possible. The pellets were resuspended in 1 mL precooled ddH2O.
This step was repeated, and the cell pellets were resuspended with 30
μL ddH2O; 1.5 μg constructed plasmids were added and mixed
gently. The plasmid pKCcas9dO-del-dBGC4 was electroporated into
E. coli ET12567/pUZ8002, and positive transformants were selected
using double-antibiotic plates containing kanamycin (Km) and
apramycin (Apra). These obtained transformants were subjected to
conjugation with C. rhizoryzae MCCC 1K07697 on LB agar plates.
Leveraging the natural tolerance of the recipient strain MCCC
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1K07697 to ampicillin (Amp), positive postconjugation colonies were
selected using dual-antibiotic plates supplemented with Amp and
Apra. Finally, PCR amplification of the target region followed by
sequencing was performed to validate the CRISPR/Cas9-mediated
gene knockout. This verified colony was fermented, and the crude
extract was subjected to LC-MS analysis. The same method was used
to knock out genes chrD and chrE. Strains, plasmids, and PCR primers
used in this study are given in Tables S2 and S3.
Purification and Compound Identification. For purification of

the chromorhipeptins, a total of 10 L of culture was prepared using
PDB medium under conditions similar to those for the small-scale
fermentation. After 3 days of incubation, 2% Amberlite XAD-16 resin
was added, and the mixture was incubated for another 1 day. The

XAD-16 resin was thereafter collected for further extraction by
methanol (1L in total). All the organic solvents were combined and
dried by the evaporator, resulting to 10 g of crude extracts. The crude
extracts were subjected to by ODS silica gel using MeOH-H2O
solvent system (4:6, 5:5, 6:4, 7:3, 8:2, and 1:0 v/v) to obtain six
fractions (Fr.1−Fr.6). These fractions were subsequently analyzed by
HPLC-MS to check for chromorhipeptins. Fr.5 was purified via
semipreparative HPLC (Agilent ZORBAX SB-C18 column, 5 μm, 9.4
× 250 mm) using an isocratic elution of 40% acetonitrile in water
(0.1% formic acid) at 2.5 mL/min. Detection wavelengths were set to
210 and 275 nm. Under these conditions, chromorhipeptins A (1, 5.0
mg) and B (2, 5.0 mg) were isolated. Similarly, Fr.3 yielded

Figure 1. Phylogenetic analysis and distribution of biosynthetic gene clusters (BGCs) in 136 Chromobacterium Genomes. (A) The maximum-
likelihood phylogenetic tree of 136 Chromobacterium genomes is shown, with species classification annotated for 11 clearly defined species;
remaining strains are grouped as “Others”. Layers 2−9 illustrate the distribution of eight BGC classes: NRPS (nonribosomal peptide synthetases),
RiPPs (ribosomally synthesized and post-translationally modified peptides), Terpene, PKSother (other polyketide synthases), PKS-NRP_Hybrids,
Saccharides, PKSI (type I polyketide synthases), and Others. Color intensity in each layer corresponds to the number of BGCs per genome for each
class. Layer 10 indicates the total BGC count per genome. (B−I) Bar plots depict the mean number of BGCs for each class across 11
Chromobacterium species with ≥2 genomes. (B) NRPS, (C) RiPPs, (D) Terpene, (E) PKSother, (F) PKS-NRP_Hybrids, (G) Saccharides, (H)
PKSI, (I) Others.
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chromorhipeptins C (3, 7.0 mg) and D (4, 7.0 mg) under identical
chromatographic parameters.
Chromorhipeptin A (1). White amorphous powder; [α]20 D −17.5

(c 0.1, MeOH); for 1H and 13C NMR spectroscopic data, see Table
S4; HR-ESI-MS m/z 1195.6363 [M + H]+ (calcd for C57H86N12O16,
1195.6358, Δppm = −0.4).

Chromorhipeptin B (2). White amorphous powder; [α]20 D −12.2
(c 0.1, MeOH); for 1H and 13C NMR spectroscopic data, see Table
S4; HR-ESI-MS m/z 1357.6815 [M + H]+ (calcd for C63H96N12O21,
1357.6886, Δppm = 5.2).

Chromorhipeptin C (3). White amorphous powder; [α]20 D −26.0
(c 0.1, MeOH); for 1H and 13C NMR spectroscopic data, see Table

Figure 2. Biosynthetic gene cluster (BGC) similarity network and functional annotation of GCF9. (A) The similarity network of 1713 BGCs from
136 Chromobacterium genomes, together with eight characterized gene clusters of this genus clustered into 190 gene cluster families (GCFs) using
BIG-SCAPE (v2.0; similarity threshold: 0.3). Nodes represent BGCs, edges denote similarity scores of ≥0.3, and node colors correspond to distinct
GCFs. (B) Annotation and comparative analysis of representative BGCs within GCF9, which contain a starter condensation domain and a uridine
diphosphate glycosyltransferase.
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S5; HR-ESI-MS m/z 1213.6394 [M + H]+ (calcd for C57H88N12O17,
1213.6463, Δppm = 5.7).
Chromorhipeptin D (4). White amorphous powder; [α]20 D −4.07

(c 0.1, MeOH); for 1H and 13C NMR spectroscopic data, see Table
S5; HR-ESI-MS m/z 1375.6920 [M + H]+ (calcd for C63H98N12O22,
1375.6991, Δppm = 5.5).
Marfey’s Analysis of the Amino Acid Configuration. Absolute

configurations of amino acids were determined by Marfey’s analysis.53

Approximately 1 mg of compounds 1−4 was hydrolyzed in 6 M HCl
(0.5 mL) at 95 °C overnight. Hydrolysates were dried by nitrogen,
redissolved in 200 μL of H2O, and derivatized with 1-fluoro-2,4-
dinitrophenyl-5-L-alanine amide (L-FDAA; Sigma-Aldrich) in 1 M
NaHCO3 (40 μL) at 40 °C for 1 h. To quench the reaction, 10 μL of
2 M HCl was added. The mixtures were dried under the N2 gas
stream and 200 μL MeOH were added to redissolve the derived
residues. Ultimately, the resulting solution was filtered through a small
2.5 μm filter and analyzed by LC-MS with a linear gradient of ACN
and 0.1% aqueous FA with different elution conditions (0−3 min, 5%
ACN; 3−18 min, 5−95% ACN; 18−22 min, 95% ACN; 22.1 min, 5%
ACN; and 22.1−25 min, 5% ACN) at a flow rate of 0.3 mL/min and
UV detection at 330 nm. Amino acid standards were derivatized with
L-FDAA in a similar manner. Each chromatographic peak was
identified by comparing its retention times and mass-to-charge ratios
(m/z) for the L-FDAA derivatives of the L- and D-amino acid
standards.
Antifungal Screening and Determination of the Minimum

Inhibitory Concentration (MIC). The antifungal activity screening
of compounds 1−4 was tested at a final concentration of 100 μM
using the broth dilution method in 96-well sterile culture plates. The
microdilution method was used for estimation of the minimum
inhibitory concentration (MIC) of chromorhipeptins according to the
Clinical Laboratory Standards Institute standard.54 Serial dilutions of
chromorhipeptins A−D (0.05−50.00 μM) were prepared in PDB
medium in 96-well plates. Amphotericin B (0.02−25.00 μM) and
carbendazim (0.02−25 μM) were included as positive controls.
Fungal suspensions (100 μL, 5 × 105 CFU/mL) were added to each
well, and plates were incubated at 27 °C for 48 h. Growth inhibition
was quantified by measuring the optical density at 600 nm (OD600).
The MIC value was defined as the lowest concentration of a test
compound that resulted in a culture with a density consistent with
100% inhibition and no detectable growth, as observed by microscopy
when compared to the growth of the untreated control. Each of the
fungal pathogens was tested in triplicate.

■ RESULTS
Bioinformatics Analysis of the Biosynthetic Potential

of Chromobacterium Genus. To accurately evaluate the
biosynthetic potential of the Chromobacterium genus, we
collected all high-quality Chromobacterium genome data from
a publicly accessible database and generated whole-genome
sequences for strains isolated by our group. The most
comprehensive and high-quality Chromobacterium genome
data set to date comprises 136 genomes, covering all 16
species. Among these genomes, 98.53% (134/136) exhibited
>98% completeness, 99.26% (135/136) showed <5% con-
tamination, and GC content ranged from 61% to 66% (Table
S6). All the 136 genomes yield a total of 1713 BGCs, resulting
in an average of 12.6 BGCs per Chromobacterium genome.
Figure 1A presents the phylogenetic tree of these genomes,
along with the distribution of their encoded BGCs. A
considerable variation in the number of BGCs can be observed
across genomes, ranging from 7 to 24. Among the 16 species
analyzed, C. subtsugae exhibited the highest average number of
BGCs at 15.9, followed by C. hemolyticum and C. sphagni, with
averages of 15.6 and 15.5, respectively. The top three
dominant classes of BGCs in this genus are NRPS (603,
35.2%), RiPPs (202, 11.8%), and Terpene (139, 8.1%),

underscoring the genus’s vast potential for NRPS-derived
metabolite biosynthesis. Figure 1B−I illustrates the relative
abundance of eight classes of BGCs across different
Chromobacterium species. The findings demonstrated that
NRPS clusters were particularly enriched in C. hemolyticum, C.
alkanivorans, and C. rhizoryzae, with mean counts exceeding 6
NRPS BGCs per genome. In contrast, saccharide-related
clusters (four types) and polyketide synthase type I (PKS-I)
(two types) clusters were exclusively detected in C. vaccinii and
C. subtsugae, suggesting species specialization in secondary
metabolism.
The diversity and novelty of BGCs predicted from

Chromobacterium were analyzed by comparing sequence
similarity between themselves and those in this Minimum
Information about a Biosynthetic Gene Cluster (MIBiG)
database (v4.0) and all earlier characterized gene clusters from
this genus using BiG-SCAPE. The 1713 BGCs, together with
eight characterized gene clusters were grouped into 190 GCFs,
including 79 singleton GCFs (Table S7). Strikingly, only seven
GCFs (GCF1, GCF4, GCF14, GCF47, GCF106, GCF109,
and GCF160) contained eight functionally characterized BGCs
(chromobacin, viobactin, violacein, FK228, FR900359, YM-
254890, aerocyanidiin, and valhidepsins),55−59 highlighting the
exceptional capacity of the genus for novel metabolite
biosynthesis (Figure 2A). Among these 603 NRPS gene
clusters, 274 (45.4%) contain a Cs domain, suggesting that
these BGCs use a Cs mechanism to initiate peptide chain
synthesis, as exemplified by BGCencoding viobactin (vio,
GCF4) and chromobacin (cba, GCF1). However, the majority
of Cs domains containing GCFs remain uncharacterized,
highlighting the substantial potential of Chromobacterium for
the discovery of novel lipopeptide natural products.
Cryptic chr BGC of GCF9. GCG9 harbors an NRPS with a

Cs domain and a glycosyltransferase, suggesting that its
product could be glycolipopeptides, which attracted our
interest. Comparative analysis of core biosynthetic genes
across among BGCs of GCF9 revealed high sequence similarity
(>90%) in C. hemolyticum, C. alkanivorans, C. f luminis, C. sp.
LK11, C. sp. Rain0013, C. sp. Beijing, and the C. rhizoryzae
MCCC no. 1K07697 from our collection. Therefore, we
designated this biosynthetic gene cluster as chr BGC for further
investigation. The chr BGC (GenBank accession number,
PV690516) includes four NRPSs (ChrA, ChrB, ChrC, and
ChrG) containing nine modules, a glycosyltransferase ChrE, a
MbtH-like protein ChrF, an SDR family oxidoreductase ChrD,
and a type II thioesterase ChrH (Figure 2B). Phylogenetical
analysis of the C domains of chr BGC (Figure S1) shows a CS
(ChrA-C1), two CD (ChrA-C2/ChrC-C6) with condensation
and dehydration functions, three LCL (ChrB-C3/ChrG-C8/
ChrG-C9) condensing two L-amino acids, and three DCL
(ChrB-C4/ChrC-C5/ChrC-C7) condensing D-amino acid
with L-amino acid.60 Based on the analysis of A domain
specificity, the presence of E domains, an N-MT domain, and
the different subtypes of C domains alongside the nine
modules of the NRPS, the peptide is predicted to sequentially
incorporate L-Thr/Dhb (dehydroaminobutyric acid)1, L-Thr2,
D-Thr3, D-Tyr4, L-Thr/Dhb5, D-Gln6, Gly7, N-methyl-L-
threonine (NMe-L-Thr)8, and L-Leu9. This analysis suggests
these strains can biosynthesize glycosylated lipononapeptides,
showing their potential to expand the biosynthetic repertoire of
Chromobacterium spp.
Identification of the Products of chr BGC. To

investigate the products of GCF9, chr BGC (BGC4) from C.
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rhizoryzae MCCC 1K07697 was selected for product
identification. We used CRISPR/Cas9-mediated gene deletion
to inactivate the first NRPS gene, chrA (Figure 3A).
Transformants were screened via polymerase chain reaction
(PCR) using flanking primers (Table S2), and a 7.2-kb
amplicon was generated in the wild-type (WT) strain, whereas
truncated 3.2-kb fragments appeared in the ΔchrA mutants.
The following sequencing verified the absence of the 3 9 kb
fragment in chrA, confirming successful inactivation of chrA
(Figure 3B). Subsequently, we cultured the C. rhizoryzae WT
strain and the mutant in four distinct media (PDB, LB, NZ,
and R2A; Table S8) and analyzed the products through
HPLC-MS (Figure S2). Comparative HPLC-MS analysis
results show two obvious peaks at the retention time of 11−
13 min in the WT, which are absent in the mutant in PDB
medium, suggesting that they are products of chr BGC,
designated as chiromrhipeptions (Figure 3B). Combined with
HPLC-MS analysis of the metabolic profiles, the enlarged

fermentation of C. rhizoryzae wild type were implemented with
10 L PDB medium for 3 days. The crude extracts were then
subjected to medium-pressure liquid chromatography and
semi-HPLC to obtain four target compounds 1−4, chromo-
rhipeptins A−D (Figure 3C, Figure S3).
Structural Elucidation of Chromorhipeptins. Com-

pound 1 was obtained as a white powder by chromatographic
purifications. Its molecular formula was determined as
C57H86N12O16 (21 degrees of unsaturation) based on the
HR-ESI-MS data (m/z 1195.6363 [M + H]+, calcd.
1195.6358) combined with 1H and 13C NMR spectroscopic
data (Table S4). Combined analysis of 1H and HSQC spectra
of 1 revealed characteristic typical of a peptide, including six α-
amino methine proton signals (δH 4.49, 4.52, 4.56, 4.58, 4.60,
and 4.67), and two α-amino methylene proton signals (δH
3.76, 4.00). In addition, six aromatic protons (δH 6.53, 6.53,
6.67, 6.67, 7.64, and 7.68), two olefinic methine hydrogens (δH
5.60, 5.73), and one singlet N-methyl (NMe) proton (δH 2.41)

Figure 3. CRISPR-Cas9 mediated gene inactivation enabling the identification of the products of chr. (A) CRISPR/Cas9-mediated gene
inactivation of the first NRPS gene chrA. (B) Verification of knockout mutants by PCR; M, maker; W, wildtype; 1−8, mutant. (C) LC-MS analysis
of C. rhizoryzae wild type and chr-deficient mutant in PDB medium. (D) Structure of chromorhipeptins A−D (1−4).
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were identified in the structure of 1. Detailed analysis of the
1H, 13C, DEPT, and HSQC spectra revealed that 1 possessed
11 carbonyl carbon atoms (δC 164.4, 166.5, 169.9, 171.1,
171.1, 171.2, 171.7, 171.8, 172.8, 176.0, and 176.2), seven
carbon atoms at the α position of the amino acids (δC 41.1,
50.9, 51.2, 52.3, 52.4, 55.2, and 55.6), a disubstituted aromatic
ring (δC 115.2, 115.2, 127.6, 129.8, 129.8, and 155.5), two
olefinic methine carbons (δC 119.4, 132.4), a heteroaromatic
ring (δC 129.4, 134.9), and a N-methyl group (δC 30.3). These
account in combination for 20 out of the 21 double-bond
equivalents of 1, thereby suggesting a cyclic structure for 1.
Combined analysis of the COSY and HMBC NMR data

revealed two dehydroaminobutyric acids (Dhb), two Thr, one
Tyr, one Gln, one Gly, one NMeThr, one His, and one β-
hydroxymyristic acid (HMA) to be present in 1. The COSY
correlations revealed 10 discrete spin systems: (1 and 2)
Hβ(=CH)−CH3 for Dhb1 and Dhb5; (3 and 4) Hα−Hβ−CH3
for Thr2 and Thr3; (5) Hα−Hβ (aliphatic) and H2−H3, H5−H6
(aromatic) for Tyr4; (6) Hα−Hβ−Hγ for Gln6; (7) Hα−Hβ
(geminal) for Gly7; (8) Hα−Hβ−CH3 for NMeThr8; (9) Hα−
Hβ for His9 residue; and (10) Hα−Hβ−Hγ and Hν−CH3 for
HMA residues. The amino acid sequence in 1 was determined
through an extensive analysis of HMBC and NOESY
correlations (Figure 4). Four contiguous segments were
thereby identified. The first contiguous segment (Dhb1-Thr2-
Thr3-Tyr4) was established by the HMBC correlation from Hα-
Thr2 (δH 4.60) to the carbonyl carbon (δC 166.5) of Dhb1, Hα-
Thr3 (δH 4.56) to the carbonyl carbon (δC 171.1) of Thr2, and
Hα-Tyr4 (δH 4.58) to the carbonyl carbon (δC 171.1) of Thr3.

The second contiguous segment (Dhb5-Gln6-Gly7-NMeThr8-
His9) was established via the HMBC correlation from Hα-Gln6
(δH 4.52) to the carbonyl carbon (δC 164.4) of Dhb5, Hα-Gly7
(δH 3.76/4.00) to the carbonyl carbon (δC 171.8) of Gln6, N-
methyl (NMe) protons (δH 2.71) of NMeThr8 to the carbonyl
carbon (δC 171.2) of Gly7, and Hα-His9 (δH 4.49) to the
carbonyl carbon (δC 169.4) of NMeThr8. Other contiguous
segments of HMA-Dhb1 and Tyr4-Dhb5 were established by
the NOESY correlations (Figure 4A) from the amide hydrogen
(δH 9.55) of Dhb1 to Hα-HMA (δH 2.25) and Hα -Tyr4 (δH
4.58) to the amide hydrogen (δH 9.61) of Dhb5. In addition,
the amino acid sequence of 1 was further supported by the
observed MS/MS fragment ions (Figure S4) and the
bioinformatics analysis. The macrocyclic lipodepsipeptide of
compound 1 was established by the HMBC correlation from
Hβ (δH3.58) of Thr2 to the carbonyl carbon (δC 176.2) of His9
(Figure 4A), confirming the ester bond linkage between them.
The planar structure of 1 was deduced as HMA-Dhb1-cyclo
(-Thr2-Thr3-Tyr4-Dhb5-Gln6-Gly7-NMeThr8-His9-).
Configurations of two Dhb were identified as E based on the

NOESY correlations (Figure 4A), which showed a correlation
from the amino proton (δH 9.26, 9.55) to the olefinic proton
(δH 5.63, 5.73), respectively.61 The absolute configurations of
the amino acids present in 1 were determined as L-Thr2, D-allo-
Thr3, D-Tyr4, D-Gln6, and L-His9 by a modified Marfey’s
method (Figure S5). Due to the lack of commercially available
NMeThr, the absolute configuration of N-Me-Thr8 could not
be determined by Marfey’s method. As NMeThr contains the
typical vicinal methine protons, the J-based configuration

Figure 4. Structural elucidation of chromorhipeptins A−D (1−4). (A) Key COSY, HMBC, and NOESY correlations were detected. (B) J-based
configuration analysis of the NMeThr residue in 1. The Newman projection of two possible stereoisomers of the NMeThr. (C) Cross-peaks from
NMeThr γ-CH3 to adjacent protons in the NOESY spectrum of 1.
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analysis method might be applicable for its configuration
determination.62,63 Based on bioinformatic analysis64 the
absence of designated epimerization domains of module 8, it
is speculated to be NMe-L-Thr8 or NMe-L-allo-Thr8. According
to the J-based configuration analysis protocol, the large 3JH, H
value (8.9 Hz) observed between the α- and β-H of NMeThr8

(Table S4) indicated an H/H-anti orientation62 (Figure 4B).
Although the two possible stereoisomers, (2S,3R)-NMeThr
and (2S,3S)-NMeThr, cannot be differentiated by analyzing
the 2,3JC/H values, a NOESY correlation between the N−CH3

and the γ-CH3 of N-MeThr8 was observed, while the
correlation between the N−H of His9 and the γ-CH3 of N-
MeThr8 was absent, thus supporting a 2S,3S configuration
(Figure 4C). Based on these analyses, the NMeThr8 in 1 was
tentatively assigned as N-Me-L-allo-Thr. Structural comparison
revealed that the macrocyclic lipodepsipeptide 1 is quite
similar to the jagaricin, a highly antifungal lipopeptide isolated
from Janthinobacterium agaricidamnosum belonging to the
order Burkholderiales.65 Comparison of the NMR spectro-
scopic data of 1 with jagaricin (Table S9) revealed that they

Figure 5. Proposed biosynthetic pathway of chromorhipeptins. A, adenylation domain; C, condensation domain; LCL, condensation for two L-
amino acids; DCL, condensation of D-amino acid with L-amino acid; CD, condensation and dehydration domain; CS, starter condensation domain;
E, epimerization domain; PCP, peptidyl carrier protein; and TE, thioesterase domain.
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were highly conserved scaffold except that the signals
corresponding to the L-allo-Thr in jagaricin were replaced by
N-Me-L-allo-Thr8 in 1, according with the molecular weight of
1 being 14 Da more than that of jagaricin.
The mass of compound 2 (m/z 1357.6815 [M + H]+) is 162

Da larger than that of compound 1 (Figure S6). The signals of
sugar residues corresponding to a hexose mass of 162 Da were
assigned to glucosyl moieties based on the results of 1D and
2D NMR experiments (Figures S7−S19). The anomeric
proton signals were found at δH 4.67 (JH1, H2 = 3.5 Hz), and
the corresponding 13C signals were found at δC 97.8, according
to the HSQC spectrum. The chemical shifts and coupling
constants confirmed an α anomeric configuration, which were
confirmed to be α-D-glucose.66 The proton (δH 4.68) attached
to the anomeric carbon of the α-D-glucose showed a
correlation to the Cβ (δC 61.4) of NMe-Thr8 in the HMBC,
thus confirming that the link of the α-D-glucose was attached to
the OH of NMe-L-allo-Thr8 (Figure 4A). The masses of 3 and
4 have an additional 18 Da compared with that of 1 and 2
(Figure S6) and they were confirmed to be the linear
congeners of 1 and 2 according to NMR experiments,
respectively (Figures S20−S31).
Proposed Biosynthetic Pathway for Chromorhipep-

tins. The structures of chromorhipeptins align well with the
bioinformatic prediction based on the biosynthetic enzymes in
the chr BGC (Figure 5). The peptidyl backbone of
chromorhipeptin is biosynthesized by the cooperation of four
NRPSs, ChrA, ChrB, ChrC, and ChrG. The biosynthesis
begins with the recognition of β-hydroxymyristoyl-CoA by the
Cs domain of ChrA. Subsequently, nine NRPS modules
sequentially activate and condense the corresponding nine
amino acids to assemble peptidyl chains of compounds 1−4
(Figure 5). The C domains in modules 2 and 6 belong to the
CD subfamily,67 which can catalyze the dehydration of Thr1/
Thr5 to yield Dhb1/Dhb5, respectively. The N-MT domain of
ChrG is responsible for the N-methyl of the Thr8 residue. The
E domains in modules 3, 4, and 6 are in charge of the
stereochemical inversion of Thr3, Tyr4, and Gln6. The full
peptidyl chain may be released from the NRPS via the TE
domain, which catalyzed the cyclization between the hydroxyl
group of Thr2 and the carbonyl group of His9 to form cyclic 1
or hydrolyzed to obtain linear 3. This situation with
simultaneous cyclic and linear lipopeptides is not unique,
and presents in the gramibactins and megapolibactins.68

Subsequently, compounds 1 and 3 may undergo glycosylation
at the hydroxyl group of N-methyl-Thr8 by the ChrE, yielding
glycosylated derivatives 2 and 4, respectively. The gene
inactivation experiment of chrE led to the absence of 1−4
(Figure S32), suggesting that the ChrE mediates the
glycosylation in the biosynthetic pathway. However, the timing
of glycosylation whether occurs during peptide chain
elongation or postassembly remains to be investigated in the
future. The chrD mutant shows an identical metabolic profile
to the WT (Figure S32), verifying that ChrD fails to participate
in the biosynthesis of chromorhipeptins as proposed (Figure
5).
Antifungal Evaluation of Chromorhipeptins. Moti-

vated by the structural resemblance between chromorhipeptins
and the potent antifungal lipopeptide jagaricin,67 we conducted
preliminary antifungal screening against the phytopathogens
and two human pathogenic fungi to evaluate their antifungal
potential (Table S10). Through preliminary screening,
compounds 1 and 2 demonstrated promising antifungal

activity. Therefore, subsequent dose−response assays using a
2-fold liquid dilution series revealed potent and selective
antifungal activities of both compounds 1 and 2 (Table 1).

Compound 1 exhibited exceptional efficacy against Valsa mali
(MIC = 0.04 μM) and Sclerotinia sclerotiorum (MIC = 0.39
μM), outperforming the conventional fungicide carbendazim
(MIC = 0.78 and 0.39 μM, respectively). Compound 2
demonstrated broader activity with superior inhibition against
Fusarium graminearum (MIC = 0.78 μM) and Botrytis cinerea
(MIC = 0.20 μM). Compounds 1 and 2 retained moderate
antioomycete activity against Phytophthora infestans (MIC =
3.13−6.25 μM), but they failed to show activity against
Fusarium oxysporum and Alternaria panax (MICs ≥ 25 μM).
These results underscore the potent but specific antifungal
activity of chromorhipeptins A and B and highlight their
potential for targeted crop disease management.

■ DISCUSSION
In this study, we systematically applied genome mining to
investigate the diversity and novelty of BGCs across 136
genomes in the Chromobacterium genus, uncovering its largely
unexplored (>90%) secondary metabolite potential. Notably,
45.4% of the identified NRPS BGCs harbor a Cs domain,
whereas only two exhibit known products, underscoring the
promise of the genus as a source of novel lipopeptides. Among
these, BGCs within GCF9 were found to contain nine NRPS
modules and a gene encoding a glycosyltransferase, suggesting
its potential to biosynthesize structurally unique glycolipopep-
tides. Through a combination of gene knockout validation and
mass spectrometry, we successfully characterized the products
of one BGC within GCF9, chromorhipeptins A and B, which
demonstrated potent antifungal activity. Thus, our findings
provide new insights into the hidden biosynthetic capacity of
Chromobacterium spp. and also establish a targeted framework
for mining microbial genomes for lipopeptide discovery,
offering valuable leads for the development of antifungal
agents.
Plant pathogenic fungi represent a major threat to global

agricultural productivity, causing severe yield and quality losses
annually.69 Despite the widespread use of synthetic fungicides,
the escalating challenge of antifungal resistance has driven the
exploration of microbial secondary metabolites as a reservoir of
novel antifungal agents.37 NRLPs are well documented for
their broad-spectrum antifungal properties, offering a promis-
ing strategy to circumvent conventional drug resistance.
Herein, four lipopeptides, chromorhipeptins A-D, were

Table 1. Activities of Compounds 1 and 2 against Plant
Pathogenic Fungi

MIC (μM)

plant pathogenic fungi 1 2 carbendazim amphotericin B

Fusarium graminearum 1.56 0.78 6.25 >50.00
Fusarium oxysporum 50.00 25.00 1.56 >50.00
Alternaria panax 50.00 50.00 6.25 >50.00
Valsa mali 0.04 0.16 0.78 >50.00
Phytophthora infestans 6.25 3.13 6.25 >50.00
Sclerotinia sclerotiorum 0.39 0.20 0.39 >50.00
Phytophthora
nicotianae

>50.00 0.20 >50.00 0.39

Bipolaris sorokiniana >50.00 50.00 3.13 >50.00
Botrytis cinerea 3.13 0.20 >50.00 0.78
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successfully characterized via targeted inactivation of the chr
gene cluster in C. rhizoryzae combined with compound
purification and structural elucidation. Bioactivity assays
revealed that chromorhipeptins A and B displayed remarkable
inhibitory activity against phytopathogens, such as Botrytis
cinerea and Fusarium graminearum, highlighting their broad
applicability in protecting crops such as apples, grapes, and
wheat. Their structural divergence from classical NRLPs
(surfactins, iturins) might suggest a different mode of action
that can evade existing resistance pathways. Future studies
should focus on elucidating their molecular targets and
evaluating field stability and ecotoxicological profiles to
facilitate their development as potential agricultural antifungal
agents.
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