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Coniontins, lipopetaibiotics active against
Candida auris identified from a microbial
natural product fractionation library

Xuefei Chen 1, Kalinka Koteva 1, Sommer Chou 1, Allison Guitor1,
Daniel Pallant 1, Yunjin Lee2, David Sychantha 1, Shawn French 1,
Dirk Hackenberger1, Nicole Robbins 2, Michael A. Cook1, Eric D. Brown 1,
Lesley T. MacNeil1, Leah E. Cowen 2 & Gerard D. Wright 1

The rise of drug-resistant fungal pathogens, including Candida auris, high-
lights the urgent need for innovative antifungal therapies. We have developed
a cost-effective platform combining microbial extract prefractionation with
rapid mass spectrometry-bioinformatics-based dereplication to efficiently
prioritize previously uncharacterized antifungal scaffolds. Screening C. auris
and Candida albicans reveals coniotins, lipopeptaibiotics isolated from Con-
iochaeta hoffmannii, which are undetectable in crude extracts. Coniotins
exhibits potent activity against critical priority fungal pathogens listed by the
World Health Organization, including C. albicans, Cryptococcus neoformans,
multidrug-resistant Candida auris, and Aspergillus fumigatus, with high selec-
tivity and low resistance potential. Coniotin A targets beta-glucan, compro-
mising fungal cell wall integrity, remodelling, and sensitizing C. auris to
caspofungin. Identification of its hybrid polyketide synthase–nonribosomal
peptide synthetase biosynthetic gene cluster facilitates discovering structu-
rally diverse lipopeptaibiotics. Here, we show that natural product pre-
fractionation enables the discovery of previously hidden bioactive scaffolds
and introduces coniotins as candidates for combating multidrug-resistant
fungal pathogens.

Fungal diseases represent a significant threat to public health,
affecting over a billion people globally and resulting in more than 2.5
million deaths annually1,2, surpassing mortality rates from tubercu-
losis and malaria3. Developing antifungal therapies is particularly
challenging due to the overlapping cell components, as well as
conserved metabolic and biochemical pathways between fungi and
their human hosts, leading to a limited repertoire of available treat-
ments for invasive fungal infections4. The emergence of drug-
resistant fungal pathogens, such as Candida auris, which has
caused recent outbreaks in healthcare settings, further exacerbates

this issue5,6. C. auris is recognized as a critical priority pathogen by
the World Health Organization (WHO)7 and has been classified as an
urgent threat by the US Centers for Disease Control and Prevention
(CDC)8. C. auris isolates resistant to all existing drugs are increasingly
common9. Unlike other Candida species, C. auris efficiently colonizes
the skin, leading to rapid nosocomial transmission and systemic
infections with mortality rates of 40–60%6,10. The urgent need for
next-generation antifungal drugs is critical to prevent further failures
in controlling fungal infections within hospitals and healthcare
facilities.
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Natural products and their derivatives have been an invaluable
source of therapeutic agents, ranging from antibiotics to anticancer
agents, thanks to their structural novelty, chemical complexity, and
intrinsic bioactivity; consequently, natural products hold promise as
leads for antifungal drug discovery11,12. The traditional compound-first
discovery strategy using phenotypic cell growth inhibition screens of
crude extracts of bacteria and fungi contributed to over half of the
antibiotics and antifungal drugs in everyday use today13. However, the
rediscovery of well-known chemical scaffolds, including antifungal
classes such as the polyenes, is a challenge given the phenotypic
dominance of highly expressed common scaffolds in natural product
extracts14,15.

Owing to the rapid advancement of DNA sequencing
technology16,17, genome sequences of natural product producers have
revealed large numbers of untapped biosynthetic gene clusters (BGCs)
of metabolites, predicting that traditional extract screens vastly under-
sample the available chemical space of natural products18. A genes-first
genome mining strategy, coupled with advanced molecular technolo-
gies, is leading to the discovery of novel chemical entities19–21. However,
predicting the biological activities of the natural products discovered
based on bioinformatic analyses is difficult, evenwith known compound
classes, which limits their application in drug development.

An orthogonal approach to access untapped natural product
chemical space entails prefractionating crude natural product extracts
before biological testing, thereby uncovering bioactive compounds
that are often low in abundance or masked by other activities within
complexmixtures22–24. This approach typically improves the hit rate in
phenotypic screens and streamlines dereplication by concentrating
minor components, reducing sample viscosity for automated plat-
forms, and separating ubiquitous nuisance compounds from rare
metabolites23,25. To further broaden accessible chemical diversity prior
to fractionation, the one strain, many compounds (OSMAC) approach
was integrated,whichsystematicallymodulates cultivationparameters
to enhance microbial metabolite diversity26. By altering media com-
position, aeration, and culture formats, OSMAC enables the activation
of silent or poorly expressed BGCs, facilitating the discovery of cryptic
metabolites27,28. Although semipreparative HPLC-based fractionation
approaches remainwidespread, their scalability in academic settings is
challenging due to the substantial resources required for the dedi-
cated equipment and personnel to prepare the libraries29. In contrast,
reversed-phase flash chromatography offers a scalable alternative
compatible with resource‑constrained laboratories23,24.

Building on these insights, we developed a cost-effective pre-
fractionation library (PFL) using medium-pressure reverse-phase
separation, optimized for broad deployment in academic labs26. Here,
we report a pilot application of this platform for antifungal discovery
targeting C. auris and Candida albicans, coupling high-resolutionmass
spectrometry and tandem mass spectrometry (HRMS/MS) with
genome-mining of the relevant BGCs for rapid dereplication. This
workflow efficiently identified and triaged known antifungal families
(e.g., enniatins, surfactins, and tunicamycins) and, critically, enabled
the prioritization and discovery of a lipopeptaibiotic antifungal con-
iotin, which exhibits broad activity against multidrug-resistant fungal
pathogens and is phenotypically undetectable in the crude extract.
Unlike channel-forming lipopeptides, coniotin targets the fungal cell
wall by binding β-glucan, disrupting cell wall remodeling, and sensi-
tizing resistantC. auris to caspofungin, with promising selectivity and a
low potential for resistance development. The identification of the
linear NRPS-PKS hybrid gene cluster and the proposed coniotin bio-
synthetic pathway facilitate the exploration of structurally diverse
lipopeptaibiotics from related clusters. This work highlights the utility
of the PFL platformcoupledwith rapidHRMS/MSdereplication for the
discovery of previously undetectable antifungal scaffolds and identi-
fies coniotins as structurally unique candidates that target fungal cell
wall integrity in important fungal pathogens.

Results
Antifungal screening of a fractionated natural product library
The PFL was derived from the medium-pressure reverse phase
separation of fermentation methanolic extracts of our in-house col-
lection of bacteria and fungi, resulting in eight fractions ofmetabolites
sorted by hydrophilicity for each strain26. A total of 3048 fractions and
the corresponding 381 crude extracts were screened against C. auris
CBS10913 in duplicate, identifying 43 hits that showed growth inhibi-
tion from fractions, while only 12 hits were from crude extracts
(Fig. 1a). Similarly, a parallel screen against C. albicans ATCC90028
yielded 28 active fractions and 9 crude hits. To identify broad-
spectrum antifungal agents, nine hits shared across the two PFL
screens were selected for further validation (Fig. 1b). Among these,
antifungal bioactivity from WAC11084, WAC11113, and WAC11161 was
exclusively observed in the fractionated samples, whereas their cor-
responding crude extracts showed minimal activity and were not
identified during the cross-species hit screening (Fig. 1b and Supple-
mentary Fig. 1a). These results highlight the advantage of screening
fractionated extracts to improve hit detection.

Verification and rapid identification of known scaffolds
The WAC isolates that produced the nine anti-Candida hits were suc-
cessfully re-grown, extracted, and re-fractionated to confirm their
activity. The crude extracts were separated on a C18 Combiflash col-
umn, and 24 fractions were collected from each run, resulting in 216
fractions generated in approximately 4 h of instrument time (Supple-
mentary Fig. 1b). All fractions were tested against C. auris CBS10913,
but anti-Candida activity could not be reproduced for three of the nine
isolates (WAC10997, WAC11024, and WAC11113), a common occur-
rence when re-evaluating wild actinomycete isolates from high
throughput screening (Supplementary Fig. 1b).

To rapidly identify known compound scaffolds and prioritize
novel structures, HRMS coupled with tandem mass spectrometry
(MS2) was employed for the tentative structural assignment of active
metabolites. The MS and MS2 fragmentation spectra served as mole-
cular fingerprints, enabling the construction of molecular networks
that link to known compound classes by calculating spectral similarity
relationships within the Global Natural Products Social molecular
networking (GNPS, https://gnps.ucsd.edu/) platform (Fig. 2a)30,31.
Spectral alignment of precursor and fragment ions identified a series
of candidate enniatin analogs from the active fractions of isolate
WAC11175, whichwas taxonomically assigned to Fusariumproliferatum
(Fig. 2a). The identified analogs included enniatin A1 ([M +H]+ at m/z
668.4519), enniatin B ([M+H]+ at m/z 640.4207), and enniatin B1
([M+H]+ at m/z 654.4369) (Fig. 2a), which are well-characterized
nonribosomal peptidemycotoxins32,33 now found to exhibit significant
activity against C. auris (Supplementary Fig. 1b). In support of this MS-
based identification, genome analysis of WAC11175 uncovered a BGCs
encoding anonribosomal cyclicpeptide synthetasewith 98% sequence
identity to a characterized enniatin synthetase (Fig. 2b and Supple-
mentary Table 1)33. The predicted adenylation domain specificities
correspond to D-2-hydroxyisovaleric acid and L-valine, as found in
enniatin B, although the synthetase is known to accommodate a
broader range of L-amino acid substrates, thereby enabling the pro-
duction of diverse enniatin analogs (Supplementary Table 7)33–35. To
validate this proof-of-concept approach for coupling HRMS2 with
bioinformatics-based rapid identification of active compounds, we
purified enniatin B and confirmed its structure through 1-D and 2-D-
NMR analysis, thereby verifying the reliability of the method (Supple-
mentary Table 2 and Supplementary Data 1).

Using this strategy, we identified the cyclic lipopeptides surfactin
A ([M+H]+ at m/z 1008.6565), surfactin B ([M+H]+ at m/z 1022.6731),
and surfactin C ([M+H]+ atm/z 1036.6907) in the active fraction from
isolate WAC11084, identified as Bacillus velezensis, (Fig. 2c, d and
Supplementary Table 1), whose antifungal activity had beenmasked in
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crude extracts (Supplementary Fig. 1a). The nonribosomal peptide
synthetase (NRPS) cluster was identified in the genome sequence of
WAC11084 and directs the synthesis of the amphiphilic cyclic lipo-
peptide, which imparts strong surfactant properties and broad-
spectrum biological activities36.

Similarly, we observed that Streptomyces microflavus strains
WAC1325 and WAC1490 produce tunicamycins, displaying anti-Can-
dida activity in the active fractions (Supplementary Figs. 1b and 2a).
Tunicamycins are well-established antifungal agents that inhibit the
unfolded protein response by blocking protein N-glycosylation,
thereby inducing ER stress in fungi37. Genome sequencing ofWAC1325
and WAC1490 confirmed the presence of a tunicamycin BGC, sup-
porting this discovery (Supplementary Fig. 2b and Supplementary
Table 1)38. We also detected the guanidinopolyol cyclic macrolides
niphimycin C ([M+H]+ at m/z 1142.7335) and D ([M+H]+ at m/z
1228.7386) from active fractions produced by Streptomyces viola-
ceusnigerWAC5858 and confirmed the presence of the expected BGC
in the sequenced genome (Supplementary Fig. 2c–e and Supplemen-
tary Table 1)39.

Isolation and characterization of lipopeptaibiotic coniotins
In contrast to known compounds, the antifungal metabolites present
in the active fractions of Coniochaeta fungal species WAC11161 could
not be identified using HRMS data analysis in GNPS, suggesting the
presence of unique structural features not previously characterized.
Activity-guided isolation identified the active compound 1 ([M +H]+ at
m/z 2057.2609) with a molecular formula of C98H170N21O26, as deter-
mined byHRMS (Fig. 3a). 1H NMR analysis revealed a peptide structure
rich in highly methylated amino acids (Supplementary Table 3 and
Supplementary Data 2), with further structural confirmation achieved
through HR mass fragmentation and Collision-Induced Dissociation
(CID, including MS2 and in-source CID, MS3)40,41. CID-MS2 of the parent
ion [M+H]+ atm/z 2057.26 and the doubly charged ion [M+ 2H]2+ atm/
z 1029.13 (Fig. 3a, b and Supplementary Fig. 3i) identified characteristic
fragment ions ([M–H2O+H]+ at m/z 85.05), indicative of rare non-
proteinogenic α-aminoisobutyric acid (Aib), a hallmark of fungal
peptaibiotics essential for their stable α-helical structures42. 1H-, 13C-,

and 2-D NMR spectra (COSY, HSQC, HMBC, NOESY, and 1H-15N-HSQC)
identified six 2-Aib residues, five Ala, four Iva, three β-Ala, one Pro, one
Leu, and one Asp residue, the latter being rare among peptaibiotics,
with the 2-methyl-3-oxotetradecanoyl linked to the Pro residue
(Fig. 3b, Supplementary Table 3, and Supplementary Data 2).

In-source fragmentation produced ions at m/z 506.36, 602.31,
843.45, 931.62, 1126.65, and 1215.81 (Fig. 3a), with m/z sums of
931.62 + 1126.65 and 843.45 + 1215.81matching themolecular weight of
1, identifying them as N-terminal and C-terminal fragments, respec-
tively. The fragment at m/z 336 was assigned to the prolyl-2-methyl-3-
oxo-tetradecanoic acid moiety (Pro-MOTDA) (Fig. 3b), and the pre-
sence of the β-keto acid, 2-methyl-3-oxo-tetradecanoic acid (MOTDA),
was further confirmed by analyzing an ethyl acetate extract of hydro-
lyzed 140,43,44. CID-MS2 analysis of the parent ion (MS2), along with N-
terminal, C-terminal, and intermediate peptide fragments (MS3)42

identified the amino acid sequence as MOTDA-
Pro–Aib–Aib–Aib–Iva–βAla–Ala–Iva–Ala–Leu–Iva–βAla–Ala–Iva–βAl-
a–Ala–Aib–Aib–Aib–Ala–Asp–OH, a unique lipopeptaibiotic (Fig. 3b
and Supplementary Fig. 3a–d). While α-cleavage of β-Ala ions was
significantly suppressed, digestion with the non-specific protease
papain generated peptide fragments ([M+H]+ atm/z 1303.85, 843.45,
and 614.38), significantly facilitating sequence resolution (Supple-
mentary Fig. 3b–d)45. Additionally, increasing CID to 50 eV enabled
cleavage at βAla6–Ala7 and Ala9–Leu10, confirming the amino acid
sequence at the single-residue level (Supplementary Fig. 3d–e). Amino
acid stereochemistry was confirmed by Marfey’s analysis, with HPLC
separation of themodified, hydrolyzed peptide revealing seven amino
acids (Pro, Aib, βAla, Ala, Iva, Leu, and Asp) in 1 and identifying the
absolute configurations as L-Pro, L-Ala, L-Leu, L-Asp, and D-Iva (Supple-
mentary Fig. 3f)46.

A second active analog, compound 2 ([M +H]+ at m/z 2056.2781,
[M + 2H]2+ at m/z 1028.64), was purified with a molecular formula of
C98H170N22O25 (cal [M +H]+ at m/z 2056.2780) (Fig. 3c, d and Supple-
mentary Fig. 3i). The mass difference of 0.983 between compounds 1
and2, characteristic of–NH2 vs–OH, suggests anAsn at theN-terminus
instead of Asp. CID-MS2 analysis confirmed an identical amino acid
sequence to 1, with Asp replaced by Asn at the C-terminus
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Fig. 1 | A scheme for the discovery of unexplored and derisked antifungal
natural products. a Overview of a rapid and risk-minimized approach for dis-
covering novel antifungal natural products. The flowchart outlines a streamlined
pipeline, starting from the construction of a PFL, followed by high-throughput
screening against target organisms (C. albicans and C. auris), rapid dereplication
using tandemmass spectrometry (MS2) fingerprinting and bioinformatics analysis,
structure determination, off-target assessment in mammalian cells (HEK human
embryonic kidney cells + RBC: red blood cell), broad-spectrum bioactivity evalua-
tion, rapid therapeutic assessment using high-throughput animal models, and

characterization of the mechanism of action (MOA). Created with BioRender.com
and published under a BioRender CC-BY publication license. b Scatter plots illus-
trating high-throughput screening results of crude methanolic extracts and PFL
against C. albicans (y-axis) and C. auris (x-axis). Colored circles within the red box
represent active hits: crude extracts (blue) or fractions (red) that inhibit Candida
growth by at least 75% compared to the untreated control. Active hits with their
WAC and fraction identities are shown in Supplementary Fig. 1a, with validation
results presented in Supplementary Fig. 1b. The source data is provided as a Source
Data file.
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(Supplementary Fig. 3g), which was further confirmed by Marfey’s
analysis. Additionally, a non-methylated analog, compound 3 ([M +H]+

at m/z 2043.2464, [M+ 2H]2+ at m/z 1028.64) was identified (Fig. 3c, e
and Supplementary Fig. 3j), featuring a 3-oxotetradecanoic acid
(OTDA) at the N-terminus in place of 1’s MOTDA (Fig. 3c). Each b
fragment displayed an ion loss of 14 (–CH3 +H), including the terminal
b1 fragment, identified as Pro-OTDA, at m/z 322 (Supplementary
Fig. 3h). Similarly, analog 4, featuring an Asn at the N-terminus in place

of Asp as in compound 3, was also identified (Figs. 3c, f and Supple-
mentary Fig. 3j). Accordingly, we designated this group of lipo-
peptaibiotics, 1, 2, 3, and 4, derived from the Coniochaeta fungi as
coniotin A, B, C, and D.

Coniotins exhibits selective antifungal activity
Lipopeptides exhibit a wide range of biological activities due to their
unique structures47,48. We assessed the antifungal activity of coniotin A
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Fig. 2 | Rapid identification of known chemical scaffolds using high-resolution
(HR) mass spectrometry and bioinformatics. a Identification of enniatin from
active fractions of WAC11175 through GNPS based on HRMS and MS/MS data. (i)
The enniatin GNPSmolecular network, withMS/MS fragment ionmatches between
the sample (blue) and reference enniatin B1 (black)(inset). (ii) HR-LCMS analysis for
enniatins detected in WAC11175 active fractions, including structures and repre-
sentative HRMS spectra of enniatin A1 (iii), enniatin B (v), and enniatin B1 (vii).
Corresponding MS/MS spectra acquired at 20 eV and fragmentation analyses are
shown for enniatin A1 (iv), B (vi), and B1 (viii). N–Me–Val, N–Me–Ile, and Hiv
represent N-Methyl-L-valine, N-Methyl-L-isoleucine, and 2-hydroxyisovaleric acid,
respectively. b Identification of the enniatin BGC in WAC11175 genome and depic-
tion of its biosynthesis. The enniatin synthetase Esyn1 contains the following
domains: C (condensation), A (adenylation), P (phosphopantetheine attachment
site), and nMT (N-methyltransferase). L-valine and D-hydroxycarboxylic acid pre-
cursors are activated at the A domain, and the building blocks are transferred
between modules via P-domains. The final condensation, cyclization, and product

release are catalyzed by the C-domains. c Identification of surfactin from active
fractions of WAC11084. (i) GNPS molecular network, constructed from HR-MS/MS
data, showing MS/MS fragment ion matches (inset panel) between the identified
entity (blue) and the reference surfactin C (black). MS/MS fragmentation patterns
and structures are shown below: (ii) Surfactin A ([M +H]+, m/z 1008.6565) frag-
ments into main ions at 667.4, 568.3, and 455.3; (iii) Surfactin B ([M +H]+, m/z
1022.6731) into 909.5, 681.4, and 582.4; (iv) Surfactin C ([M +H]+, m/z 1036.6907)
into 923.6, 695.4, and 596.4. Diagnostic fragment ions corresponding to specific
amino acid sequences were observed, including m/z 227.1750 [Leu + Leu+H]+,
229.1145 [Asp + Leu +H]+, and 441.2699 [Leu + Asp + Val + Leu+H]+. d Genetic
organization of the surfactin BGC in WAC11084 and proposed biosynthesis. The
surfactin synthetase complex comprises SrfA, SrfB, and SrfC, which assemble the
heptapeptide core, while SrfD serves as a key regulatory component. Functional
domains include C (condensation), A (adenylation), T (thiolation), E (epimeriza-
tion), and TE (thioesterase), the latter mediating cyclization and product release.
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Fig. 3 | Characterization of antifungal lipopeptaibiotic coniotins from the
Coniochaeta fungusWAC11161. aHRmass spectrumof compound 1obtainedwith
QToF mass spectrometry, showing the [M +H]+ ion at m/z 2057.2609. In-source
fragmentation produced ions at m/z 506.36, 602.31, 690.48, 843.45, 931.62,
1126.65, and 1215.81. b MS/MS analysis of compound 1 using CID combined with a
product ion scan (MS/MS) of nominalm/z 2057.26. The precursor ion is indicated
with a blue square. The structure of the lipopeptide 1 (termed coniotin A) is dis-
played above, along with its collision-induced fragmentation pattern, which cor-
responds to the detected b ions in the MS/MS spectrum. The b ions are labeled in
blue, and the y ions are labeled in red. c The structures of antifungal

lipopeptaibiotics analogs 1, 2, 3, and 4, identified from the Coniochaeta fungus
WAC11161, termed coniotin A, B, C, and D. d HR mass spectrum of coniotin B
obtainedwith QToFmass spectrometry, showing the [M +H]+ ion atm/z 2056.2781
(calculated for C98H171N22O25, 2056.2780). e HR mass spectrum of coniotin C
obtainedwith QToFmass spectrometry, showing the [M +H]+ ion atm/z 2043.2464
(calculated for C97H168N21O26

+, 2043.2464) and the [M+Na]+ ion atm/z 2065.2255.
f HR mass spectrum of coniotin D obtained using QToF mass spectrometry,
showing the [M+H]+ ion atm/z 2042.2689 (calculated for C97H169N22O25

+,
2042.2624), the [M+Na]+ ion at m/z 2064.2536, and the [M+K]+ ion at m/z
2080.2316.
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in comparison to first-line antifungals (caspofungin, amphotericin B,
and fluconazole), revealing broad-spectrum activity against Candida
species (C. albicans, C. parapsilosis, and C. tropicalis), Cryptococcus
neoformans, Nakaseomyces glabratus, and Saccharomyces cerevisiae
(Table 1). Notably, coniotin A demonstrated potent activity against
multidrug-resistant C. auris and the mold Aspergillus fumigatus, both
identified as critical threats on the WHO Fungal Priority Pathogens
List7, surpassing the efficacy of caspofungin and fluconazole. Inter-
estingly, coniotin A also enhanced the efficacy of caspofungin, sig-
nificantly reducing its MIC against refractory C. auris to the CLSI
breakpoint of 2μg/mL (Fig. 4a)49.

The therapeutic potential of coniotin A was assessed using the
non-mammalian model C. elegans, a system well-suited for studying
Candida interactions due to its intestinal similarities to mammals and
ease of infection50. At a concentration of 8μg/mL, coniotin A sig-
nificantly reducedC. albicans infections inC. elegans (Fig. 4b). Building
upon these results, further in vivo efficacy was evaluated against
multidrug-resistant C. auris51. Coniotin A effectively extended the
lifespan of C. elegans pre-infected with C. auris CBS 12775, a strain
resistant to caspofungin and fluconazole, by approximately 30% over
two days, while untreated nematodes succumbed to infection within
40 h (Fig. 4c). Transmission electronmicroscopy (TEM) demonstrated
the interactions between the pathogen and host during infection,
revealing that C. auris invaded through the intestinal wall, resulting in
the disintegration of the brush border of the gastrointestinal tract
(Supplementary Fig. 4a)52. Unlike membrane-perturbing lipopeptides
such as iturin A53, coniotin A exhibited no hemolytic or antibacterial
activity, indicating a different mode of action, with its target being
absent in prokaryotes and human erythrocytes (Table 1, Supplemen-
tary Table 4, and Supplementary Fig. 4b).

Interestingly, amidation of theC-terminal Asp slightly reduced the
antifungal efficacy of coniotin B against C. albicans ATCC 90028, C.
neoformansH99, andC. auris strainsCBS12766 andCBS12776 (Table 1).
Furthermore, coniotin B demonstrated greater hemolytic and cyto-
toxic activity compared to coniotin A (Table 1 and Supplementary
Fig. 4b, c), highlighting the critical role of Asp in influencing its
bioactivity, despite the rarity of Asp residues in peptaibiotics due to
their unfavorable effects on α-helix stabilization54.

Proteolytic degradation remains a key limitation for peptide-
based therapeutics; however, the incorporation of unnatural and

D-amino acids can substantially enhance resistance to proteolysis55,56.
To further assess the proteolytic stability and potential bioavailability
of coniotin A, we evaluated its susceptibility to endogenous human
proteases such as trypsin and neutrophil elastase, and pooled human
serum. Both trypsin and elastase (10 ng/μL) rapidly hydrolyzed
400μM Nα-Benzoyl-L-arginine 4-nitroanilide and N-
Succinyl–Ala–Ala–Ala–p-nitroanilide within 1 h (Supplementary
Fig. 4d), confirming robust enzymatic activity. Under these conditions,
coniotin A displayed markedly improved stability compared to the
human antimicrobial peptide LL-37 (Fig. 4d). Proteolytic degradation
wasmore pronounced in 50%human serum,where approximately 27%
of coniotin A remained after 12 h of incubation, reflecting the higher
protease complexity of this biological matrix.

Coniotin A targets β-glucan, impairing cell wall integrity
Fungal lipopeptaibols uniquely contain the nonstandard amino acid
Aib, which confer an α-helix structure that enhances bioactivity and
metabolic stability, allowing them to form ion channels, permeabilize
cell membranes, and act as active agents57,58. To elucidate the
mechanism of action (MOA) for coniotin A, a serial passage assay was
performed to select C. albicans ATCC90028 and C. neoformans H99
mutants resistant to coniotin A, as resistance mutations typically arise
in target genes59. However, after 20 serial passages under sub-MIC
conditions, no resistance emerged, and all colonies remained sus-
ceptible to coniotin A, suggesting a low mutation rate or unstable
resistance. Similarly, screening over 5000 C. albicans heterozygous
(HET) deletion mutants revealed no strains resistant to coniotin A
(Supplementary Fig. 5a), suggesting it, like amphotericin B, may target
essential cellular components rather than specific protein targets,
making resistant mutants exceedingly rare and its precise target(s)
unclear60.

To investigate the target location of coniotin A and determine
whether it requires intracellular entry to exert its activity, we first
assessed its intracellular accumulation61. The membrane- and cell
wall-perturbing lipopeptide iturin A53 and β-(1,3)-glucan synthase
inhibitor caspofungin62 were used as controls, both demonstrating
measurable accumulation, with caspofungin displaying significantly
lower levels (Fig. 5a). In contrast, no intracellular accumulation of
coniotin A was detected in either pathogen, indicating that it exerts
its activity at the cell surface rather than intracellularly (Fig. 5a).

Table 1 | Susceptibility of various fungal species isolates to coniotin A and B compared with established clinical antifungal
agents

Organism MIC (μg/mL)

Coniotin A Amphotericin B Caspofungin Fluconazole Coniotin B

C. neoformans H99 4 0.5 32 8 16

C. auris CBS10913 4 1 0.5 8 ND

C. auris CBS12766 8 4 64 >64 16

C. auris CBS12775 8 4 64 >64 ND

C. auris CBS12776 8 4 64 >64 16

C. parapsilosis ATCC22019FluR 16 1 2 2 ND

C. tropicalis ATCC200956AmBR 4 8 0.25 >64 ND

N. glabratusFluR 4 1 0.5 4–8 ND

C. albicans ATCC 90028 4 0.5 0.25 8 16

C. albicans ATCC 200955AmBR 16 2 0.5 >64 ND

S. cerevisiae BY4741 4 0.25 0.125 4 ND

S. cerevisiae BY4742 4 0.25 0.125 8 ND

A. fumigatus Af293 4 0.5 64 >64 ND

A. fumigatus 1478FluR 4 0.5 64 >64 ND

Human erythrocytes >256 8 128 ND 128

Minimal inhibitory concentrations (MICs) of coniotin A and B were determined via broth microdilution against various fungal isolates, compared to established clinical agents.
AmBR amphotericin B-resistant strains, FluR fluconazole-resistant isolates. Compound concentrations are presented in μg/mL, ND not determined.
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Chitin is an essential component of the fungal cell wall located in the
inner layer and has tightly regulated synthesis that can be induced in
response to β-glucan damage, aiding in survival against cell wall
stressors63,64. The levels of chitin were significantly elevated in
response to coniotin A in C. albicans, C. auris, and C. neoformans,
similar to the response observed with the β-(1,3)-glucan synthase
inhibitor caspofungin (Fig. 5b–d). In addition to increased chitin
production and thickened septa, treatment with coniotin A altered
the morphology of C. albicans, leading to clusters of enlarged and
elongated cells (Supplementary Fig. 5b).

Further visualization of the impaired cell surface was achieved by
staining the outermost mannoprotein layer with Alexa647-ConA
(Fig. 5d)65. The compromised cell wall in C. albicans treated with con-
iotin A and caspofungin was evident, as characterized by a collapsed
cell surface and the simultaneous production of multiple daughter
cells that failed to complete division (Fig. 5e), deviating from the
normal unipolar budding where a single mother cell generates one
daughter cell at a time66. Cells treated with coniotin A exhibited a wide
neck and morphological heterogeneity, aligning with characteristics
and phenotypes commonly observed in cells exposed to cell wall-
targeting agents, such as caspofungin (Fig. 5e)67. These observations
indicate impaired cell wall remodeling, accompanied by disruptions in
the structure and composition of the cell wall. Furthermore, treatment
with coniotin A induced a 1.5-fold increase in the cell perimeter, based
on analysis of over 150 stained cells (Fig. 5e, f); similar to caspofungin,
this suggests cell wall softening, likely due to reduced β−1,3 glucan
content, which compromises C. albicans cell shape, mechanical rigid-
ity, and osmotic resistance, resulting in swollen cells68.

Given similar physiological effectswith caspofungin, we evaluated
the impact of coniotin A on β−1,3 glucan levels using aniline blue
staining65. This analysis revealed a significant reduction in the staining
of cell surface glucan, especially in characteristic cell wall regions
(Supplementary Fig. 5c). This reductionwas accompaniedby increased
diffusion of the stain into the cells, indicating enhanced osmotic
fragility68, suggesting that coniotin A primarily targets glucan fibrils,
destabilizing polysaccharides and ultimately leading to cell wall
damage. The direct interaction between coniotin A and β−1,3 glucan
was confirmed through a pull-down assay. Over 50% of coniotin A
bound to β−1,3 glucan within a 1-h incubation, whereas chitin did not
bind coniotin A, leaving a greater amount of it in the supernatant
(Fig. 5g). To further validate this interaction, a BODIPY fluorescent
moiety was conjugated to the terminal Asp of coniotin A, enabling
visualization of its binding to β−1,3-glucan via a pull-down assay, with
glucan particles analyzed through aniline blue staining (Supplemen-
tary Fig. 5d).

The binding of coniotin A to glucan further hindered the inter-
action of other enzymes or factors with glucan, as evidenced by its
dose-dependent inhibition of glucanase-mediated glucan digestion,
resulting in decreased production of hydrolyzed short-chain oligo-
saccharides (Fig. 5h). Similarly, coniotin A inhibited the activation of
limulus coagulation factor G, which is highly sensitive to (1,3)-β-D-
glucan (Fig. 5i). Typically, glucan-bound factor G initiates the coagu-
lation cascade, generating the detectable chromophore p-nitroaniline
(pNA) from the chromogenic substrate Boc–Leu–Gly–Arg–pNA.
However, incubating with 5μg/mL coniotin A significantly reduced
reaction dynamics, suggesting a decrease in free, intact glucan. This
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Fig. 4 | Antifungal activity of coniotin A against C. albicans and multidrug-
resistant C. auris. a Coniotin A (CNA) synergizes with caspofungin (CAP) in Can-
dida species. Checkerboard assays depicted as heatmaps show the average growth
of biological duplicates, normalized to controls without compounds. The poten-
tiation of coniotin A and caspofungin was evaluated against C. auris CBS12775 and
C. albicans ATCC90028. Relative growth is depicted by color, as indicated by the
scale bar in the bottom right. Fractional Inhibitory Concentration Index (FICI)
values, calculated as described in theMethods, are shown in the top right corner of
each checkerboard. FICI values below 0.5 denote synergistic interactions. b Rapid
assessment of the therapeutic potential of coniotin A using a high-throughput
Caenorhabditis elegans–C. albicans infection model. C. elegans were infected with
C. albicans ATCC90028 and treated with various concentrations of coniotin A.
Representative images show worms treated with DMSO (i, negative control), 1 µg/
mL coniotin A (ii), and 8 µg/mL coniotin A (iii). Scale bar = 0.2mm. Experiments

were independently repeated three times with similar results. c Survival of C. ele-
gans infected with C. auris CBS 12775 and treated with amphotericin B (AMB),
coniotin A (CNA), or vehicle (DMSO). Twenty-five worms per condition were
monitored over 48h in three biologically independent experiments. Survival
curves were analyzed using the Kaplan–Meier method. Statistical significance was
assessed by a two-sided Log-rank (Mantel–Cox) test (χ² = 39.48, df= 1, p <0.0001),
with confirmation by the Gehan–Breslow–Wilcoxon test (χ² = 28.64, p <0.0001),
comparing CNA (1× MIC) treatment to the DMSO control group. d Proteolytic
stability of coniotin A compared to LL-37 in the presence of trypsin (Try), neu-
trophil elastase (Ela), andhuman serum(HS). Peptides (40μM)were incubatedwith
trypsin, elastase, or 50% human serum at 37 °C for up to 12 h. Residual intact
peptidewas quantifiedbyHRLC-MS and normalized to the untreated control (0 h).
Data represent mean ± SD from three independent experiments. Figure 4c, d,
Source data and full statistical results are provided as a Source Data file.
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Fig. 5 | Coniotin A targetsβ-glucan and impairs cell wall integrity. a Intracellular
accumulation of coniotin A (CNA), caspofungin (CAP), and iturin A (ITA) in C. auris
CBS10913 (Cau) and C. albicans ATCC90028 (Cal) after 10min treatment. Data
represent mean± SD from four biological replicates. b Chitin levels in fungal cells
after 4 h treatment with½MIC of CNA, CAP, or vehicle control (DMSO). Calcofluor
white (CFW)-stained cells were analyzed by epifluorescence microscopy; bars
represent the mean, with individual cell values (from three independent biological
replicates) overlaid as dots. Statistical significance was determined using unpaired
two-tailed t-tests withWelch’s correction; all comparisons between CNAandDMSO
yielded P <0.000001. c Representative CFW-stained images corresponding to (b).
Scale bars, 10 µm. d Schematic of the Candida cell wall.
Glycosylphosphatidylinositol-anchoredmannoproteins form the outer layer linked
to a β-glucan–chitin core. Echinocandins target the glucan synthase Fks1, com-
promising wall integrity. Created with BioRender.com. eMannoprotein staining in
C. albicans (ConA–Alexa Fluor 647) after treatment. Confocal 3D projections
showing cell wall disruption (blue arrows). Scale bars, 5 µm. f Quantification of cell
perimeter from treatments as in (e), based on ~150 cells (ImageJ). Significance was
determined by a two-tailed unpaired Student’s t-test: exact P values are shown in

the figure.gCNAbinding toβ−1,3-glucan and chitin assessed bymass spectrometry
after pull-down assay. Relative abundance shown for bound (Glu-B, Chi-B) and
unbound (Glu-S, Chi-S) fractions. Data represent mean ± SD of three biological
replicates; each dot corresponds to one replicate. h CNA inhibits β−1,3-glucanase
(GCase) digestion. Hexa-glucose oligosaccharides released from laminarin (a β−1,3-
glucan) after 0.5 h hydrolysis with or without CNA (64, 128, or 256 µg/mL) were
quantified by mass spectrometry. Data from three independent replicates are
shown as dots; values are mean ± SD. Significance was determined using two-tailed
unpaired t-tests with Welch’s correction. Exact P values are shown in the figure.
i CNA inhibits β−1,3-glucan activation of Limulus factor G in a dose-dependent
manner. β−1, 3-glucan (Glu) was incubated without/with CNA (0.625, 5, or 40 µg/
mL; 1×, 8×, and 64×) and assayed using Glucatell®. Reactions were monitored at
405 nm for 1 h. Data represent mean ± SD from n = 3 independent biological repli-
cates. j TEM of C. auris and C. neoformans ±CNA (½MIC). CNA inducesmembrane
detachment (blue arrowheads), loss of integrity (orange), and cell wall thickening.
G +C β-glucan/chitin,Mmannoprotein, N nucleus,mmitochondria. Scale bars, nm.
Figures 5b, f–i, Source data and full statistical results are provided as a Source
Data file.
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effect likely results from the interaction of coniotin A with glucan,
whichmay disrupt its single helical conformation, a key contributor to
the activation of limulus coagulation factor G (Fig. 5i)69. Collectively,
these findings suggest that the binding of coniotin A to glucan inter-
feres with its enzymatic modification and remodeling, ultimately
leading to a functionally compromised cell wall.

TEM was used to further examine the morphological changes in
cell wall structure under treatment with coniotin A. Candida cells
typically display characteristic two-layered cell walls63,70, as seen in C.
auris CBS 12766 control cells: an electron-dense, mannan-rich outer
layer (M) and a glucan-rich inner layer of lower electron density (G +C)
(Fig. 5j, i–ii), both continuous with the plasma membrane71,72. In cells
treated with coniotin A, a predominance of a thicker, more electron-
dense layer was observed in place of the translucent inner layer, with
the cell wall detaching from themembrane (Fig. 5j, iii–iv), likely due to
upregulated chitin production. Chitin appeared in the outer and inner
wall layers, with cell wall proteins increasingly linked to chitin rather
than β−1,3-glucan, as seen in caspofungin-treated, glucan-
compromised cells63. C. neoformans cells have distinct cell wall struc-
tures, with an exopolysaccharide capsule (C) anchored to the outer
layer,which contains bothα-glucanandβ-glucan. In contrast, the inner
layer is primarily composed of β-glucans and chitin. These two layers
are tightly interwoven, forming a dense, thin cell wall (W) closely
adjacent to the membrane (Fig. 5j, v–vi)71. Despite capsule protection,
coniotin A induced severe cell wall damage, alongwith amuch thicker,
highly electron-dense cell wall structure, suggesting activation of
chitin salvage pathways to withstand cell wall stress (Fig. 5j, vii–viii).
Abnormal multilayered cell walls and focal enlargements were also
observed in both C. auris and C. neoformans under treatment with
coniotin A, suggesting that cell wall stress led to aberrant thickening as
a survival response (Supplementary Fig. 5e, i–iv). Although C. neofor-
mans possesses robust mechanical barriers that resist caspofungin,
maintaining an intact cell wall and capsule even when killed by
amphotericin B, cells killed by coniotin A exhibited an aberrantly
thickened cell wall with clear signs of disintegration (Supplementary
Fig. 5e, v–vii). TEM analysis of cell wall damage morphology reveals
that coniotin A disrupts the dynamic physiological activity of the cell
wall, leading to structural compromise, likely due to its targeting of
glucan.

Coniotins are generated by the hybrid PKS-NRPS BGC
Understanding the biosynthesis of coniotin is crucial for exploring,
harnessing, and optimizing fungal lipopeptaibiotics, whose bioactivity
and stability are closely tied to key structural features such as N- and
C-terminal modifications, amino acid composition and charge, and
peptide length73,74. Lipopeptide biosynthesis in fungi, primarily medi-
ated by multimodular non-ribosomal peptide synthetases (NRPSs)75,
has emerged as a rapidly advancing field, driven by growing interest
and deepening mechanistic understanding76–78. Coniotins are rare,
linear lipopeptaibiotics composed of 21 amino acids, produced by
Coniochaeta hoffmannii, a plant-pathogenic ascomycete with largely
uncharacterized secondary metabolism73. The structural features,
including multiple noncanonical amino acids and an N-terminal
MOTDA moiety, strongly suggest a biosynthetic origin from a hybrid
polyketide synthase–NRPS (PKS-NRPS) system75,78.

To investigate the genetic basis underlying coniotin biosynthesis,
we sequenced the genome of the producing strain C. hoffmannii
WAC11161. AntiSMASH analysis predicted 30 BGCs, including three
hybrid PKS–NRPS clusters located in genomic regions 15, 31, and 52
(designated Clusters 1, 2, and 3, respectively)35. Clusters 1 and 3 each
encode only a single-module NRPS with limited domain architecture
and lack key biosynthetic features, rendering them unlikely to be
involved in coniotin production (Supplementary Fig. 6a–d and Sup-
plementary Table 6). In contrast, Cluster 2 spans ~182 kb and encodes
three NRPS genes (conB, conC, and conD) comprising a total of 21

modules, corresponding precisely to the number of amino acid resi-
dues in coniotin (Fig. 6 and Supplementary Table 5). Substrate speci-
ficity predictions for individual adenylation domains closely match
most of the amino acid composition of coniotin, supporting the pro-
posed NRPS assembly line (Supplementary Table 7). Notably, an
intervening open reading frame, orf17, encodes a predicted L-aspartate
decarboxylase that may supply the nonproteinogenic precursor β-
alanine. Additionally, the cluster harbors a highly reducing, iterative
type I polyketide synthase (ConA), which shares 100% query coverage
and67% sequence identitywith TexQ—the PKS responsible forMOTDA
synthesis in the recently reported lipopeptaibol texenomycin and
lipohexin BGCs—suggesting its functional role in assembling the
N-terminal MOTDA acyl moiety (Supplementary Fig. 6e)43,79,80. Adja-
cent to conA, the acyl-CoA synthetase ConE shows high sequence
similarity to characterized fungal lipopeptide ligases, including LcsD
(A0A179HJB8.1), EasD (Q5BA81.1)81, GloD (S3DB78.1), Cm3C (G3J455.1),
and EcdI (K0E2F3.1). Together with the predicted transferase ConF,
these enzymes likely mediate the essential transfer of the linear poly-
ketide intermediate that is released from ConA to the initiating thio-
lation (T₀) domain of the NRPS ConB81.

Building on gene annotations within the con BGC (Supplementary
Table 5), wepropose a biosynthetic pathway for coniotin A (Fig. 6). The
iterative PKS ConA initiates polyketide assembly by condensing
malonyl-CoA extender units through its ketoacyl synthase (KS)
domain, with acyltransferase (AT) loading and acyl carrier protein
(ACP) tethering. Stepwise two-carbon elongation, coupled with selec-
tive β-keto processing by canonical dehydratase (DH), enoyl reductase
(ER), and ketoreductase (KR) domains, generates a fully reduced
3-oxotetradecanoyl scaffold. During the final extension cycle, β-C-
methylation by the C-methyltransferase (cMT) domain generates
methylated polyketides, yielding the major congeners coniotin A and
B; while unmethylated intermediates give rise to coniotin C and D.
These polyketides (OTDA/MOTDA) are subsequently converted into
CoA thioesters by the acyl-CoA synthetase ConE and transferred to the
T₀ domain of the NRPS ConB81. The first condensation domain (C1)
mediates amide bond formation between proline and (M)OTDA,
initiating nonribosomal peptide assembly. Sequential incorporation of
20 additional amino acids proceeds according to the predicted
domain organization, and the mature lipopeptide is ultimately
released by the terminal thioesterase domain (TD).

Discussion
Natural products and their derivatives have long served as an invalu-
able reservoir of therapeutic agents, contributing to nearly half of all
approved anticancer drugs, due to the structural novelty, diversity,
and complexity of their metabolites. Microorganisms play a pivotal
role in antibiotic biosynthesis to gain a competitive advantage for
survival. The availability of extensive microbial genome sequence
databases has unveiled a vast reservoir of untapped BGCs in micro-
organisms, revealing an immense, largely unexplored chemical space.
However, the frequent rediscovery of known compounds poses a
significant challenge to identifying previously uncharacterized bioac-
tive molecules.

To overcome these challenges, we developed a cost-effective and
resource-efficient platform to uncover active agents masked within
crude extracts that are often overlooked using traditional screening
methods, achieving over a 50% increase in hit rate. Theprefractionated
library effectively separates growth-enhancing and antibiotic mole-
cules, as well as major and minor components, facilitating the detec-
tion of minimal or negligible secondary metabolite production. By
integrating PFL screening with a rapidly expanding database of anno-
tated MS/MS fragmentation spectra and characterized biosynthetic
BGCs, we developed an efficient dereplication pipeline to prioritize
structurally novel scaffolds from complex natural product mixtures.
Application of this strategy led to the discovery of coniotins, a
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previously uncharacterized family of lipopeptaibiotics composed of 21
amino acid residues and an N-terminal MOTDA moiety.

Unlike classical lipopeptaibols, coniotins terminate in apolar amino
acid residue rather than the canonical C-terminal amino alcohol,
representing a structural deviation that helps define this family as a
distinct subclass within the broader peptaibiotic lineage57,78. Moreover,
microbial lipopeptaibiotics with extended peptide chains (>20 resi-
dues) remain relatively rare, likely due to the high metabolic cost
associated with their biosynthesis under standard laboratory
conditions75. Their identification often depends on genome-guided
mining, heterologous expression, or advanced analytical workflows82.
The recovery of such a compound directly from native fungal fermen-
tationhighlights the effectiveness of our integrative discovery platform.

Coniotin A exerts antifungal activity through a non-canonical
mechanism that targets β-glucan, an essential polysaccharide in the
fungal cell wall that is absent in mammalian cells. This selective inter-
action underlies its low hemolytic and cytotoxic profile relative to
amphotericin B. By compromising cell wall integrity, coniotin A facil-
itates caspofungin access to its target, resulting in robust synergistic
activity. This mechanism is particularly relevant for combating
multidrug-resistant C. auris, a WHO-prioritized pathogen with high
clinical concern. Notably, other peptaibiotics have also demonstrated
cell wall-directed antifungal activity, suggesting a broader role for such
structural motifs in targeting the fungal surface40,83,84.

Structurally, coniotin A is enriched in non-proteinogenic residues,
including six α-aminoisobutyric acid (Aib) and four D-isovaline (Iva)
units, predominantly located at the termini. These residues stabilize
helical conformations, such as α- and 3₁₀-helices58,78, that are char-
acteristic of peptaibiotics and associated with proteolytic stability and
durable bioactivity55,56. While the precise three-dimensional structure
of coniotin A remains to be determined, its sequence composition and
preliminary safety profile support its potential as a pharmacologically
resilient antifungal agent.

Although no lipopeptaibol has yet advanced to clinical use, con-
iotins represent a rare class of antifungals that act selectively on fungal
cell wall components, offering both reduced host toxicity and a low
likelihood of resistance emergence48. Their potent activity against
resistant pathogens and synergy with existing therapies position
coniotins as candidates for further development. Despite violating
Lipinski’s rules, their pharmacological behavior echoes that of
approved lipopeptides such as daptomycin and echinocandins,
including high serum stability and low resistance potential. Given their
physicochemical properties, coniotins are most likely suited for par-
enteral or topical delivery. The hydrophobic tail may facilitate dermal
penetration47, making them attractive for superficial fungal infections
such as cutaneous or mucosal candidiasis. Future studies will aim to
define their in vivo efficacy, therapeutic window, and optimal for-
mulation strategies.
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Fig. 6 | TheBGCandproposedbiosyntheticpathwayof coniotinA.Organization
of the coniotin BGC and proposed pathway in C. hoffmanniiWAC11161. Open
reading frames (ORFs) involved in coniotin biosynthesis are color-coded as follows:
pink for the polyketide synthase (PKS) gene (conA), blue for the non-ribosomal
peptide synthetase (NRPS) genes (conB-D), dark purple for the acyl-CoA ligase gene
(conE), light purple for the transferase gene (conF), light yellow for the ABC

transporter, andgreen forpotential functional genes. ForORF annotations, see also
Supplementary Table 5. The PKS domains in ConA are labeled as follows: AT
(acyltransferase), KS (keto synthase), ACP (acyl carrier protein), KR (ketor-
eductase), DH (dehydratase), ER (enoylreductase), and MT (methyltransferase).
The NRPS domains in ConB-D are labeled as follows: C (condensation domain), A
(adenylation domain), T (thiolation domain), and TD (terminal domain).
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More broadly, peptaibiotic is an increasingly recognized class of
bioactive peptides with potent antifungal, antibacterial, antiviral,
antitumor, and neuroactive activities, representing a versatile and
expanding scaffold for therapeutic innovation75,78,85. The discovery of
coniotins further exemplifies the potential of natural peptides as drug
leads. Peptide-based antimicrobials often act through multiple
mechanisms of action, a feature that helps delay or prevent the
emergence of resistance48,86–88. In the case of coniotins, which target
essentialmicrobial structures such as the cell wall, the development of
resistance appears limited, potentially due to the evolutionary con-
straint that pathogens are disincentivized to extensively remodel cell
wall architecture in ways that would compromise viability. Structural
elucidation of coniotin A via NMR or crystallography, coupled with
detailed analyses of its β-glucan interactions, will provide a foundation
for rational design of next-generation lipopeptaibiotics.

The identification of the coniotin BGC provides a genetic frame-
work for the modular assembly of these unusually large, Aib-rich
lipopeptaibols. The cluster encodes a hybrid highly reducing polyke-
tide synthase (HR-PKS, ConA) and multiple large NRPSs (ConB–D),
collectively predicted to incorporate over 21 amino acids, including
several non-proteinogenic residues such as α-aminoisobutyric acid
(Aib) and isovaline (Iva). Recent work on texenomycins, linear Aib-rich
lipopeptaibols featuring the same N-terminal MOTDA moiety, high-
lights convergent biosynthetic strategies among filamentous fungi43.
Both the texenomycin and coniotin BGCs share a PKS–NRPS hybrid
architecture. However, comparative BGC analysis reveals key distinc-
tions: while the PKSs responsible for MOTDA biosynthesis are highly
conserved (67% identity, 100% coverage), the remaining NRPS mod-
ules display low sequence similarity (<30%), indicating divergence in
both peptide backbone construction and potential tailoring logic.
These differences suggest that, despite structural parallels, coniotins
and texenomycins have evolved independently, pointing to distinct
biosynthetic solutions for producing large lipopeptaibols in fungi and
expanding the mechanistic repertoire of this underexplored class of
natural products.

Targeted gene deletions, particularly within the loading modules
of the PKS and NRPS systems, will be instrumental in defining the
contributions of polyketide and peptide moieties to bioactivity, and
may facilitate the rational design of analogs with improved pharma-
cological profiles. Collectively, our findings underscore the under-
explored potential of large fungal lipopeptaibiotics and provide a
foundation for future genome-guided discovery and synthetic biology
approaches aimed at expanding the antifungal lipopeptide repertoire.

Methods
Ethics statement
All experiments involving humanbloodwere conducted in accordance
with relevant institutional and national ethical regulations. Commer-
cially obtained, fully anonymized red blood cells (RBCs) (BioIVT) were
used. As the studydid not involve identifiabledata or direct interaction
with human participants, ethics approval was not required under
TCPS2 (Article 12.3B) and McMaster University policies.

Cultivation and fermentation conditions of bacterial strains
Streptomyces sp. Strains WAC1325, WAC1490, and WAC5858 (this
study) were initially cultured on Mannitol Soya Flour (MS) agar (2%
mannitol, 2% soya flour, 2% agar) at 30 °C for 7 days to promote
sporulation. A single colony from the sporulated MS agar culture was
then transferred to Bennett’s agar plates and incubated under the
same conditions for an additional 7 days for fermentation.

Bennett’s medium was prepared with the following composition
per litre: 10 g potato starch, 2 g casamino acids, 1.8 g yeast extract, and
2mL Czapekmineralmix. The Czapekmineral mix contained 10 g KCl,
10 gMgSO₄·7H₂O, 12 gNaNO₃, 0.2 g FeSO₄·7H₂O, 200 µL concentrated
HCl, and was adjusted to 100mL with double-distilled water (ddH₂O).

The final pH was adjusted to 6.8, and the medium was autoclaved at
121 °C for 45min.

B. velezensis. WAC11084 strains (this study) were revived from cryo-
preserved stocks and cultured in Luria–Bertani (LB) broth or on LB agar
plates, with incubation overnight at 37 °C. For fermentation, the strain
was transferred to Bennett’smedium and incubated at 37 °C for 5 days.

Culture conditions for fungal and yeast strains
C. hoffmannii. WAC11161 (this study), C. neoformans strain H99 (ATCC
MYA-4901), C. auris (CBS10913, CBS12766, CBS12775, CBS12776;
obtained from CBS-KNAW Fungal Biodiversity Centre), C. albicans
(ATCC 90028, ATCC 200955), C. parapsilosis ATCC22019, C. tropicalis
ATCC200956, C. glabrata CBS138 (formerly N. glabratus; CBS-KNAW),
S. cerevisiae BY4741 (ATCC 201388), and A. fumigatus (Af293, 1478)89

were cultured under standard eukaryotic conditions. Cultures were
grown in YPDmedium (1% yeast extract, 2% peptone, and 2% dextrose)
or Sabouraud Dextrose Broth (SDB, BD Difco) at 30–37 °C. When
required, strains were maintained on corresponding agar plates. To
ensure cell viability, sterile techniques were employed, and cells were
regularly passaged.

Fermentation of coniotins
To produce coniotin A, C. hoffmannii WAC11161 cultures were grown
on Bennett’s agar plates and incubated for 8 days at 30 °C.

High-throughput screening of natural product library and PFL
A high-throughput screening of a natural product library and a pre-
fractionated library was performed to assess the advantages of frac-
tionated libraries over crude extracts. The screening encompassed 379
crude extracts and 3032 corresponding fractions, each tested in
duplicate. The screening was performed against C. albicans ATCC
90028 and C. auris CBS 10913 using the Biomek Fxp Integrated Liquid
Handler. Candida cultures were streaked on YPD agar for single colo-
nies and incubated at 30 °C for 48 h. Cultures were then prepared to a
final concentration of 103 cells/mL in RPMI 1640 medium. In 384-well
plates, 1μL of crude extract, conditionedmedia, or fraction wasmixed
with 49μL of the yeast culture using the Formulatrix Tempest Liquid
Handler. Amphotericin B (8μg/mL) served as a positive control. After
48 h of incubation, plates were read at OD530 on a Biotek Neo micro-
titer plate reader, and luminescence and absorbance were measured
using BioTek Gen5 software (v3.14). Data were normalized using
control-based normalization, and hits were defined as wells exhibiting
aminimumof 75%growth reduction for both C. albicans andC. auris90.

Hit verification
Nine hits were selected for follow-up verification based on the initial
screening data. The corresponding strains were revived from cryo-
preserved stocks, plated on Bennett’s agar, and incubated at 30 °C for
7 days. The agar cultures were then crushed and extracted three times
withmethanol. Methanol extracts were pooled and evaporated using a
rotary evaporator. The dry samples were resuspended in DMSO and
loadedonto apre-packedC18 sample loadcartridge. Fractionationwas
performed using a CombiFlash system (Teledyne ISCO, Inc.) equipped
with REDISEP GOLD® C18 reversed-phase columns. Separation was
achieved at a flow rate of 12mL/minusing awater-acetonitrile (CH₃CN)
gradient. A total of 24 fractions were collected per run and dried using
GenevacEvaporators (Canadawide Scientific). Thedried fractionswere
then dissolved in 200 μL DMSO with sonication, and their antifungal
activity was evaluated against C. albicans and C. auris.

Susceptibility test of antifungal agents
Minimum inhibitory concentration (MIC) determinations were per-
formed following the National Committee for Clinical Laboratory
Standards (NCCLS) protocol M27 (Reference Method for Broth
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Dilution Antifungal Susceptibility Testing of Yeasts). Several colonies
from two-day-old cultures were resuspended in 0.85% saline to an
initial OD530 of 0.11–0.14 and then diluted 1:2000 in RPMI 1640 med-
ium. A two-fold serial dilution of test agents was prepared and added
to the diluted culture in 96-well U-bottom plates. Column 11 served as
the growth control (inoculumwithout drug), and Column 12 served as
the sterile control (sterile media only). Both controls contained the
same vehicle (e.g., DMSO) as the test wells. The sterile control readings
were labeled “bkgd” (background), and the growth control readings
were labeled “growth.” Growth inhibition was calculated as: %
growth = [(OD530 –mean bkgd)/(mean growth −mean bkgd)] × 100.
For the bioactivity testing of fractions, 4μL of DMSO-dissolved frac-
tions were added to the diluted culture. After 48 h of incubation at
30 °C, optical density (OD) at 530 nm was measured using a BioTek
Synergy Microplate Reader. MIC for fluconazole was defined as the
lowest concentration that caused an 80% reduction in growth, while
MIC for other drugs was set as the lowest concentration that com-
pletely inhibited growth.

HRMS and chromatographic analysis
HRMS analysis of active fractions was performed using a qTOF LC/MS/
MS system. An Agilent 1290 Infinity II LC system coupled to a qTOF
6550 mass detector (Agilent Technologies) was used to acquire mass
spectra with Agilent MassHunter Workstation LC/MS Data Acquisition
software (version 10.1). The instrument operated in positive electro-
spray ionization (ESI) mode with the following parameters: capillary
voltage, 3500V; nozzle voltage, 1000V; fragmentor voltage, 380V;
drying gas flow, 14 L/min at 200 °C; nebulizer pressure, 35 psig; sheath
gas flow, 11 L/min at 350 °C. Data were acquired over an m/z range of
100–3000 with a scan rate of 1 spectrum/s.

Targeted MS/MS analyses were performed on a list of specific
precursor ions to confirm the structure of coniotins. The instrument
settingswere as follows:MS rangewas set to 50–3000m/z, andMS/MS
scans from 50m/z to 3000m/z, with fixed collision energies of 20 eV,
30 eV, 40 eV, and 50 eV. For GNPS-based untargeted analysis, autoMS/
MS mode was used with an m/z range of 50–1700, a scan rate of
1 spectrum/sec, and an isolation width of 4 amu. Collision energies of
10 eV, 30 eV, and 60 eV were applied.

Chromatographic separation was achieved using an Eclipse SDB-
C8 column (2.1mm× 100mm, 3.5 µm; Agilent) with a flow rate of
0.4mL/min. Themobile phase consisted ofH₂O (0.1% formic acid, v/v)
and acetonitrile (0.1% formic acid, v/v). For targeted analysis of con-
iotins, the gradient started at 25% B for 0.5min and increased to 100%
B over 6.5min. For GNPS acquisition, the gradient started at 10% B for
2min, then ramped linearly to 100% B over 15min.

Agilent Mass Hunter 10.0. Qualitative analysis software was used
for data analysis. Compounds purified from different batches of fer-
mentation were dissolved in DMSO, tested for bioactivity, and the
active fractions were examined on theQtof at least three times. For the
coniotins, over ten times independent analysis of the different batches
of fractions of fermentations were conducted.

A total of more than ten independent fermentation batches were
analyzed. Bioactive fractions from each batch were subjected to
repeated HRMS analysis (at least three independent runs per batch).
Inactive fractions were included as negative controls for dereplication
and specificity assessment, and DMSO was used as a blank control.

Data were processed using Agilent MassHunter Qualitative Ana-
lysis software (version 10.0). GNPS molecular networking was per-
formed via theGNPS online platform (https://gnps.ucsd.edu) using the
Feature-Based Molecular Networking (FBMN) workflow. MS/MS spec-
tra were matched against public spectral libraries with a cosine simi-
larity score threshold of ≥0.7.

The raw MS and MS/MS datasets have been deposited in the
MassIVE/GNPS public repository under accession number
MSV000098505 (https://doi.org/10.25345/C5057D541). Relevant

peak assignments and spectral annotations are provided in the main
figures and Supplementary Information.

Identification of known antifungals by GNPS via HRMS/MS
Raw HRMS/MS data were converted to mzXML format and analyzed
using the GNPS platform (Global Natural Product Social Molecular
Networking, https://gnps.ucsd.edu)30 via its online workflow (https://
ccms-ucsd.github.io/GNPSDocumentation/). Data were filtered to
exclude fragment ions within ±17Da of the precursorm/z, retaining the
top six fragment ions within ±50Da throughout the spectrum. Mass
tolerances were set to 1.0Da for precursor ions and 0.5Da for MS/MS
fragment ions. Amolecular networkwas generatedwith edges requiring
a cosine score >0.7 and at least six matched peaks. Nodes were con-
nected only if they appeared in each other’s top ten most similar nodes.
Molecular families were capped at 100 nodes by removing the lowest-
scoring edges. Spectra in the network were searched against GNPS
spectral libraries using the same filtering criteria. Matches required a
cosine score >0.7 and at least sixmatchedpeaks. This approach enabled
the identification of known antifungal compounds.

Genome isolation
Genomic DNA was extracted from WAC1325, WAC1490, WAC5858,
WAC11084, WAC11161, and WAC11175 for sequencing. Prokaryotic
genomes were isolated from 48-h Tryptic Soy Broth (TSB) cultures.
Cells were harvested and treated with 1mg/mL lysozyme, followed by
1% SDS and 0.5mg/mL proteinase K at 55 °C for 2 h. Proteins were
removed via chloroform extraction and centrifugation. DNA was pre-
cipitated using cold isopropanol, washed with 70% ethanol, and dis-
solved in TE buffer. Residual RNA was eliminated using 100μg/
mL RNase.

Fungal DNA was isolated using a CTAB-based method91. Freeze-
dried fungal cells were disrupted with glass beads and extracted with
CTAB buffer (100mM Tris-HCl, 0.7M NaCl, 10mM EDTA, 1% CTAB, 1%
2-mercaptoethanol, pH 7.5) at 65 °C for 30min. Proteinswere removed
by chloroform extraction and centrifugation. DNA was precipitated
with isopropanol, washedwith 70%ethanol, and dissolved in TE buffer.

Genome sequencing and assembly
Genomic DNA was prepared for Illumina sequencing (MiSeq
2 × 300bp reads) using the NEB Next Ultra V2 kit (New England Bios-
ciences) with 500 ng of input DNA sonicated to 600bp and size-
selected with AMPure XP beads (Beckman Coulter). Sequencing was
performed by the McMaster Genomics Facility, and reads were trim-
medwith Skewer v0.2.2 (-q 25, -Q25) andmerged using FLASH v1.2.1192.
De novo assembly was carried out with SPAdes v3.15.2 or
SPAdes v3.15.4.

For WAC11161, the draft genome assembly consisted of 210 con-
tigs with a total length of 35.4Mband anN50 of 778,487. The 18S rRNA
gene sequence, retrieved with RNAmmer v1.2, was identified via
BLASTN searches93. The top hits were Coniochaeta prunicola (99.88%
identity over 93% query coverage) and C. hoffmannii (99.39% identity
over 100% query coverage). Genome quality was assessed with BUSCO
v5.4.7, confirming 97.9% completeness of conserved orthologs from
the Sordariomycetes database (odb10)94. Illumina reads re-mapped
using BWA MEM yielded 121X average coverage, a mean mapping
quality of 59.89, and a mean base quality of Q33.89 (>99.95% base
accuracy)95. Breseq v0.37.0 showed 99.0% of reads mapped to the
assembly95. Fungismash (antiSMASH 8.035) identified a 182,160 bpBGC
within a 444,462 bp contig associated with coniotin A. These results
demonstrate a high-quality draft assembly of the Coniochaeta genome
with excellent coverage and completeness, enabling further analysis.

Purification of active compound 1 from WAC11161
Single colonies of C. hoffmanniiWAC11161 were picked from YPD agar
plates after two days of growth and incubated on 20 Bennett’s agar
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plates (30 × 42 × 3 cm, 500mL/plate) at 30 °C for 8 days. The fer-
mented agar was blended and extracted with an equivalent volume of
methanol under shaking. The methanol extract was concentrated
under reduced pressure and resolubilized in 200mL of methanol.
Following centrifugation, the crude supernatant was combined with
5 g of C18 resin, dried by rotary evaporation, and loaded onto a
RediSep C18 Gold column (86 g) for purification using a CombiFlash
system (Teledyne ISCO, Inc.) at a flow rate of 66mL/min. Partially
purified compound 1 was eluted with a linear gradient of 10%–100%
acetonitrile (0.1% formic acid). Active fractionswere identified through
bioactivity testing and LC-MS analysis, pooled, lyophilized, and further
purified on an LH20 column (3× 40 cm) with methanol as the eluent
(fraction size: 10mL).

Bioactive fractions (fractions 7–11) were concentrated to dryness
using Genevac Evaporators (Canadawide Scientific) and subjected to
HPLC purification (1260 Agilent Technologies) on an Eclipse SDB-C8
column (4.6 × 250mm, 5 µm). The compound was eluted with 70%
acetonitrile (0.1% formic acid) and assessed by HR-ESI-MS in positive
ion mode. Compound 1: calculated mass for C98H170N21O26 [M +H]+:
2057.2620; observed 2057.2614. Approximately 10mg of compound 1
was obtained. NMR data were acquired on a Bruker AVIII 700MHz
instrument equipped with a cryoprobe.

Chemical hydrolysis
Acid hydrolysis was performed by resuspending 1mg of the com-
pound in 500μL of 6N HCl and incubating the mixture at 100 °C for
20 h46. After the reaction cooling, 1mL of ethyl acetate was added to
themixture. The organic phase was separated, dried, and subjected to
analysis, while the aqueous phase was concentrated under nitrogen
and used for subsequent derivatization with Marfey’s reagent.

Partial hydrolysis was conducted using 3M HCl at 90 °C for 5 h.
Aliquots were collected at defined time points and analyzed using HR-
LC-MS. Selected cleaved peptides were further characterized using
targeted MS/MS analysis.

Marfey’s reagent chemical modification
Approximately 0.2mg of each amino acid standard was dissolved in
50μL of H₂O, followed by the addition of 20μL of 1M NaHCO₃ and
100μL of 1% Marfey’s reagent (Nα-(2,4-dinitro-5-fluorophenyl)-L-alani-
namide, Acros Organics) in acetone46. The mixtures were agitated at
40 °C for 1 h, and the reactions were quenched with 10μL of 2 N HCl.
The resulting reaction products were dried under nitrogen, redis-
solved in ~1.7mL methanol, and individually injected (0.5μL) into a
UPLC-MS for analysis.

To digest and derivatize hydrolyzed compounds: approximately
0.2–0.3mgof compounds 1–3were separately hydrolyzed in 500μLof
6N HCl at 90 °C for 24 h. The hydrolysates were dried under nitrogen
and then treated with 25μL of H₂O, 25μL of 1M NaHCO₃, and 50μL of
1%Marfey’s reagent in acetone. Reactions were agitated at 40 °C for 1 h
and quenched with 5μL of 2N HCl. The products were dried under
nitrogen, dissolved in ~200μL methanol, and analyzed by UPLC-MS
under the same conditions as the standards.

Papain hydrolysis
Compound 1 (1mg dissolved in 10 µL DMSO) was hydrolyzed in a reac-
tion mixture containing 200 µL of 0.05M Tris-HCl buffer (pH 6.8),
20mM 2-mercaptoethanol, 0.5mM EDTA, and 7mg of papain45. The
reaction was incubated at 37 °C with shaking for 4 days to ensure com-
plete hydrolysis. Hydrolysis progress was monitored daily using LC-MS.
At each time point, a 20μL aliquot was collected from the reaction
mixture, centrifuged, and the supernatant removed. The resulting pellet
was resuspended in 20 µL ofmethanol, and 5 µL of the resuspensionwas
injected for LC-MS analysis. Prominent peptide molecular ions were
selected for further fragmentation analysis.

Hemolysis testing
Human blood collected in K2-EDTA tubes was obtained from BioIVT
(New York, USA). The blood was centrifuged at 500×g for 5min, and
the plasma was removed. RBCs were washed twice with 150mM NaCl
in a volume equal to the removed plasma. After the secondwash, RBCs
were resuspended in phosphate-buffered saline (PBS, pH 7.4) at a
volume equivalent to the plasma to maintain hematocrit levels. Com-
pound solutions (1μL) were added to 96-well V-bottom plates using a
Labcyte Echo acoustic dispenser (Beckman Coulter). DMSO was
included at a constant 1% (v/v) final concentration, with DMSO-only
controls as negative controls. Triton X-100 (10μL, starting at 20% and
serially diluted 2-fold to 0.02%) served as a positive control. RBCswere
diluted 1:50 in PBS (pH 7.4), and 99μL of this suspension was added to
each well. Plates were incubated at 37 °C for 1 h, followed by cen-
trifugation at 500×g for 5min to pellet intact RBCs. A 65μL aliquot of
the supernatant was transferred to a clear, flat-bottom 96-well plate,
and absorbance was measured at 540nm. Coniotin A and B were tes-
ted at a starting concentration of 128μg/mL, while Iturin A, Caspo-
fungin, and Amphotericin B were tested starting at 256μg/mL.
Compounds were diluted 2-fold to create an 11-point dose-response
curve. Each concentration was tested in duplicate.

Cytotoxicity testing
On Day 1, HEK293 cells (ATCC CRL-1573; generation 6) were seeded at
7500 cells/well in 384-well tissue culture-treated white plates with
50μL of Dulbecco Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 units/mL
penicillin, and 100μg/mL streptomycin. Cells were incubated for 18 h
at 37 °C under 5% CO₂. On Day 2, 500nL of compound solutions and
DMSOwereadded to thewells using a Labcyte Echo acoustic dispenser
(Beckman Coulter) and a Combi nL dispenser (ThermoFisher), main-
taining a final DMSO concentration of 1% across all wells. After 48 h of
incubation, cell viability was assessed using Promega CellTiter-Glo 2.0
reagent (Fisher Scientific). A total of 50μL of CellTiter-Glo was added
directly to each well, plates were shaken for 2min, and then incubated
for 10min at room temperature. Luminescence was measured using a
Neo2 plate reader (BioTek) equipped with a luminescence fiber optic
and operated with Gen5 software (v3.14, BioTek). Untreated cells and
DMSO-only treated cells were used as controls. Compounds were
tested in triplicate at each concentration. Coniotin A and Bwere tested
starting at 128μg/mL, while Iturin A, Caspofungin, and Amphotericin B
were tested starting at 256μg/mL. Compounds were serially diluted
2-fold to generate an 11-point dose-response curve.

Dose-response curves were fitted using a four-parameter logistic
(4PL) non-linear regression model, constrained to a minimum
response of 0 and a maximum response of 1. The 4PL Eq. (1) used was:

y= d +
a� d

1 + x
c

� �b

 !

ð1Þ

Where y = the sample response in relative luminescence units, x = the
drug concentration, a = the maximum response for infinite standard
concentration, b = the Hill slope (typically negative), c = inflection
point, and d = the response at a standard concentration of 0.

Rapid C. elegans–C. albicans antifungal activity assay
The C. elegans glp-4(bn2); sek-1(km4) double mutant AU37 (Cae-
norhabditis Genetics Center) was used in a rapid co-infection anti-
fungal assay50. Briefly, worms were age-synchronized to the first larval
stage (L1) and grown on nematode growthmedium (NGM) at 25 °C for
48 h until the fourth larval stage (L4). In 96-well clear flat-bottom
plates, 70 µL of screening medium (30% BHI in M9 buffer containing
90 µg/mL kanamycin, 200 µg/mL ampicillin, and 200 µg/mL strepto-
mycin), 450nL of test compounds or DMSO vehicle, ~15 L4worms, and

Article https://doi.org/10.1038/s41467-025-62630-z

Nature Communications |         (2025) 16:7337 13

www.nature.com/naturecommunications


10 µL of C. albicans ATCC90028 (2.5 × 10⁴ cells/mL in PBS) were added
per well. Worms were dispensed using the Union Biometrica COPAS
BIOSORT system, and plates were sealed with a porous film. Plates
were incubated at 25 °C for 96 h prior to imaging using a Nikon Mul-
tizoom AZ100M microscope equipped with a 2× Plan Fluor objective.
Images were captured with NIS-Elements AR software (v5.11, Nikon).

C. elegans survival assay
A population of the C. elegans double mutant strain AU37 (glp-4(bn2);
sek-1(km4)) was synchronized to L1 andgrownonNGMat 25 °C for 48 h
prior to infection. The C. auris infection protocol was adapted and
scaled for 96-well plates51. Worms were washed with M9 buffer and
placed onto brain heart infusion (BHI) agar plates supplemented with
50 µg/mL kanamycin and seeded with a C. auris lawn. After feeding for
3 h, worms were washed off and allowed to crawl on unseeded NGM
plates for 1 h to remove external yeast. Using the Union Biometrica
COPASBIOSORT system, ~25wormswere dispensed into eachwell of a
96-well plate. The final media composition was 20% BHI and 80% M9
buffer supplemented with 10 µg/mL cholesterol. Test conditions
included DMSO vehicle, 1× MIC of coniotin A, and amphotericin B,
each tested in triplicate. Plates were sealed with a porous film, incu-
bated at 25 °C, and worm survival was monitored every 8 h over 48 h.

Proteolytic stability assay of coniotin A
Protease activity was first confirmed using chromogenic peptide sub-
strates. Specifically, 400μM Nα-Benzoyl-L-arginine 4-nitroanilide
hydrochloride (BApNA; Sigma-Aldrich, B3133), a trypsin substrate,
and 400μM N-Succinyl–Ala–Ala–Ala–p-nitroanilide (Suc-Ala–Ala–Ala-
pNA; Sigma-Aldrich, S4760), a substrate for neutrophil elastase, were
incubated with 1μg of trypsin (Promega, V511A) or elastase (Sigma-
Aldrich, E0258) in Tris-HCl buffer (pH 7.5) at 37 °C. Release of pNAwas
monitored at 410 nm every 1min using a microplate reader (Synergy
Neo2, BioTek) operated with Gen5 software (v3.14, BioTek).

Coniotin A (40μM) was subsequently incubated with either
trypsin, elastase, or 50% (v/v) pooled human serum (Innovative
Research, IPLA-HSER) in Tris-HCl buffer (pH 7.5) at 37 °C. At pre-
determined time points (0, 10, 20, 30, 60, 120, 300, 450, and 720min),
10μL aliquotswere collected and immediately quenchedwith an equal
volumeofDMSO. Sampleswere analyzed using anAgilent 1290 Infinity
II LC system (Agilent Technologies) coupled to a 6550 iFunnel Q-TOF
mass spectrometer to quantify the remaining intact peptide. LL-37, a
human antimicrobial peptide, served as a control.

Haploinsufficiency (HIP) screening
Glycerol stock pools of C. albicans HET double-barcoded deletion
mutants were thawed, diluted to an OD600 of 0.05 into a 60mL YPD
culture, and grown at 30 °C under shaking conditions for 1.5 h. Sub-
sequently, 1mL of the sub-cultured HET pool was aliquoted into tri-
plicate culture tubes, each containing 1mL YPDmedium with coniotin
A or a DMSO solvent control. These cultures were grown at 30 °C
under shaking conditions for 18 h. Cells were pelleted by centrifuga-
tion, the supernatant was removed, and the cell pellets were stored at
−80 °C. Cell pellets were digested with Zymolase in buffer (1M sorbi-
tol, 10mM sodium EDTA, 14mM β-mercaptoethanol, 15 units of
Zymolase enzyme) prior to genomic DNA extraction using the Pure-
Link Genomic DNA Extraction kit, as per the manufacturer’s instruc-
tions (Invitrogen). Genomic DNA was recovered from columns
provided by the kit using 10mM Tris-HCl pH 8.0 and quantified using
the PicoGreen DNA quantification kit (Invitrogen). Barcodes were PCR
amplified with Takara Ex-Taq (Clonetech) using 150ng of genomic
DNA. UP-TAG primers (UP-TAG U and UP-TAG INX) and DOWN-TAG
primers (DOWN-TAG U and DOWN-TAG INX) were used (Table S8)96.
Equal quantities of UP-TAG and DOWN-TAG pools were combined to
form a sequencing library, which was sequenced on an Illumina Next-
Seq500 instrument (Mid-Output, V2 Chemistry) using specific primers

to sequence and index the UP- (UP-TAG S and UP-TAG SINX) and
DOWN-TAG (DOWN-TAG S and DOWN-TAG SINX) pools for each
sample (Table S8)96. Barcode-sequence reads were mapped to an
artificial genome containing known UP-TAG and DOWN-TAG sequen-
ces of each strain and compiled for each indexed sample. If a specific
UP-TAG or DOWN-TAG had more than one of its triplicate samples in
the solvent control condition with read counts <20% of the median
read per million mapped, these reads were filtered and omitted from
further analysis. Log2 fold differences for each strain’s UP-TAG and
DOWN-TAG were calculated.

Intracellular drug accumulation assay
Intracellular accumulation of caspofungin, iturin A, and coniotin A was
assessed using a quantitative LC-MS-based approach performed in
biological triplicates61. C. albicans ATCC90028 and C. auris CBS10913
were used for the experiments. Overnight cultures (OD530 = 1.6–1.8)
were subcultured into fresh SDB and grown at 30 °C with shaking until
reaching mid-log phase (OD₅₃₀ ≈0.6). Cells were pelleted, washed
twice with PBS, and resuspended in 15mL fresh PBS. Aliquots (875μL)
were transferred into ten 1.5mL Eppendorf tubes, resulting in a final
concentration of ~3.3 × 107 cells/mL. Samples were equilibrated at
30 °C for 5min before adding test compounds to a final concentration
of 20 µM.After 10min of incubation, 800μL of the culture was layered
onto 700μL of pre-cooled silicone oil (9:1 mixture of silicone oil
AR200 and Sigma High-Temperature silicone oil with 13.3% hexane)
and centrifuged at 13,000×g to pellet cells through the oil. Surface-
bound compounds were removed by the silicone oil interface. The
supernatant and oil layers were carefully removed by pipetting. Pellets
were transferred to new tubes, washed twicewith water, and extracted
with 150μL DMSO/MeOH (2:1, v/v). Extracts were analyzed and quan-
tified using HR-ESI-MS on an Agilent 1290 Infinity II HPLC system
coupled with a qTOF 6550 ESI/MS (Agilent, USA), equipped with an
Eclipse SDB-C8 column (2.1mm ID× 100mm, 3.5 µm; Agilent, USA).
The instrument was operated in positive ion mode with a flow rate of
0.3mL/min. The mobile phase consisted of 0.1% formic acid in water
(phaseA) and0.1% formic acid in acetonitrile (phase B). All compounds
used in biological assays were of ≥95% purity. Error bars represent the
standard error of the mean of three independent biological replicates.

Calcofluor white staining and widefield microscopy
Fresh overnight cultures of C. albicans ATCC90028, C. neoformans
H99, and C. auris CBS10913 were sub-cultured in YPD broth to an
OD600 of 0.1. Cultures were treated with DMSO or half the MIC of test
agents and incubated at 30 °C with shaking for 4 h. Cells were washed
with PBS, resuspended in PBS to an OD600 of 3, and stained with cal-
cofluor white (10μg/mL). Imaging was performed using a Nikon
Eclipse Ti inverted microscope equipped with a 100× Plan Fluor Apo λ
oil immersion objective. Micrographs were captured as raw 16-bit TIFF
files using NIS-Elements AR software (v4.50, Nikon) with a 4′,6-diami-
dino-2-phenylindole (DAPI) hybrid filter, and a SpectraX LED fluores-
cence source (20% power). Probe exposure was set to 50ms, with gain
at 0, and minimum/maximum values held constant across all samples.
Fluorophore Intensity Quantification: Image analysis was performed
using ImageJ and CellProfiler97. An ImageJ macro was used to subtract
the background with a rolling ball radius of 50 pixels. The processed
imageswere analyzed in CellProfiler (v4.2.1) to identify cells as primary
objects and quantify fluorescence intensities for whole cells and cell
edges. Calcofluor intensity per cell was calculated by dividing the total
fluorescence intensity by the number of cells.

Cell surface staining and super-resolution confocal imaging
Cell surface properties were analyzed by staining with concanavalin A
conjugated to Alexa Fluor™ 647 (Invitrogen, C21421)65. An overnight
culture of Candida albicans ATCC 90028 was subcultured into SDB
medium at an initial OD₆₀₀ of 0.1 and incubated at 30 °C with shaking
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for 4 h in the presence of coniotin A or caspofungin (each at½MIC) or
an equivalent volume of DMSO (vehicle control). Treated cells were
harvested by centrifugation, washed twice with 1mL PBS, and briefly
sonicated to remove aggregated debris. Cells were then incubated
with 50μg/mL Alexa Fluor 647-ConA for 10min at room temperature
in the dark. After staining, cells were washed three times with PBS,
resuspended to an OD₆₀₀ of 1.0, and mounted onto square coverslips
(#1.5, 12-541-AP, Fisherbrand) using ProLong™ Diamond Antifade
Mountant (Invitrogen, P36961).

Imaging was performed with a Zeiss LSM 980 inverted confocal
microscope (Zeiss Axio Observer.Z1/7 stand), equipped with an Air-
yscan 2 detector and a 63x/1.4 oil-immersion objective. Image acqui-
sition was carried out using ZEISS ZEN Blue software (v3.8.99, Carl
Zeiss, Germany). Excitation was performed using a 639 nm laser, and
emission was collected using a 528/29 + 697/38 nm multi-band-pass
filter. Z-stacks comprising 40–60 slices were acquired with a 0.2 µm
step size in Airyscan mode (superresolution: 7.6 (3D, Auto)) using a
pixel size of 56 nm. Super-resolution images were reconstructed using
3D Airyscan processing in ZEISS ZEN Blue v3.8.99. Cell perimeter
measurements were performed using ImageJ (64-bit Java 8 bundled
version) software98.

Glucan pull-down assay
A glucan pull-down assay was conducted to investigate the interaction
betweenConiotinA andpolysaccharides.β-Glucan (1mg/mL;Millipore
Sigma 346210) and chitin (1mg/mL; Sigma C9752) were suspended in
1× PBS (pH 7.0). Coniotin A (2μL, 3.2mg/mL stock solution) was added
to 200μL of each suspension, followed by incubation with shaking at
30 °C for 1 h. After incubation, samples were centrifuged for 5min to
separate the supernatant and pellet fractions. The supernatant was
collected to analyze unbound coniotin A. The polysaccharide pellets
were washed three times with PBS and extracted with DMSO using
sonication to release bound Coniotin A. Coniotin A was identified and
quantified in both the supernatant andDMSOextracts using anAgilent
1290 Infinity II LC system (Agilent Technologies) coupled with a qTOF
6550 mass detector and an Eclipse SDB-C8 column (2.1mm ID × 100
mm, 3.5 µm; Agilent, USA). Coniotin A was identified by its molecular
ion and quantified by peak area comparison to a pure standard. All
experiments were performed in three biologically independent repli-
cates, each consisting of a separate incubation of polysaccharides with
coniotin A. Each dot represents one independent sample. The unit of
study is each independent incubation. No technical replicates were
pooled for statistical analysis. Data are presented as mean± standard
deviation (SD).

Synthesis and application of coniotin A-BODIPY
Coniotin A (2mg, 0.97 µmol, 1 eq) was dissolved in DMSO, and a
solution of Bodipy-FL-ethylenediamine (3.6 µg, 9.7 µmol, 10 eq) in
DMSO was added. Benzotriazol-1-yloxytripyrrolidinophosphonium
hexafluorophosphate (PyBop) (10 µL of 1M solution in 50% DMF/
DMSO, excess) and N-methylmorpholine (1 µL of 1M solution in 50%
DMF/DMSO, excess)were then added to themixture. The reactionwas
carried out at room temperature (RT) with stirring for 40min, after
which the reaction mixture was lyophilized. The product was purified
by semi-preparative HPLC (1260 Agilent Technologies) using an
Eclipse SDB-C8 reverse-phase column (4.6 × 250mm, 5 µm) with a
gradient elution of water (0.1% formic acid) and acetonitrile (0.1%
formic acid). Theflow ratewas set to 2mL/min, and the compoundwas
elutedwith 80% acetonitrile (0.1% formic acid) and assessed byHR-ESI-
MS in positive ion mode. Calculated mass for C130H208B2F4N29O26

[M+ 1H]2+ 1344.7981; observed: 1344.7984. Purified product was col-
lected, lyophilized, and stored for subsequent use.

β−1,3-glucan particles (1mg/mL) were incubated with 120 µM
BODIPY-conjugated coniotin A in PBS for 1 h. After incubation, the
particles were washed three times with PBS and imaged using a Zeiss

LSM 980 Upright Confocal Microscope (Zeiss Axio Imager.Z2 stand)
with a GaAsp-Pmt3 detector using a 63×/1.4 oil-immersion objective.
BODIPY was excited with a 488 nm laser, and fluorescence was
detected using a FITC channel (525/28 nm bandpass). Imaging was
performed using ZEN Blue software (v3.8.99, Carl Zeiss, Germany). To
observe the general morphology of the glucan particles, a transmitted
confocal laser imagewas captured in brightfieldmode.Merged images
were then generated by overlaying the brightfield and fluorescence
signals in ImageJ.

Glucanase digestion assay
A glucanase digestion assay was performed using laminarin as the
substrate to evaluate the effects of coniotin A on β-(1,3)-D-glucanase
activity. Laminarin (125μg/mL, Sigma L9634) was digestedwith β-(1,3)-
D-glucanase (250μg/mL, Sigma 67138) in 100μL of 1× PBS (pH 7.0)
containing 31.2, 62.4, or 124.8μM coniotin A, or an equivalent volume
of DMSO as a vehicle control. Reactions were incubated at 30 °C for
30min. A negative control was performed by omitting β-(1,3)-D-glu-
canase. The reactions were quenched by adding 100μLmethanol, and
5μL of the resulting mixture was analyzed using an Agilent 1290 Infi-
nity II LC System (Agilent Technologies) coupled with a qTOF 6550
mass detector on a Luna HILIC 200Å column (4.5mm ID× 100mm,
5μm; Phenomenex). The oligosaccharide product (hexa-glucose)
generated from the laminarin digestion was identified by its mass
signal and quantified based on peak area. All experiments were con-
ducted in three biologically independent replicates, each consisting of
a separately prepared and processed enzymatic digestion reaction,
and presented as one data point. The unit of study is each independent
enzymatic digestion. No technical replicates were pooled for statistical
testing. Values are shown as mean ± SD.

Kinetic assay of β-glucan activation of Limulus coagulation
factor G
The kinetic chromogenic assay specific to (1,3)-β-D-glucan was per-
formed using the Glucatell® (1,3)-Beta-D-Glucan Detection Reagent Kit
(Associates of Cape Cod) following the manufacturer’s instructions. A
100pg/mL solution of the provided glucan standard was incubated at
30 °C for 1 h with coniotin A (0.625, 5, or 40μg/mL) or with an
equivalent volume of DMSO as a control. Following incubation, 25μL
of each sample was added to designated wells containing 100μL of
freshly reconstituted Glucatell reagent. LAL Reagent Water served as a
negative control. Kinetic absorbance readings were recorded at
405 nm every 30 s for 1 h using a preheated plate reader (Synergy
Neo2, BioTek) operated with Gen5 software (v3.14, BioTek). All
experiments were performed in three biologically independent repli-
cates, each consisting of a separate CNA-glucan incubation and Glu-
catell reaction. The unit of study is each independent incubation and
measurement reaction. No technical replicates were pooled for sta-
tistical testing. Results are presented as mean ± SD.

Aniline blue staining and confocal microscopy
Visualization of (1,3)-β-glucan was performed using aniline blue
staining65. C. albicans ATCC 90028 overnight cultures were sub-
cultured into YPD at an OD₆₀₀ of 0.1 and incubated with shaking at
30 °C for 6 h in the presence of coniotin A (½ MIC) or an equivalent
volume of DMSO. Following treatment, cells were washed three times
with PBS, resuspended to an OD₆₀₀ of 2, and stained with aniline blue
(100μg/mL) for 20min. After staining, the cells were washed three
times with PBS, adjusted to an OD₆₀₀ of 0.8, and mounted on square
coverslips (#1.5, 12-541-AP, Fisherbrand) for imaging. Confocal fluor-
escence microscopy was performed using a Zeiss LSM 980 Upright
Confocal Microscope (Zeiss Axio Imager.Z2 stand) with a GaAsp-Pmt3
detector using a 63×/1.4 oil-immersion objective. Aniline blue was
excited using the 405 nm laser, and fluorescence was collected in the
full visible spectrum (585/172 nm bandpass) to assess (1,3)-β-glucan
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distribution on the cell surface. Images were captured with consistent
excitation power, detector gain, scanning speed, andpixel size settings
for comparability. β−1,3-glucan particles (Millipore Sigma 346210)
were stained with aniline blue and visualized following the same
protocol.

TEM
To investigate morphological alterations, C. auris CBS12766 and C.
neoformans H99 were cultured in RPMI 1640 medium supplemented
with either coniotin A or amphotericin B at half the MIC, or an
equivalent volume of DMSO as a vehicle control, until visible growth
wasobserved. Cells were harvestedby centrifugation and resuspended
in a fixative solution containing 4% paraformaldehyde (PFA) and 2.5%
glutaraldehyde in 0.1M phosphate buffer (pH 7.4) with 1% Triton
X-100. The samples were fixed for 15min at room temperature and
stored overnight at 4 °C. Samples were dehydrated through a graded
ethanol series, embedded in resin, and sectioned using a Leica UCT
ultramicrotome99. Ultrathin sections weremounted onto copper grids
and post-stained with uranyl acetate and lead citrate. Sections were
visualized using a JEOL JEM 1200 EX TEMSCAN transmission electron
microscope (JEOL, Peabody,MA, USA) operating at 80 kV. Imageswere
acquired with an AMT 4-megapixel digital camera (Advanced Micro-
scopy Techniques, Woburn, MA, USA) and an AMT_V700 software
(version 7.0.0.265).

For the visualization of C. elegans–C. auris infection, nematodes
were harvested after 20h of infection and fixed for 4 h at room tem-
perature in 3.2% formaldehyde and 0.2% glutaraldehyde in 0.15M
sodium cacodylate buffer (pH 7.2), then stored at 4 °C. Worms were
then processed using the same dehydration, embedding, sectioning,
and staining protocols described above100.

Statistics and reproducibility
All key experiments were independently repeated at least three times
with similar results, unless otherwise stated. Biological replicates refer
to independently prepared and treated samples (e.g., separate cul-
tures, animals, or reactionmixtures),with eachdatapoint in thefigures
representing one biological replicate. No technical replicates were
pooled for statistical analysis. Statistical analyses were conducted
using GraphPad Prism (v10.5.0). Welch’s t-tests, unpaired two-tailed
Student’s t-tests, and one-way ANOVA with multiple comparison cor-
rections (e.g., FDR via the two-stage step-up method of Benjamini,
Krieger, and Yekutieli) were used as appropriate. For survival data
(Fig. 4c), Log-rank (Mantel–Cox) and Gehan–Breslow–Wilcoxon tests
were performed. For effect size estimation, eta squared and hazard
ratios with 95% confidence intervals were reported where applicable.
All statistical tests were two-sided unless otherwise noted. Detailed
statistical parameters and exact P values are provided in figure legends
and Source Data. No data were excluded from the analyses. No sta-
tistical method was used to predetermine sample size. Randomization
and blinding were applied where appropriate; detailed descriptions
are provided in the relevant Methods subsections and the Reporting
Summary.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
TheWhole Genome Shotgun (WGS) sequencing data generated in this
study have been deposited in GenBank under BioProject accession
code PRJNA1171131101. The genome assemblies are available under the
following accession codes: JBILZD000000000 (WAC1325) JBILZF000
000000 (WAC1490) JBMVFL000000000 (WAC5858) JBILZE000000
000 (WAC11084) JBLVKJ000000000 (WAC11161) JBLVKK000000000
(WAC11175) The HR electrospray ionization mass spectrometry data

(HR-ESI-MS and MS/MS) for coniotin A have been deposited in the
GNPS/MassIVE repository under the accession code MSV000098505
[https://doi.org/10.25345/C5057D541]102. The dataset is licensed under
CC0 1.0 Universal (CC0 1.0). All data generated or analyzed during this
study are included in the main article and its Supplementary Infor-
mation. The NMR spectra and compound annotation tables are pro-
vided in the Supplementary Information. Source data for graphs and
quantitative figures are provided with this paper. No other data is
subject to access restrictions. Requests for additional materials or
protocols can be directed to the Lead Corresponding Author, Dr.
Gerard D. Wright (wrightge@mcmaster.ca), and will be fulfilled in
accordancewith institutional and data-sharing guidelines. Source data
are provided with this paper.
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