
Chemometrics and genome mining reveal an unprecedented
family of sugar acid–containing fungal nonribosomal
cyclodepsipeptides
Chen Wanga,1 , Dongliang Xiaoa,1, Baoqing Dunb,1, Miaomiao Yina, Adigo Setargie Tsegaa , Linan Xiea , Wenhua Lia, Qun Yuea, Sibao Wangc ,
Han Gaoc , Min Lina, Liwen Zhanga,2 , Istv�an Moln�ard,e,2 , and Yuquan Xua,2

Edited by Bradley Moore, University of California San Diego Scripps Institution of Oceanography, La Jolla, CA; received January 3, 2022; accepted June
23, 2022, by Editorial Board Member Stephen J. Benkovic

Xylomyrocins, a unique group of nonribosomal peptide secondary metabolites, were
discovered in Paramyrothecium and Colletotrichum spp. fungi by employing a combina-
tion of high-resolution tandem mass spectrometry (HRMS/MS)–based chemometrics,
comparative genome mining, gene disruption, stable isotope feeding, and chemical
complementation techniques. These polyol cyclodepsipeptides all feature an unprece-
dented D-xylonic acid moiety as part of their macrocyclic scaffold. This biosynthon is
derived from D-xylose supplied by xylooligosaccharide catabolic enzymes encoded in the
xylomyrocin biosynthetic gene cluster, revealing a novel link between carbohydrate
catabolism and nonribosomal peptide biosynthesis. Xylomyrocins from different fungal
isolates differ in the number and nature of their amino acid building blocks that are
nevertheless incorporated by orthologous nonribosomal peptide synthetase (NRPS)
enzymes. Another source of structural diversity is the variable choice of the nucleophile
for intramolecular macrocyclic ester formation during xylomyrocin chain termination.
This nucleophile is selected from the multiple available alcohol functionalities of the
polyol moiety, revealing a surprising polyspecificity for the NRPS terminal condensa-
tion domain. Some xylomyrocin congeners also feature N-methylated amino acid resi-
dues in positions where the corresponding NRPS modules lack N-methyltransferase
(M) domains, providing a rare example of promiscuous methylation in the context of
an NRPS with an otherwise canonical, collinear biosynthetic program.

fungal nonribosomal peptides j xylonic acid j cyclodepsipeptides j molecular networking j natural
product dereplication

Small-molecule nonribosomal (depsi)peptide secondary metabolites (SMs) of bacteria
and fungi are important allelochemicals that contribute to pathogenesis as virulence
factors and toxins, mediate intra- and interspecies communication, and increase the fit-
ness of their producers as siderophores and chemoprotectors against environmental
stressors (1, 2). Many of these compounds have also been developed as marketed drugs
or pesticides or serve as probes for chemical biology or lead compounds for drug
discovery.
Nonribosomal (depsi)peptide scaffolds are assembled by nonribosomal peptide syn-

thetase (NRPS) enzymes by recursive condensation of a large variety of aminoacyl,
ketoacyl, or hydroxyacyl monomers. NRPSs are complex multidomain megasynthases
that contain three types of highly conserved core domains: 1) adenylation (A) domains
that are responsible for the activation and loading of the monomer units onto the
NRPS; 2) peptidyl carrier domains (also known as thiolation domains) that covalently
tether the precursors and the intermediates; and 3) condensation (C) domains that cat-
alyze the sequential condensation of the monomers with the growing peptide chain
(1–3). NRPSs may feature a chain assembly initiation domain for N-terminal acylation
and contain a peptide chain assembly-terminating domain such as a thioesterase, a ter-
minal C domain (CT), or a reductase domain. In addition, NRPSs may also incorpo-
rate a variety of additional domains such as N-methyltransferase (M) domains that
modify the monomers or the intermediates. Fungal NRPSs may contain one or more
modules (assemblies of single copies of core, modification, initiation, and termination
domains). These modules often act in a sequential, noniterative manner with a single
monomer incorporated by each module (Type A, collinear NRPSs). In other cases, cer-
tain modules (Type B, iterative NRPSs) or specific domains (Type C, nonlinear
NRPSs) are reused during biosynthesis, making a priori structure predictions precarious
from sequence information alone (1, 4). Structural diversity may be further increased
by modifications of the nonribosomal peptide (NRP) scaffold, conducted by additional
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enzymes whose encoding genes are typically colocated in the
genome with the NRPS gene, forming a biosynthetic gene clus-
ter (BGC).
With 11,039 fungal genome assemblies in the National Cen-

ter for Biotechnology Information (NCBI) GenBank and 2,271
in the Joint Genome Institute (JGI) MycoCosm (May 23,
2022), genome mining was hoped to provide a treasure throve
of structurally novel small-molecule SM candidates whose
deduced structures could then be verified by targeted metabolo-
mics (4–8). However, fungal genomic information is a surpris-
ingly inadequate basis for targeting unprecedented SM scaffolds.
Thus, iterative Type B and Type C fungal NRPSs are governed
by an idiosyncratic and largely cryptic program. Worse, as
opposed to bacterial NRPSs where the specificity signatures of
the A domains (9, 10) are good predictors for the amino acid
being incorporated, fungal A domain specificity remains remark-
ably unpredictable by bioinformatic means. This is further exac-
erbated when non–amino acid building blocks are incorporated,
whose nature, and even presence, remains largely opaque to bio-
informatic predictions. Together with the unpredictability of the
regiospecificity (and often the exact nature) of post-NRPS tailor-
ing steps and the fact that fungal BGCs frequently remain silent
under routine laboratory growth conditions (11), genome min-
ing is often constrained to the prediction of the theoretical
capacity of a fungal strain to produce members of an already
known SM family (12).
The recent development of untargeted SM metabolomics,

together with chemometric, molecular networking-based derepli-
cation (5, 13, 14) and prioritization (15) techniques, provides
practical means to identify potentially novel SMs in prokaryotes
(4, 8, 13, 16) and increasingly in fungi (17). Shortlisting candi-
date BGCs from the genome sequence with gene content and
NRPS characteristics congruent with the SM structure empowers
the validation of these BGCs by functional assays (18–21). Next,
comparative genomic analyses may reveal additional congeners
of the founding SM or highlight compounds with shared, distin-
guishing structural motifs installed by characteristic biosyn-
thetic enzymes (17). In this work, we adapted such a workflow
to discover an unprecedented family of fungal polyol cyclo-
depsipeptides by using rapid matrix-assisted laser desorption
ionization–time-of-flight mass spectrometry (MALDI-TOF MS)
to scan a large collection of fungal isolates, followed by liquid
chromatography–high-resolution tandem mass spectrometry
(LC-HRMS/MS)–based molecular networking. Identification
of the BGC in the newly sequenced genome of the producer
fungus allowed us to expand the family by comparative genome
mining and targeted metabolomics in taxonomically related iso-
lates. The resulting polyol cyclodepsipeptides showed moderate
antimalarial activity, demonstrated unusual NRPS programming,
and most importantly, highlighted unprecedented connections
between NRP biosynthesis and carbohydrate catabolism.

Results

Discovery of Polyol Cyclodepsipeptides by HRMS-Guided Che-
mometrics. We surveyed a library of 1,748 fungal strains for
the production of peptide SMs. We utilized a rapid and cost-
effective miniaturized assay system involving the in situ extrac-
tion of a loopful (<5 mg) of mycelia from agar media, followed
by direct MALDI-TOF MS analysis. Of the 1,748 strains (SI
Appendix, Table S1), 182 were found to produce at least one
set of peptide-like SM each. These peptides differed in their mass
to charge (m/z) ratios and ion intensities. Next, we used a hierarchi-
cal clustering approach to deconvolute the 182 peptide-containing

SM extracts, revealing 61 clades where members of a given clade
share a characteristic peptide fingerprint in their MALDI-TOF
MS profiles (Fig. 1A). We selected one representative strain for
each of the 61 clades to conduct solid-state fermentations and
monitored SM production by LC-HRMS/MS. The resulting
data were used to generate a molecular network using the Global
Natural Products Social (GNPS) platform (14). This molecular
network not only established structural relationships among the
peptides but also dereplicated congeners of known SMs (Fig.
1B) by cross-referencing the public MS/MS database of the
GNPS platform. Two criteria were then formulated to further
prioritize candidate strains for large-scale fermentation and
detailed chemical analyses. First, those peptides that cluster with
known compounds were excluded, since they likely represent
analogs of the known peptides with only minimal structural var-
iations. Contrarily, members of the clades without any GNPS
library hit (clades with round nodes only on Fig. 1B), as well as
the peptides corresponding to the unconnected nodes (stand-
alone round nodes at the bottom of Fig. 1B), were considered to
have a better chance of delivering novel structures. Second, we
ruled out those candidates that presented a clear and evident
MS/MS fragmentation pattern (a characteristic of linear pepti-
des) and concentrated on those with complex MS/MS profiles
(an indicator of cyclic peptides). By applying these filters, we
were able to pinpoint 10 promising candidate strains that may
have produced multiple novel cyclic peptides (nodes shaded in
blue, Fig. 1B).

Among these prioritized strains, Paramyrothecium sp. XJ0827
was found to biosynthesize xylomyrocins A–C (1–3), three SMs
of the same molecular mass (1,119.64 Da; Fig. 1C). The 13C
NMR spectrum of 3 displayed multiple carbonyl carbon signals
at δC 171.2 to 176.1 and heteroatom-bound carbon signals at δC
54.8 to 74.8 (SI Appendix, Table S2.1), strongly indicating that it
is a peptide natural product. A comprehensive analysis of the two-
dimensional (2D) NMR spectra (Fig. 2A) revealed that 3 consists
of a 2,3,4,5-tetrahydroxypentanoic acid (THP) moiety and nine
amino acid residues, including glycine (Gly), isoleucine (Ile), leu-
cine (Leu, 2×), N-methylated phenylalanine (MePhe), N-methyl-
ated threonine (MeThr), N-methylated valine (MeVal), serine
(Ser), and valine (Val). Detailed examination of the correlations
from the α-proton(s)/N-methyl protons to the amide carbonyl
carbons in heteronuclear multiple bond correlation (HMBC)
spectra (Fig. 2A) established a primary sequence of THP1–Leu2–
MeThr3–Val4–MePhe5–Gly6–Ile7–Ser8–Leu9–MeVal10 for 3, while
the HMBC correlation between the δ-protons of THP1 (δH 4.
41, 4.09) and the carbonyl carbon (δC 171.87) of MeVal10 con-
firmed the connecting site between THP1 and MeVal10, thus
fully establishing the planar structure of 3 (Fig. 2A). De novo
sequencing of 3 by analyzing the tandem mass spectrum was
inconclusive due to the complex fragmentation pattern resulting
from the random ring opening of the cyclodepsipeptide backbone
during collision-induced dissociation. To avoid such complexity,
3 was first linearized by methanolysis upon treatment with
CH3ONa/CH3OH, and the resulting methoxy-substituted deriv-
ative (19) was subjected to tandem mass analysis (SI Appendix,
Fig. S1.1). The peptide sequence of 3 deduced from the MS/MS
fragmentation data of 19 was in complete agreement with that
elucidated by NMR spectrometry, thus further supporting the
established planar structure of 3. Similarly, the planar structures
of 1 and 2 were elucidated by interpreting the NMR and
HRMS/MS data (SI Appendix, Table S2.1 and Figs. S1.2, S1.3,
and S2). Although 1 and 2 share the same peptide sequence with
3, they differ in the macrocycle connectivity, utilizing the α or
the γ hydroxyl group of the THP unit to form an ester bond
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Fig. 1. MS-guided chemometric discovery of polyol cyclodepsipeptides. (A) Hierarchical clustering of the MALDI-TOF MS spectra of SM extracts from 182
fungal isolates (SI Appendix, Table S1). The resulting 61 clades are highlighted by different colors on the tree. The heat map shows the MS fingerprints of the
extracts. The gradient color indicates the intensity (intens.) of each ion signal. (B) Molecular network analysis of the peptide SMs, based on the LC-HRMS/MS
fingerprints of metabolite extracts from fermentations with 61 fungal strains, exemplifying the 61 clades identified in A. Each node represents the parent
ion of one single peptide. The shape of the node indicates whether the MS/MS spectrum of the peptide has a GNPS database hit (triangle, known peptide;
circle, unknown peptide). The size and color of the node indicates the MS intensity and the m/z of the parent ion, respectively. Peptides with similar MS/MS
spectra are connected by edges and form a clade. The length of the edge indicates the structural similarity between two peptides. Clades labeled as G1–G12
contain putative analogs of SMs with known structures (G1: enniatins and bassianolides; G2: beauvericins; G3: hormonemates; G4: acremostatins; G5: are-
namide A and emericellamide A; G6: communesin B; G7: GNPS spectrum ID CCMSLIB00000001578 and CCMSLIB00000001580; G8: cyclosporins; G9: triko-
ningin-KB-I; G10: ferrichrome; G11: GNPS spectrum ID CCMSLIB00000853575; G12: 27-epi-tryptoquivaline); those highlighted in cyan indicate putative novel
cyclic peptides, collectively produced by 10 representative fungal strains. [M+H]+ and [M+NH4]

+ adducts of the same peptide tend to group together to
form one cluster, while [M+Na]+ adducts of the same peptide routinely form a separate cluster. (C) The chemical structures of xylomyrocins A–C (1–3), polyol
cyclodepsipeptides isolated from Paramyrothecium sp. XJ0827. D-Xyl, D-xylonic acid; L-Leu, L-leucine; L-MeThr, N-methyl- L-threonine; L-Val, L-valine; L-MePhe,
N-methyl- L-phenylalanine; Gly, glycine; L-Ile, L-isoleucine; L-Ser, L-serine; L-MeVal, N-methyl- L-valine.
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with the carbonyl group of MeVal10, respectively (Fig. 1C). Incu-
bation of xylomyrocins 1–3 in mildly acidic solvents or buffers
failed to lead to the facile interconversion of these regioisomers
(SI Appendix, Fig. S3). This indicates that these metabolites are
genuine biosynthetic congeners and not products of spontane-
ous intramolecular transesterification or artifacts of isolation.
All the amino acid components of 1–3 have L-configuration,

as determined by the advanced Marfey’s method (22). The
overall spatial structure of xylomyrocin C (3) was established
using X-ray single crystal diffraction, also verifying the identity
of the THP moiety as D-xylonic acid (Fig. 2B). Incorporation
of a D-xylonic acid building block into an NRP and the amino
acid sequences of 1–3 are both unprecedented for peptide SMs
(based on search results in SciFinder, the Dictionary of Natural
Products, and the NORINE (23), COCONUT (24), and NP
Atlas (25) online databases), thereby establishing xylomyrocins
A–C as the founding members of polyol cyclodepsipeptides, a
novel family of NRPs.

Identification of the Xylomyrocin BGC of Paramyrothecium sp.
XJ0827. To gain insight into the biosynthesis of xylomyrocins
A–C (1–3), we determined the genome sequence of Paramyro-
thecium sp. XJ0827 using Illumina and Nanopore sequencing
platforms (SI Appendix, Table S3; NCBI BioProject: PRJNA770833,
Accession No.: JAJFPB000000000). Bioinformatic analysis of
the genome assembly using antiSMASH 5.0 (26) revealed that
Paramyrothecium sp. XJ0827 has a rich repertoire of SM BGCs
(SI Appendix, Table S4). Twenty-six out of the 98 predicted
BGCs encode an NRPS or an NRPS-like enzyme as the core
biosynthetic enzyme (SI Appendix, Table S5). Among the
NRPSs, PxNRPS6.4, PxNRPS6.5, and PxNRPS11.3 each con-
tain enough modules to produce the decapeptide scaffolds of
compounds 1–3 using a sequential (noniterative) assembly pro-
cess. Iterative or nonlinear assembly modes were deemed unlikely
since xylomyrocins A–C do not contain successive, repeated
amino acid blocks. A closer look at the domain organizations of
these NRPSs revealed that PxNRPS11.3 would likely synthesize
a tetradecapeptide with N-methylated residues at the 3rd, 5th,
7th, 10th, and 14th positions, while PxNRPS6.5 may assemble
a peptaibiotic-like unmethylated tetracosapeptide. In contrast,
PxNRPS6.4 not only has the exact number of modules necessary
for the collinear assembly of 1–3 but also harbors an N-methylation
(M) domain each in the 3rd, 5th, and 10th modules, matching the
N-methylation pattern of 1–3 perfectly (Fig. 3B). PxNRPS6.4
also features a C domain at its C-terminus (CT), which is a strong
indicator for macrocyclic peptide products in fungal NRPSs (27,
28). The predicted substrate specificity signatures (10, 29) of the
A domains in all modules of PxNRPS6.4 were in broad agree-
ment with the amino acids found in xylomyrocins A–C (SI
Appendix, Table S6). The first A domain (A1) of PxNRPS6.4

shares high sequence identities with α-hydroxy acid–activating
A domains of well-characterized fungal cyclodepsipeptide syn-
thetases (SI Appendix, Table S7) (30, 31). The replacement of a
highly conserved aspartic acid with a glycine in the A1 domain
(SI Appendix, Table S6) also predicts activation of a non–
amino acid substrate (30–32), in agreement with the presence
of D-xylonic acid in 1–3 as the first building block. Taken
together, bioinformatic analyses strongly suggest that PxNRPS6.4
(heretofore, PxXmcG) is responsible for the biosynthesis of the
cylodepsi-decapeptide core of xylomyrocins in Paramyrothecium
sp. XJ0827.

Detailed analysis of the genomic locus containing pxxmcG
revealed a plausible BGC for xylomyrocin production (Fig.
3A). This BGC contains four genes, pxxmcC, pxxmcD, pxxmcE,
and pxxmcJ, whose encoded enzymes are likely involved in the
biosynthesis of the unprecedented D-xylonic acid building block
(SI Appendix, Table S8). Thus, PxXmcD is a putative glucose-
methanol-choline (GMC) superfamily oxidoreductase. Together
with fungal or plant-derived phenols, GMC oxidoreductases are
part of an electron transfer system that reduces the active site
copper of lytic polysaccharide monooxygenases to initiate hemi-
cellulose degradation and subsequent xylooligosaccharide forma-
tion in phytopathogenic or saprobic fungi (Fig. 3B) (33, 34).
Such xylooligosaccharides may be further broken down by glyco-
side hydrolases, such as the secreted β-1,4-xylosidase PxXmcC
and the glycoside hydrolase PxXmcJ, to yield D-xylose mono-
mers. Finally, PxXmcE is an oxidized nicotinamide-adenine
dinucleotide (NAD+)–dependent oxidoreductase with a WcaG
(COG0451) conserved domain. In analogy with uronate dehy-
drogenases (35) that also feature such a domain, PxXmcE may
produce D-xylonic acid from D-xylose via the oxidation of the
anomeric carbon.

The pxxmc BGC also features genes encoding a fungal tran-
scription factor with a GAL4-like C6 zinc binuclear cluster
DNA-binding domain (pxxmcA); an adenosine 50-triphosphate
(ATP)–binding cassette transporter (pxxmcF); a transmembrane
protein of unknown function (pxxmcH); and two hypothetical
proteins (pxxmcB and pxxmcI) without identifiable conserved
domains (Fig. 3A and SI Appendix, Table S8). Genes flanking
the pxxmc BGC encode proteins with no identifiable function
in xylomyrocin biosynthesis (SI Appendix, Table S8). The genes
encoding the PxXmcG NRPS, the PxXmcE dehydrogenase, the
PxXmcF exporter, and the PxXmcA regulator were found to be
expressed under cultivation conditions conducive to xylomyro-
cin biosynthesis. Since glucose was the sole carbon source in this
medium, putative hemicellulose catabolic enzymes PxXmC, D,
and I were only weakly expressed (SI Appendix, Fig. S4).

Functional Analysis of the pxxmc Biosynthetic Genes. To ver-
ify the involvement of the pxxmc BGC in the biosynthesis of

Fig. 2. Structure elucidation of xylomyrocin C (3). (A) Key 1H-1H TOCSY/COSY (bold lines) and HMBC (plain arrows) correlations of 3. (B) Oak Ridge Thermal-
Ellipsoid Plot Program (ORTEP) representation of 3 obtained from X-ray crystallographic analysis. Red and blue circles represent O and N atoms, respectively.
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compounds 1–3, we carried out targeted gene disruptions in
Paramyrothecium sp. XJ0827. Gene disruption cassettes were
constructed by inserting the hph hygromycin resistance gene
between targeting arms for the pxxmcC, pxxmcD, pxxmcE, or
pxxmcG genes, respectively (SI Appendix, Fig. S5), and then
introduced separately into Paramyrothecium sp. XJ0827 proto-
plasts. The knockouts of the targeted genes in the resulting
hygromycin B–resistant transformants were validated by PCR
analysis (SI Appendix, Fig. S5), and the strains where the desired
double homologous recombination events had taken place were
evaluated for the production of 1–3 using MALDI-TOF MS. No
alterations in the morphologies or growth rates were observed for
any of the knockout strains. However, as anticipated, the produc-
tion of 1–3 was specifically and completely abolished in all
ΔpxxmcG isolates (Fig. 4A), confirming PxXmcG as the xylomyr-
ocin NRPS.
The biosynthesis of xylomyrocins was severely impaired

upon disruption of the NAD+-dependent oxidoreductase-
encoding gene pxxmcE, consistent with the proposed role of its
encoded enzyme in the generation of the D-xylonic acid build-
ing block. However, trace amounts of 1–3 were still produced
by the ΔpxxmcE strain (Fig. 4A). Since we did not detect
D-xylonic acid or D-xylono-γ-lactone in xylomyrocin produc-
tion media using LC-MS, we speculated that the ΔpxxmcE
mutant may harbor PxXmcE homologs or nonhomologous iso-
functional enzymes (36) that could still supply some D-xylonic
acid for the low-level production of 1–3. To our surprise, no

homologs of PxXmcE or the bacterial NAD+-dependent
D-xylose dehydrogenase XylB (GenBank: ACL94329) (37) were
found in the deduced proteome of Paramyrothecium sp.
XJ0827 upon comprehensive BLASTp searches. However, two
genes not clustered with the pxxmc BGC encode the putative
proteins PxXyd1 and PxXyd2 (SI Appendix, Table S9), each
similar to the oxidized nicotinamide-adenine dinucleotide
phosphate–dependent D-xylose dehydrogenase Xyd1 of Tricho-
derma reesei (GenBank: A0A024SMV2; 72% and 52% identity,
respectively) (38). Both of these genes were expressed under
conditions conducive to xylomyrocin production (SI Appendix,
Fig. S4). Recombinant T. reesei Xyd1 converts D-xylose to
D-xylono-γ-lactone both in vitro and in vivo upon expression
in Saccharomyces cerevisiae, yet with a lower efficiency than the
NAD+-dependent XylB (39, 40). D-xylono-γ-lactone will then
undergo spontaneous or lactonase-catalyzed hydrolysis to yield
D-xylonic acid (40).

Supplementation of D-xylose-1-13C (13a) to both the wild-
type and ΔpxxmcE strains significantly increased the abundancy
of the +1-Da isotopic peak (m/z 1,121.8) of the [M+H]+ ion
of 1 (m/z 1,120.8) in both strains (SI Appendix, Fig. S6). MS/
MS analysis of the 13C-labeled 1 after methanolysis-mediated
linearization revealed that it was the Xyl1 unit that was isotopi-
cally labeled, probably at the carbonyl carbon (SI Appendix,
Fig. S7), indicating that the D-xylonic acid unit of 1 is indeed
derived from D-xylose in both strains. Incremental increases of
the +2-, +3-, and +4-Da peaks were also detected, likely due

Fig. 3. Biosynthesis of xylomyrocins A–C (1–3). (A) Schematic representation of the pxxmc biosynthetic locus of Paramyrothecium sp. XJ0827. ABC, ATP-
binding cassette; NAD, nicotinamide adenine dinucleotide. (B) Module and domain organization of the Paramyrothecium sp. XJ0827 NRPS PxXmcG (12,303
amino acids; 1,364.6 kDa) and the proposed biosynthesis of 1–3.
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to incorporation of the label from 13a into amino acids during
fungal metabolism (SI Appendix, Fig. S6).
Next, we supplemented cultures of the wild-type and ΔpxxmcE

strains with D-xylose (13), D-xylono-γ-lactone (14), and D-xylono-
γ-lactone hydrolysate (15, consisting predominantly of D-xylonic
acid 16 [SI Appendix, Fig. S8]: D-xylonic acid is cost prohibitive
for feeding experiments). LC-MS analysis showed that supplemen-
tation of 13, 14, and 15 each improved the xylomyrocin produc-
tivity of the wild-type strain (Fig. 4 B and C). However, feeding
13 did not increase the production of 1–3 in the ΔpxxmcE strain,
indicating that the D-xylose pool is abundant even in the mutant
and that the rate-limiting step of xylomyrocin production in this
mutant is a reaction downstream of D-xylose during D-xylonic
acid production. Correspondingly, supplementation with either
14 or 15 was able to restore the production of xylomyrocins in
the ΔpxxmcE mutant strain to the wild-type level (Fig. 4C), indi-
cating that neither the hydrolysis of D-xylono-γ-lactone (14) in
the culture nor the utilization of D-xylonic acid is abrogated upon
knockout of pxxmcE. Together with the bioinformatic analyses,
these experiments show that the oxidase PxXmcE has a major
role in the provisioning of D-xylono-γ-lactone (14) and D-xylonic
acid (16) from D-xylose (13) during the biosynthesis of xylomyr-
ocins A–C. However, basal levels of 16 may still be provided by
PxXyd1, PxXyd2, or other carbohydrate catabolic enzymes of
the cell.
Strains with the pxxmcC or the pxxmcD knockouts were still

able to produce 1–3 without an observable decrease in produc-
tivity (Fig. 4A). Thus, the PxXmcC glycoside hydrolase and
the PxXmcD GMC oxidoreductase are not necessary for xylo-
myrocin biosynthesis under our fermentation conditions. Plant

pathogenic fungi like Paramyrothecium sp. are known to employ
a wide variety of lignocellulolytic enzymes that release D-xylose
monomers from hemicellulosic polysaccharides (41–43). Accord-
ingly, the Paramyrothecium sp. XJ0827 genome encodes a large
panel of xylan esterases, xylanases, and xylosidases (SI Appendix,
Table S10). D-xylose may also be produced in strain XJ0827 by
pentose interconversions (e.g., from xylitol using a D-xylose reduc-
tase such as the predicted PxXyrA) or by uridine 5’-diphosphoglu-
curonate decarboxylation with the putative PxUxs1, both of
which were expressed in xylomyrocin production media with glu-
cose as the sole carbon source (SI Appendix, Fig. S4 and Table
S9). Indeed, fermentations with both the wild-type and ΔpxxmcE
strains on media with D-glucose-13C6 as the sole carbon source
showed that the [M+H]+ ion of 1 exhibits a +54-Da mass shift
(m/z 1,175.2, compared to unlabeled 1, m/z 1,120.8), confirming
that all carbons in 1 (C54H89N9O16), including those of the
D-xylonic acid unit, may be derived from glucose (SI Appendix,
Fig. S6). Biosynthetic contingencies are commonly observed in
secondary metabolism, enlisting alternative precursor supply path-
ways (44, 45), and with homologous or nonhomologous isofunc-
tional counterparts of primary metabolic enzymes integrated into
BGCs (46–48), as may be the case with PxXmcE, PxXmcC,
PxXmcD, and PxXmcJ.

Genome Mining for Members of the Xylomyrocin Family. To
discover additional members of the xylomyrocin family by
genome mining, we identified BGCs that encode close homologs
of both PxXmcE and PxXmcG in the NCBI GenBank and the
JGI MycoCosm (SI Appendix, Fig. S9 and Table S11). While
PxXmcE homologs are widespread in fungi, they are rarely

Fig. 4. Functional analysis of pxxmc biosynthetic genes. (A) MALDI-TOF MS traces of extracts from (I) Paramyrothecium sp. XJ0827 wild-type or (II to V)
mutant strains. All strains were cultivated for 10 d on PDA media. Ions with m/z of 847, 875, 889, and 917 derive from unrelated metabolites. They show little
variation in their intensities (Intens.) among the various strains, illustrating that the ΔpxxmcE and ΔpxxmcG mutations specifically affect the productivities of
xylomyrocins 1–3. (B) Proposed conversion of D-xylose (13) or D-xylose-1-13C (13a) to D-xylonic acid (16). The position of the label in 13a is indicated with a
red dot. (C) Relative xylomyrocin productivities of the wild-type and ΔpxxmcE strains upon supplementation with D-xylose (13), D-xylono-γ-lactone (14), and
D-xylono-γ-lactone hydrolysate (15). Hydrolysate 15 was prepared by treating 14 with 1 M aqueous NaOH solution. Both strains were cultivated for 6 d in
liquid M-100 media before supplementation of 13, 14, or 15 at 3 mM (final concentration). Fermentation was continued for an additional 3 d to facilitate
complete utilization of the supplemented substrate. Data were collected from three independent experiments of three replicates each (n = 9). Columns rep-
resent the mean ± SD. ***P < 0.001 and ****P < 0.0001 as determined with unpaired Student two-tailed t tests comparing the yields of the substrate-
supplemented fermentations with that of the nonsupplemented fermentation. a.u., arbitrary units.

6 of 12 https://doi.org/10.1073/pnas.2123379119 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 C
A

S 
SH

A
N

G
H

A
I 

IN
ST

 F
O

R
 B

IO
L

O
G

IC
A

L
 S

C
IE

N
C

E
S 

on
 A

ug
us

t 2
8,

 2
02

5 
fr

om
 I

P 
ad

dr
es

s 
11

9.
78

.6
7.

13
0.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123379119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123379119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123379119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123379119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123379119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123379119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123379119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123379119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123379119/-/DCSupplemental


clustered with NRPSs that are homologs of PxXmcG. Such clus-
ters exist only in a few selected Sordariomycetes genomes, such as
in those of several (but not all) strains of Colletotrichum spp.
(Glomerellales, Glomerellaceae); two strains of Dactylonectria
and one of Ilyonectria spp. (Hypocreales, Nectriaceae); and one
strain each of Paramyrothecium (Hypocreales, Stachybotryaceae)
and Phaeoacremonium spp. (Togniniales, Togniniaceae). These
strains with published genome sequences are prospective pro-
ducers of xylomyrocin-type polyol cyclodepsipeptides that utilize
a D-xylonic acid starter unit. Satisfyingly, the 10- and 34-aa specif-
icity signatures (10) of the A1 domains of these XmcG orthologs
are nearly identical (SI Appendix, Fig. S10), defining a clear diag-
nostic motif for D-xylonic acid activation in fungal NRPSs.
Indeed, a position-specific iterative (PSI)-BLASTp with the 34-aa
D-xylonic acid A domain signature was sufficient to retrieve the
same set of fungal NRPSs from GenBank that had previously
been obtained with the combined BLASTP searches with the
complete PxXmcE and PxXmcG proteins as baits.
Next, we explored the production of xylomyrocin analogs by

selected strains from the genome survey (if easily accessible)
and included additional Paramyrothecium and Colletotrichum
spp. from commercial or in-house strain collections (SI Appendix,
Table S12). We surveyed SM extracts for 50 of these strains culti-
vated on seven different media each (SI Appendix, SI Materials
and Methods) using our established MALDI-TOF MS screen.
After dereplication by hierarchical clustering of SM profiles, we
identified seven representative strains that produced 10 groups of
putative peptides under different culture conditions (SI Appendix,
Table S13). Direct tandem HRMS analysis of cyclic peptides
often results in complex MS/MS spectra with numerous ion series
due to multiple sites for ring opening (49). Thus, we opted to
linearize any potential cyclodepsipeptides by treating the fungal
crude extracts with MeONa/MeOH solution before LC-MS
injection. The resulting methanolysis specifically breaks the
lactone bond between the N-terminal D-xylonic acid and the
C-terminal amino acid residues in xylomyrocin-type cyclic pepti-
des while leaving all amide bonds intact, generating linear, full-
length xylomyrocin derivatives with O-methylated C termini. On
the contrary, peptides that lack ester bonds remain unaffected.
This method revealed three groups of peptides that yielded deriva-
tives with a +32-Da mass shift after the MeONa/MeOH treat-
ment, corresponding to the cleavage of the lactone ring and the
addition of the methoxy functionality. Detailed comparisons of
the MS/MS spectra of the linearized peptides with those of com-
pounds 1–3 uncovered similar fragmentation patterns at their N
termini (Fig. 5A) and thus strongly indicated that these peptides
are putative xylomyrocins. Finally, large-scale fermentations and
structure elucidation of the isolated target peptides confirmed that
Paramyrothecium roridum NRRL 2183, P. roridum MN113194,
and Colletotrichum sp. XJ1040 indeed produce new members of
the xylomyrocin family of polyol cyclodepsipeptides (Fig. 5B).
P. roridum NRRL 2183, selected by the comparative geno-

mics survey, produces an assortment of xylomyrocin congeners
that all feature a Xyl1–Leu2–(Me)Thr3–Ile4–MeVal5–Leu6–
(Me)Gln7–MeLeu8–MeVal9 nonadepsipeptide backbone. They
share the Xyl-Leu-(Me)Thr N-terminus and the (Me)Leu-
MeVal C terminus with xylomyrocins A–C (1–3) from strain
XJ0827, but the identities of the remaining constituent
amino acids, the overall sizes of the macrocyclic rings, and the
N-methylation patterns are quite different (Fig. 5B and SI
Appendix, Fig. S11). Structural diversity among the xylomyro-
cin congeners produced by P. roridum NRRL 2183 arises from
variable N-methylation at the third and seventh residues and
the existence of macrocycle regioisomers due to the utilization of

any of the four D-xylonic acid hydroxyl groups as the nucleophile
during peptide chain termination (Fig. 5B). Unlike 1–3, the
xylomyrocin macrocycle regioisomer mixtures M1 and M2 of
P. roridum NRRL 2183 could not be separated, despite testing a
variety of LC columns and solvent systems. However, xylomyro-
cin D (4) was obtained as a pure compound that allowed the
unambiguous characterization of its chemical structure (Fig. 5B).

Analysis of the predicted xylomyrocin synthetase of P. roridum
NRRL 2183 (PrXmcG) revealed that the number of NRPS mod-
ules (SI Appendix, Fig. S12) and the specificity signatures of the
A domains (SI Appendix, Table S14) matched perfectly the struc-
tures of 4, M1, and M2. In some xylomyrocin M1 congeners,
methylation at the third residue (Thr3) was skipped by the M
domain of module 3, although this domain is evidently active as
shown by the presence of MeThr3 in xylomyrocin D (4) and the
M2 congeners. Surprisingly, N-methylation was also observed at
the seventh and eighth residues (MeGln7 and MeLeu8, respec-
tively) despite the fact that PrXmcG has N-methylation domains
only in modules 3, 5, and 9 and not in modules 7 and 8 (SI
Appendix, Figs. S11 and S12).

The prxmc BGC is divided into two subclusters that sit at the
ends of separate contigs in the published genome sequence of strain
NRRL 2183 (GenBank: GCA_003012165, prxmc-5 to prxmcE:
PXOD01000192; prxmcH to prxmc+5: PXOD01000490; SI
Appendix, Fig. S12), likely due to assembly artifacts. However, the
cluster is isogenic with the pxxmc BGC of strain XJ0827, except
for the xmcI gene for a hypothetical protein that is completely
missing from the genome assembly of P. roridum NRRL 2183 (SI
Appendix, Table S15). Compared to the xylomyrocin cluster in
strain XJ0827, the prxmcE and prxmcF genes underwent a transloca-
tion with reversion to the upstream side of prxmcG in NRRL 2183,
and the XJ0827 and NRRL 2183 BGCs are bracketed by non-
syntenic regions (SI Appendix, Fig. S12 and Tables S8 and S15).

Xylomyrocins E–J (5–10) isolated from the other selected
P. roridum stain, MN131194, and xylomyrocins K–L (11–12)
from Colletotrichum sp. XJ1040 share the same ring size as xylo-
myrocins A–C (1–3) from Paramyrothecium sp. XJ0827. Xylo-
myrocins 5–8 from strain MN131194 also share high sequence
identities with 1–3 from XJ0824, but they are distinguished by
the C-terminal residue (MeAla vs. MeVal, respectively) and are
further differentiated by variable amino acids at positions 4 and
9 (Fig. 5B and SI Appendix, Fig. S11). Xylomyrocins K and L
(11 and 12) from strain XJ1040 differ from 1–3 at residues 2,
4 to 6, and 9 and 10 (Fig. 5B and SI Appendix, Fig. S11).
N-methylation was not variable in the xylomyrocin series of
P. roridum MN131194 or Colletotrichum sp. XJ1040, but addi-
tional macrocycle regioisomers were also detected by MS/MS
in the corresponding extracts, in amounts insufficient for isola-
tion and structure elucidation.

Xylomyrocins Display Antimalarial Activity. The isolated xylo-
myrocin congeners 1–3 were evaluated for anti-infective activ-
ity in antimicrobial assays. No antibiotic or antifungal activities
were detected against Staphylococcus aureus American Type Cul-
ture Collection (ATCC) 6538, methicillin-resistant S. aureus
(MRSA) 11646, Escherichia coli ATCC 25922, Cryptococcus
neoformans H99, and Candida albicans SC5314 with these
xylomyrocins in concentrations up to 20 μg/mL (SI Appendix,
Table S16). However, most xylomyrocin congeners, except for
xylomyrocin G (7) and xylomyrocin I (9), displayed moderate
antimalarial activity against the human protozoal parasite Plasmo-
dium falciparum 3D7. The half-maximal inhibition concentrations
(IC50) ranged from 10 to 43 μM, with no hemolytic activity
observed (Table 1).
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Discussion

We used MALDI-TOF and LC-HRMS/MS–based chemomet-
rics and comparative genome mining to discover a group of

NRP SMs produced by Paramyrothecium and Colletotrichum
spp. fungi. Xylomyrocin-type BGCs were also detected in
members of a few additional Sordariomycetes families (SI
Appendix, Table S11). These verified and putative xylomyrocin

Fig. 5. Discovery of additional xylomyrocin-type cyclodepsipeptides. (A) MS/MS spectra (m/z range, 0 to 500) of linearized xylomyrocins from (I) Paramyro-
thecium sp. XJ0827; (II) P. roridum NRRL 2183; (III) P. roridum MN131194; and (IV) Colletotrichum sp. XJ1040. Daughter ions of the a-, b-, and b�H2O (b*)-type,
resulting from collision-induced dissociation are shown in green, red, and blue, respectively. Xyl, D-xylonic acid; Leu, L-leucine; MeThr, N-methyl-L-threonine;
Val, L-valine; Lxx, L-leucine, L-isoleucine, or N-methyl-L-valine. (B) Structures of xylomyrocins isolated from P. roridum NRRL 2183 (4, M1, and M2), P. roridum
MN131194 (5–10), and Colletotrichum sp. XJ1040 (11 and 12). Red dashed lines connecting the methyl functionality and amino acid residues in M1 indicate that
N-methylation occurs at either amino acid Thr3 or Gln7, but not both. Amino acid residues that are different from those of compounds 1–3 are colored in navy.
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producer fungi are endophytic, predominantly destructive hemi-
biotrophic phytopathogens (50) that must successfully compete
with fungivorous protozoal grazers (51), a need perhaps matched
by the antiprotozoal activity of xylomyrocins.
Xylomyrocins are polyol cyclodepsipeptides that feature an

unprecedented aldonic acid unit (D-xylonic acid) in their back-
bones, derived from hemicellulose catabolism and monosaccha-
ride interconversions. Fatty acid, polyketide, aryl acid, α-keto
acid, and α-hydroxy acid building blocks are often incorporated
into peptide scaffolds by NRPSs (52), demonstrating intersec-
tions of NRP biosynthesis with fatty acid or polyketide biosyn-
thesis, shikimic acid metabolism, and amino acid catabolism.
Glycosylation of NRPS-assembled peptide backbones by post-
NRPS tailoring enzymes is also ubiquitous. However, the direct
utilization of a sugar acid biosynthon such as D-xylonic acid for
the assembly of a depsipeptide NRP scaffold is unprecedented.
Peptidyl SMs with seemingly sugar acid–derived moieties

within their backbones have been described. Thus, THP motifs
were found in NRPs such as the methionine aminopeptidase
inhibitor bengamides and the transcription factor Rho inhibitor
bicyclomycins. However, the apparent sugar acid units origi-
nate from polyketide biosynthesis in bengamides (53) and from
the stepwise oxidation of a leucine unit in the case of bicyclo-
mycins (54, 55). In contrast, xylomyrocins incorporate a pre-
formed D-xylonic acid building block supplied by carbohydrate
metabolism, as shown by our stable isotope incorporation
studies.
NRPS-independent mechanisms for amide bond formation

between an aminosugar and an amino acid have been eluci-
dated for mycothiol and puromycin biosynthesis (56, 57). Sim-
ilarly, lincosamide antibiotics from Streptomyces spp. feature an
aminosugar biosynthon, but the condensing enzyme complex is
not NRPS related (58). Bacterial peptidyl nucleoside antibiotics
such as miharamycin or amipurimycin contain a guanine-
glucuronate–derived moiety that is temporarily sequestered by
an A-T di-domain, but none of the following biosynthetic steps
involves an NRPS-catalyzed condensation (59). In contrast,
we propose that it is the XmcG NRPS that incorporates the
D-xylonic acid monomer during xylomyrocin biosynthesis.
A hydroxyethyl moiety derived from ketose phosphates has

been described as an NRPS extender unit for the tetrahydroiso-
quinoline family of alkaloids (60, 61). Instead of assembling
hydroxymalonyl-acyl carrier protein (ACP) as in polyketide bio-
synthesis (62), this building block is produced by a transketolase

enzyme system that transfers the C2 unit to a freestanding ACP
without the use of an A domain (61). In contrast, we propose
that the A-T di-domain in module 1 of the XmcG NRPSs acti-
vates and loads a preformed aldonic acid as the starter unit for
xylomyrocin biosynthesis. This is completely distinct from the
transketolase-ACP platform of tetrahydroisoquinolones and is
more akin to the activation and loading of amino acid–derived
α-hydroxy acids seen in fungal cyclodepsipeptides (30, 63–65).
Despite our best efforts (SI Appendix, SI Materials and Methods),
neither the dissected A1 domain nor the A1-T1 di-domain of
PxXmcG could be expressed as a soluble recombinant protein
(SI Appendix, Fig. S13).

The polyol-activating A1 domains in the XmcG NRPSs of
strains XJ0827 and NRRL 2183 are highly similar to each
other (82% identity) but show very low (<29%) identity to the
other A domains within the same XmcG NRPSs that are them-
selves >50% identical across the board. Indeed, the 10-aa and
34-aa extended specificity signatures of the A1 domains of the
verified and putative xylomyrocin producers with known genome
sequences are highly similar to each other and define a robust
D-xylonic acid signature for fungal A domains (SI Appendix, Fig.
S10). This high conservation may also indicate that the A1

domains of the xylomyrocin synthetases derive from a common
depsipeptide-producing NRPS ancestor and are more recent addi-
tions to the rest of the XmcG proteins.

The uronate dehydrogenase-like XmcE homologs that are
involved in D-xylonic acid provisioning for xylomyrocin biosyn-
thesis in strains XJ0827 and NRRL 2183 may also be recent
recruits to the BGC, considering that although such enzymes
are widely distributed in fungi, their encoding genes very rarely
colocate with NRPSs or other SM biosynthetic genes. Indeed,
we were able to exploit the colocalization of xmcE homologs and
xmcG-like NRPSs to identify candidate BGCs for xylomyrocin-
type polyol cyclodepsipeptide biosynthesis (SI Appendix, Fig. S9
and Table S11).

The 10-aa and 34-aa extended specificity signatures of the
amino acid–incorporating A domains of the XmcG NRPSs of
strains XJ0827 and NRRL 2183 (SI Appendix, Tables S6 and
S14) fail to form clear clades according to their apparent sub-
strate specificities (SI Appendix, Fig. S14 A and B) (66, 67).
Instead, these A domains clade pairwise according to their posi-
tion in the two XmcG NRPSs (SI Appendix, Fig. S14C). For
example, the Phe-activating A5 domain from PxXmcG of
XJ0827 is most similar to domain A5 from PrXmcG of NRRL
2183, although that domain evidently activates Val. This may
indicate that A domains in equivalent positions in these orthol-
ogous proteins evolve to be paralogues, with keyhole surgery-
type changes that allow alternate amino acids to be recognized
and incorporated into different series of xylomyrocins.

Another intriguing feature of xylomyrocin biosynthesis is the
variable N-methylation seen in the xylomyrocin series isolated
from NRRL 2183. Skipping the N-methylation of Thr3 in the
M1 congeners may be explained by the kinetic competition
between the M3 domain and chain extension by the C4 domain.
However, the presence of N-methyl amino acids at positions
7 and 8 are more intriguing, given the absence of M domains in
the corresponding modules of PrXmcG. Such deviations from
the collinear programming of N-methylation are extremely rare
in fungal NRP biosynthesis. In one such example, trans-acting
N-methyltransferases encoded in the cycloaspeptides and the
ditryptophenaline BGCs (PscyA and DtpB, respectively) (68, 69)
catalyze the N-methylation of Phe and/or Tyr residues before
these are uploaded onto their cognate NRPSs, which feature no
integrated M domains. Occasional utilization of the non methylated

Table 1. Antimalarial activity of xylomyrocins

Compound
Antiprotozoal activity (IC50, μM)*

against P. falciparum 3D7

1 13.5 ± 0.8
2 20.9 ± 0.2
3 23.7 ± 2.4
4 43.3 ± 5.1
M1 31.0 ± 0.9
M2 36.7 ± 0.9
6 40.2 ± 1.1
7 >50
8 25.5 ± 0.3
9 >50
11 10.0 ± 0.4
Artemisinin† 0.008 ± 0.0002

*All values represent the means ± SD based on three independent experiments of three
replicates each (n = 9).
†Artemisinin was used as the positive control.
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residues by these NRPSs would then lead to variable methylation
at these positions. In a somewhat similar scenario, the MtfA
stand-alone N-methyltransferase of Amycolatopsis orientalis was
shown to tailor the NRP after that had already been released from
the synthetase (70). However, no dissociated N-methyltransferase
was found to be encoded in the xmc BGCs, nor were any close
homologs of PscyA, DtmB, or MtfA encoded in the genomes of
strains XJ0827 and NRRL 2183.
In another example of promiscuous methylation, thalasso-

spiramide biosynthesis in Thalassospira sp. and Tistrella sp.
utilizes a cis M domain to modify residues incorporated by
upstream domains of the same NRPS complex (71). However,
these iterative M domains form a distant, basal clade compared
to the xylomyrocin M domains, with sequence identities only
in the 15 to 17% range. The thalassospiramide NRPSs also
manifest other nonlinear behaviors such as intermodule sub-
strate activation, module skipping, and pass-back chain exten-
sion, none of which are encountered with the XmcG NRPSs.
A closer look at the xylomyrocin NRPSs did not provide any

sequence clues for which, if any, of the M domains would be
responsible for the variable methylation observed in strain NRRL
2183. The M domains of the two XmcG proteins also clade pair-
wise according to their module position and not per the amino
acids they are supposed to modify (SI Appendix, Fig. S14D).
Thus, further studies are necessary to establish the molecular basis
for the variable backbone methylation in P. roridum NRRL 2183.
A final source of xylomyrocin structural variety is the appar-

ent polyspecificity of the chain-terminating macrocyclization.
Considering that the xylomyrocin macrocycle regioisomers are
remarkably stable and fail to interconvert to any appreciable
degree in acidic media and buffers (SI Appendix, Fig. S3), the
terminal CT domains of the xylomyrocin synthases must be
able to accept any of the α, β, γ, or δ hydroxyls of D-xylonic
acid as a nucleophile. This then implies that the substrate-
binding pockets of these domains may accommodate the xylo-
nate moiety in several alternative binding poses. While the
biosynthetic basis is currently unknown, a similar flexibility is
observed for the inositol phosphorylceramide inhibitor haplo-
fungins produced by Lauriomyces bellulus, where either of the
C-4 or the C-5 alcohol functionalities of arabinonic acid is
competent to act as the acceptor to download a polyketide
chain, resulting in haplofungin regioisomers (72).

Conclusions

Rapid in situ extraction and derivatization, MALDI-TOF MS,
LC-HRMS/MS, chemometric dereplication, and genome min-
ing led to the discovery of an unprecedented family of non-
ribosomal cyclodepsipeptides produced by a limited cohort of
phytopathogenic fungi.
Xylomyrocin biosynthesis revealed an unexpected connection

between carbohydrate metabolism and NRPS-based peptidyl
SM biosynthesis. Enriching precursor diversity by recruiting
novel building blocks is a prominent strategy of NRPS evolu-
tion in nature and may be reproduced by synthetic biology to
generate unnatural products (uNPs) that augment the structure
space accessible by NRP biosynthesis.
Xylomyrocin biosynthesis also features a polyspecific chain-

terminating CT domain that affords xylomyrocin macrocycle
regioisomers. Together with promiscuous peptide backbone
N-methylation events and subtle changes in precursor-activating
A domains that lead to amino acid replacements among different
congeners, the producer fungi seem to engage in structure-activity
relationship studies to optimize these polyol cyclodepsipep tides

toward their presumed allelochemical role. A mechanistic under-
standing of such rare, flexible programming events in NRP bio-
synthesis will improve genome mining and sequence-based SM
structure prediction. Such insights will also open additional ave-
nues for NRPS synthetic biology to generate uNPs for crop pro-
tection research or pharmaceutical drug discovery.

Materials and Methods

Fungal Strains and Culture Conditions. Paramyrothecium sp. XJ0827 and
Colletotrichum sp. XJ1040 were isolated from soil samples collected from the
northern region of Xinjiang province, China. P. roridum NRRL 2183 was pur-
chased from the Agriculture Research Service Culture Collection. Other fungal
strains listed in the SI Appendix, Table S12 were acquired from the Agriculture
Culture Collection of China or MoonBiotech. After growing on potato dextrose
agar (PDA) medium at 28 °C for 5 d, fungal strains were subcultured on PDA,
MMK2, YM, YES, LSF1, MV8, or super malt agar medium at 28 °C for 10 to 14 d
to monitor the production of peptide-like SMs (SI Appendix provides details).

MALDI-TOF MS Data Acquisition and Hierarchical Cluster Analysis.

trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (Sigma-Aldrich)
was used as the MALDI-TOF MS matrix. Details of the sample preparation are
described in the SI Appendix, SI Materials and Methods. The MALDI-TOF MS
spectra were recorded in reflector/positive ion mode, and each sample was
ablated 1,000 times within 1 s with a laser energy output of 70%. A mass-to-
charge (m/z) window of 500 to 2,500 was applied to monitor the production
of peptide-like SMs. All mass data were analyzed in the FlexAnalysis software
(Bruker). The mass peak list of peptide-producing fungal isolates was exported,
and all peaks were aligned according to their m/z values using the Mass Profiler
Professional software (Agilent). Background noise and mass peaks corresponding
to nonspecific metabolites (ubiquitously present in over 50% of fungal isolates)
were removed. The resulting dataset was subjected to hierarchical clustering and
heatmap plotting using imageGP (73).

HRMS/MS Data Acquisition and Molecular Network Generation. Repre-
sentative peptide-producing fungal strains were cultivated on PDA medium for
10 to 14 d, and the mycelium was scraped off and extracted with 90% aqueous
methanol. The resulting extract was concentrated and subjected to full-scan
ultra-high performance liquid chromatography-high resolution electrospray tan-
dem mass spectrometry (UHPLC-HRESI-MS/MS) analysis. The obtained tandem
LC-MS data were used to generate the initial peptide molecular network using
the GNPS server (14) following the well-established protocol (74) (SI Appendix
provides details).

Isolation and Characterization of Xylomyrocins. After growing on appro-
priate medium for 14 d, the medium with the fungal culture was cut into small
pieces (1 cm × 1 cm) and extracted with 90% aqueous ethanol three times. The
extract was concentrated under vacuum to afford a crude extract, which was
fractionized by macroporous D101 resin (Macklin Biochemical Co. Ltd.) and
octadecylsilyl (ODS, Fuji Silysia Chemical Ltd.) chromatography. The xylomyrocin-
containing fractions were identified by MALDI-TOF MS and then purified by semi-
preparative high performance liquid chromatography (HPLC) using an Agilent
Eclipse XDB-C18 reversed-phase column (5 μm, 9.4 mm × 250 mm) to yield the
corresponding xylomyrocins. The chemical structure of each xylomyrocin was eluci-
dated by analyzing the HRMS/MS, one-dimensional and 2D NMR spectroscopic,
and X-ray crystallographic data (SI Appendix provides details).

Genome Sequencing and Knockout of the pxxmc Biosynthetic Genes.

The genome of Paramyrothecium sp. XJ0827 was sequenced using a combina-
tion of Illumina NovaSeq and Oxford Nanopore technologies (SI Appendix, Table
S3), and the assembly was deposited in the NCBI GenBank as BioProject:
PRJNA770833 with the accession No. JAJFPB000000000. Gene disruptions
were conducted with linear gene deletion cassettes transformed into Paramyro-
thecium sp. XJ0827 protoplasts using polyethylene glycol-mediated transforma-
tion, as described for Aspergillus nidulans (75). Details on the gene disruption
procedure can be found in the SI Appendix, SI Materials and Methods. PCR pri-
mers used for gene disruption cassette amplification and gene-knockout verifica-
tion are listed in the SI Appendix, Table S17.
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Reverse Transcription–Quantitative PCR (RT-qPCR) Analysis. RT-qPCR
was performed using the ABI Prism 7500 real-time PCR system (Applied Biosys-
tems), in a final reaction volume of 20 μL containing complementary DNA,
Power SYBR Green PCR master mix (Thermo Fisher Scientific), and the appropri-
ate primers (final concentration: 200 nM each) as listed in SI Appendix, Table
S17. Details of the PCR amplification procedure are described in SI Appendix, SI
Materials and Methods. The tubulin-encoding gene was used as the reference
gene, and the relative expression fold-change was calculated using the com-
parative threshold cycle 2�ΔΔCT method. Three biological replicates were analyzed,
and for each sample, three technical replicates for each targeted gene were
performed.

Antimicrobial Activity Evaluation. P. falciparum strain 3D7 was used in anti-
malaria tests. Fresh O-type human erythrocytes were obtained from volunteers,
with the samples de-identified before they were used in our study. Cultivation of
P. falciparum and antiprotozoal assay were carried out as described previously
(76). Two strains of the Gram-positive bacteria S. aureus: subsp. aureus Rosebach
(ATCC 6538) and MRSA 11646, and one Gram-negative bacterium E. coli ATCC
25922 were used to evaluate the antibacterial activity of isolated xylomyrocins.
Antibacterial assays were carried out utilizing the two-fold serial broth microdilu-
tion method with slight modifications (77). Minimum inhibitory concentration
(MIC) values were defined as the lowest concentrations of the test compounds
that inhibited bacterial growth. Antifungal activity was evaluated against two fun-
gal pathogens of high medical relevance, C. neoformans H99 and C. albicans
SC5314 as described previously with slight modifications (78). MIC value was
defined as the lowest concentration of the test compound that resulted in a culture
with unchanged density (100% inhibition compared to the growth of the untreated
control). The SI Appendix provides details.

Data Availability. X-raycrystallographic data have been deposited in the Cam-
bridge Crystallographic Data Centre (CCDC 2119453) [79]. Some study data are avail-
able. Copies of the X-ray crystallographic data can be obtained free of charge via
https://www.ccdc.cam.ac.uk/structures/, or by emailing data_request@ccdc.cam.ac.uk,

or by contacting the Cambridge Crystallographic Data Centre, 12, Union Road,
Cambridge CB2 1EZ, UK; fax: (+44) 1223–336-033.
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