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a b s t r a c t

Two novel anthrone–macrolide hybrids, neonectones A and B (1 and 2), one new 10-membered macrolide

neonectone C (3), and one new oxaphenalenone derivative, (±)-neonectone D (4), together with five

known compounds (5–9) were isolated from the crude extract of the ascomycete fungus Neonectria sp.

Compounds 1 and 2 represent the first example of anthrone–ten-membered lactone heterodimers, pos-

sessing an unprecedented 5-(10-oxo-9,10-dihydroanthracen-9-yl)oxecane-2,7–dione skeleton. Their struc-

tures and absolute configurations were established by a combination of extensive spectroscopic analysis,
13C nuclear magnetic resonance spectroscopy (NMR) chemical shifts calculations with DP4+ probability

analysis and electronic circular dichroism (ECD) calculations. Bioactivity evaluation revealed that com-

pounds 1, 2 and 9 exhibited anti-methicillin-resistant Staphylococcus aureus (MRSA) activity. Compound 9

exhibited anti-MRSA activity through disrupting membrane integrity, suppressing energy and nucleotide

metabolism, modulating membrane transport and transcription/translation regulatory factors, as well as

inhibiting quorum sensing and biofilm formation.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Natural products have been crucial in drug discovery and de-

velopment processes, owing to their unique and varied chemi-

cal structures and a wide range of biological activities [1–3]. Ten-

membered lactones (TMLs), a large group of natural polyketides,

are characterized by a macrolide lactone core substituted with var-

ious alkyl, aryl, and oxygen groups depending on their natural

sources, such as fungi, bacteria, marine organisms, and insects [4].

These compounds display diverse biological activities, including cy-

totoxic, phytotoxic, antimalarial, antifungal, antibacterial and en-

zyme inhibitory effects, making them an interesting and diverse

group for research [4–6].

The genus Neonectria has been proven to produce a variety

of bioactive secondary metabolites including terpenes, alkaloids,

polyketides, etc. [7–10]. Many of these possess promising biolog-

ical activities, such as cytotoxic, antimalarial and antimicrobial ac-

tivities. During our ongoing efforts to search for new bioactive
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metabolites from fungi in unique environments [11–13], Neonec-

tria sp. RXZ010, a fungus was isolated from a soil sample col-

lected from the Qinghai-Tibetan plateau, Chayu, People’s Repub-

lic of China. Previous chemical investigations of Neonectria sp.

RXZ010 led to the isolation of neonectrolides A–E, and their pu-

tative precursors [7,8]. In order to enrich and improve the chemi-

cal space of Neonectria sp. RXZ010, we carried out a further chem-

ical study on this fungus. Careful chemical investigations on the

remaining fractions led to the isolation and characterization of

two novel anthrone–macrolide hybrids, neonectones A and B (1

and 2), one new 10-membered macrolide neonectone C (3), and

one new oxaphenalenone analogue (±)-neonectone D (4), together

with five known compounds (5–9) (Fig. 1) [7,14–16]. To the best

of our knowledge, compounds 1 and 2 represent the first exam-

ple of anthrone–ten-membered macrolide hybrids, possessing an

unprecedented 5-(10-oxo-9,10-dihydroanthracen-9-yl)oxecane-2,7–

dione skeleton. All the isolated compounds were evaluated for

their anti-methicillin-resistant Staphylococcus aureus (MRSA) activ-

ity. Among them, compounds 1, 2 and 9 exhibited notable anti-

MRSA effects. Furthermore, the in vivo activity of compound 9 was

assessed using a Galleria mellonella infection model, and its an-
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Fig. 1. Chemical structures of compounds 1–9.

tibacterial mechanism was also investigated. The isolation, struc-

ture elucidation, and biological activities of these compounds are

detailed in this paper.

Neonectone A (1) was obtained as pale yellow solid and its

molecular formula was established as C25H26O8 based on the (high

resolution electrospray ionization mass spectrometry) HRESIMS

data at m/z 477.1520 [M+Na]+ (calcd. for C25H26O8Na, 477.1518),

indicating 13 degrees of unsaturation. Detailed interpretation of

the 1D nuclear magnetic resonance spectroscopy (NMR) and het-

eronuclear singler quantum correlation (HSQC) data (Table S1 in

Supporting information) of 1 revealed the presence of 25 carbon

resonances corresponding to two methyls, five sp3 methylenes, two

sp3 methines with one oxygenated, one oxygenated tertiary car-

bon (δC 73.8), twelve aromatic carbons, one ester carbonyl carbon

(δC 172.6) and two carbonyl carbons (δC 209.5 and 189.5, respec-

tively). These data accounted for all 1H and 13C NMR resonances of

1 except for one unobserved exchangeable proton, suggesting that

1 was a tetracyclic compound. The heteronuclear multiple bond

correlation (HMBC) correlations (Fig. S1 in Supporting information)

from H-2 to C-1, C-3, C-4 and C-10a, from H-4 to C-3, C-4a, C-5, C-

10a and C-10, from H-6 to C-5, C-7, C-8, C-9a and C-10, from H-8

to C-6, C-9 and C-9a permitted the completion of the anthracen-

9(10H)-one moiety (Unit A). The hydroxyl groups were located at

C-1, C-3 and C-9, respectively, which was deduced by the HMBC

correlations from OH-1 to C-1, C-2 and C-10a, and from OH-9 to

C-8, C-9 and C-9a, as well as the chemical shift of C-3 (δC 165.4).

Meanwhile, the HMBC correlations from H3–11 to C-6, C-7 and C-8

indicated that the methyl carbon C-11 was located at the C-7. In

addition, the 1H–1H correlation spectroscopy (COSY) (Fig. S1) cor-

relations of H2–2
′/H2–3

′/H-4′/H2–5
′, and of H2–7

′/H2–8
′/H-9′/H3–

10′, as well as the HMBC correlations from H2–2
′ and H-9′ to C-1′,

and from H2–5
′ and H2–7

′ to C-6′ suggested the presence of 10-

methyloxecane-2,7–dione unit (Unit B). Moreover, the HMBC cor-

relations from H2–5
′ to C-5, and from OH-5 to C-5 and C-4′ per-

mitted the connection of units A and B via a C-5–C-4′ linkage with

the hydroxyl group OH-5 located at C-5. Thus, the planar structure

of 1 was established as shown (Fig. 1).

The absolute configuration of C-9′ in 1 was deduced as 9′S on

the basis of biosynthetic consideration and by analogy to the co-

isolated putative precursor 7 [7]. However, the relative configura-

tions of C-5 and C-4′ in 1 could not be assigned due to the lack

of relevant rotating frame overhauser effect spectroscopy (ROESY)

correlations. Due to the presence of the remaining two stereogenic

centers (C-5 and C-4′), one of the four stereoisomers (5R,4′R,9′S)-
(1a), (5R,4′S,9′S)-(1b), (5S,4′R,9′S)-(1c) and (5S,4′S,9′S)-(1d) must

represent the actual configuration of 1. Then the gauge-including

atomic orbital (GIAO) 13C NMR calculations of four stereoisomers

1a–1d were employed at the mPW1PW91/6+31G(d) level. The ex-

perimental NMR data of 1 was compared with those calculated of

1a–1d using the linear correlation coefficients (R2) obtained by lin-

ear regression analysis, root-mean-square error (RMSE) and DP4+
probability analysis [17,18]. The calculated chemical shifts for 1a

and 1c matched well with the experimental values of 1 with high

correlation coefficients (R2) and small RMSE in carbon data anal-

ysis (Fig. 2). In addition, the experimental and calculated chemi-

cal shifts were further statistically analyzed by DP4+ probability.

The results showed (5R,4′R,9′S)-(1a) and (5S,4′R,9′S)-(1c) may be

the most suitable structure for 1, which had a high probability

of 48.9 % and 51.1% (Fig. 2), respectively. Thus, the above data in-

dicated that the (5R,4′R,9′S)-(1a) and (5S,4′R,9′S)-(1c) may be the

correct relative structures for 1. In order to establish the absolute

configuration of 1, the electronic circular dichroism (ECD) spectra

of (5R,4′R,9′S)-(1a) and (5S,4′R,9′S)-(1c) were further calculated. As

a result, the experimental ECD spectrum of 1 matched well with

the calculated ECD curve of (5R,4′R,9′S)-(1a) (Fig. S2 in Supporting

information), suggesting the 5R,4′R,9′S absolute configuration.

Neonectone B (2) was also obtained as pale yellow solid and

was assigned the same molecular formula C25H26O8 (13 degrees of

unsaturation) as 1 by HRESIMS (m/z 477.1523 [M+Na]+) and NMR

data (Table S1). Comparison of the 1D NMR data (Table S1) and 2D

NMR data (Fig. S1) of 2 with those of 1 revealed the same struc-

tural features as those of 1, suggesting their diastereomeric rela-

tionship. The absolute configuration of C-9′ in 2 was also deduced

as 9′S on the basis of biosynthetic consideration [7]. To assign the

relative configurations of C-5 and C-4′ in 2, the calculated chemi-

Fig. 2. The 13C NMR calculation results of two plausible isomers of 1. (A) Linear correlation plots of calculated vs. experimental 13C NMR chemical shifts. (B) Relative errors

between the calculated 13C NMR chemical shifts the recorded data and DP4+ probability analysis.
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cal shifts of 1a−1d were further compared with the experimental

data of 2 using linear correlation, RMSE, and the DP4+ probability

analysis. High R2 values of 0.9980 for 1a and 0.9981 for 1c were

obtained (Fig. S3 in Supporting information), indicating that the

calculated δC of 1a and 1c matched the experimental δC very well.

Moreover, according to the DP4+ probability analyses, 1a, 1b, 1c

and 1d were assigned with 52.5%, 0 %, 47.5 % and 0%, respectively.

Eventually, the relative configuration of 2 could be determined to

be either(5R,4′R,9′S)-(1a) and (5S,4′R,9′S)-(1c). To further define its

absolute configuration, the calculated ECD spectra of (5R,4′R,9′S)-
(1a) and (5S,4′R,9′S)-(1c) were compared with the experimental

ECD curve of 2. As shown in Fig. S2, the experimental ECD spec-

trum of 2 was nearly identical to the calculated ECD spectrum of

(5S,4′R,9′S)-(1c), which determined the absolute configuration of 2

as 5S,4′R,9′S.
Neonectone C (3) was obtained as a white powder. Its molec-

ular formula, C10H14O3, with four degrees of unsaturation, was es-

tablished based on the HRESIMS data at m/z 205.0840 [M+Na]+

(calcd. for C10H14O3Na, 205.0835). The 1D NMR and HSQC spectra

exhibited 10 carbon signals corresponding to one methyl carbon,

four methylene carbons, one oxygenated carbon, two olefinic car-

bons, one ester carbonyl carbon (δC 170.9) and one carbonyl carbon

(δC 205.4). Analysis of the 1H–1H COSY NMR data (Fig. S1) led to

the identification of the two isolated proton spin-systems of C-2–

C-3–C-4–C-5 and C-7–C-8–C-9–C-10. The HMBC correlations (Fig.

S1) from H-4 and H-5 to C-6 (δC 205.4), and from H2–7 to C-5

and C-6 indicated that C-6 was attached to both C-5 and C-7. Fur-

thermore, HMBC correlations from H2–2 and H2–3 to C-1 and from

H-9 to C-1 established the C-1–C-2 linkage and the ether linkage

between C-1 and C-9, thereby completing the planar structure of

3. The absolute configuration of C-9 in 3 was also deduced as 9S

based on biogenetic comparison with the co-isolated 3-dehydroxy-

4-O-acetylcephalosporolide C (7) [13]. Thus, the structure of 3 was

established as shown (Fig. 1).

Neonectone D (4) was obtained as a yellow powder, and its

molecular formula was deduced to be C14H12O6, based on the

HRESIMS data at m/z 277.0706 [M+H]+ (calcd. for C14H13O6,

277.0707), implying nine degrees of unsaturation. Its NMR data (Ta-

ble S2 in Supporting information) exhibited a great similarity to

those of lamellicolic anhydride (5), except that the carbonyl car-

bon at the C-1 position in 5 was reduced to a hydroxy moiety in

3. This was evidenced by the HRESIMS data, the chemical shift of

C-1 (δC 94.2) and the HMBC correlations (Fig. S1) from H-1 to C-

3, C-9, C-9a and C-10. The small specific rotation value revealed

that 4 was a racemate, due to the existence of a hemiacetal at C-1.

However, chiral-phase resolution using different conditions failed.

Therefore, the structure of 4 was established as neonectone D, as

depicted.

In addition, the known compounds were elucidated as lamel-

licolic anhydride (5) [14], corymbiferan lactone E (6) [7], 3-

dehydroxy-4-O-acetylcephalosporolide C (7) [7], emodin (8) [15],

and ilicicolin H (9) [16], by comparing their NMR data with the

reported literature values.

Neonectones A and B (1 and 2) represent the first example

of the anthrone–macrolide hybrids possessing an unprecedented

5-(10-oxo-9,10-dihydroanthracen-9-yl)oxecane-2,7–dione skeleton.

Up to now, the reported carbon skeleton of anthrone heterodimers

mainly include anthrone–cyclohexene [19,20], anthrone–pyrano

[21], anthrone–anthraquinone [22] and anthrone C-glycosides [23].

The anthrone–macrolide hybrids such as 1 and 2 have never been

reported. Compound 3 is a new analogue of compound 7. While

compound 4 was isolated as a racemate. The putative biosynthetic

pathways of these compounds were also proposed in Scheme S1

(Supporting information).

Compounds 1–9 were screened for their antibacterial activi-

ties against MRSA. Compounds 1, 2 and 9 exhibited anti-MRSA

Fig. 3. Anti-MRSA activity and safety evaluation of compound 9. (A) Growth inhibi-

tion of MRSA by compound 9. (B) Antimicrobial activity of compound 9 in a MRSA-

infected G. mellonella model. (C) Cytotoxicity of compound 9 against RAW264.7 cell

lines. (D) Hemolytic test for compound 9. (E) The effect of compound 9 on MRSA

biofilm formation. (F) SEM images of MRSA after treatment with DMSO (control)

and compound 9, respectively. Scale bar: 2μm. (G, H) The PI fluorescence intensity

was measured in DMSO and compound 9-treated groups. Scale bar: 10 μm. Data are

expressed as mean ± standard deviation (SD) (n=3). ∗∗P<0.01 vs. the DMSO group.

activity with minimum inhibitory concentration (MIC) values of

16, 32 and 8μg/mL, respectively (Table S5 in Supporting informa-

tion), while the MIC value of the positive control vancomycin (Van)

was 2μg/mL. To evaluate the potential synergistic effects, these

three compounds were combined with Van using the checkerboard

method. The MIC of compound 9 decreased to 4μg/mL when com-

bined with Van, while the MIC of Van was reduced to 1μg/mL in

the combination of all three compounds. The fractional inhibitory

concentration index (FICI) value of the combination of compound

9 and Van was 1, indicating an additive effect against MRSA. These

results suggested that compound 9 can enhance the antibacterial

effect of Van, highlighting its potential as an adjunctive thera-

peutic agent. In contrast, compounds 1 and 2 exhibited FICI val-

ues of 1.5 when combined with Van, indicating neither synergis-

tic nor additive antibacterial activity. Due to limited quantities, the

antibacterial mechanisms of compounds 1 and 2 were not inves-

tigated. Compound 9 has been previously identified as a broad-

spectrum antifungal agent targeting Cryptococcus, Candida and As-

pergillus species by inhibiting mitochondrial cytochrome bc1 reduc-

tase [24]. It also exhibits anticancer activity against colon adeno-

carcinoma, non-small cell lung cancer, prostate cancer, and hepato-

cellular carcinoma [25]. In the present study, compound 9 demon-

strated significant anti-MRSA activity, with its antibacterial mech-

anism yet to be elucidated.

To further verify the anti-MRSA activity of compound 9, bac-

terial growth curves were measured at various concentrations of

9. As shown in Fig. 3A, sub-MIC (4μg/mL, 1/2×MIC) and MIC

concentrations (8μg/mL) of compound 9 inhibited MRSA growth,

while higher concentrations (16μg/mL, 2×MIC; 32μg/mL, 4×MIC)

exhibited rapid bactericidal activity. To validate these in vitro re-

sults, a G. mellonella infection model was used, which is suitable

for antimicrobial evaluation due to its similar innate immune sys-

3
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tem to mammals [26]. Survival analysis revealed that compound 9

significantly improved the survival rate of G. mellonella compared

to the DMSO control group (18.7% survival rate at 4 day, Fig. 3B),

indicating its in vivo anti-MRSA efficacy. Additionally, compound

9 exhibited no obvious toxicity against macrophages (RAW264.7)

across a broad concentration range (0–64μg/mL, Fig. 3C). In the

hemolysis assays, compound 9 exhibited minimal hemolytic activ-

ity (<5% hemolysis rate) even at 256μg/mL (32×MIC, Fig. 3D).

MRSA is a classic biofilm-forming pathogen responsible for a

variety of chronic infections [27]. To evaluate the anti-biofilm po-

tential of compound 9, its effect on MRSA biofilm formation were

tested at five concentrations (ranging from 1/8×MIC to 2×MIC).

Results showed that concentrations of the MIC and 2×MIC of com-

poud 9 significantly inhibited MRSA biofilm formation (Fig. 3E), in-

dicating a dose-dependent inhibitory effect. Scanning electron mi-

croscopy (SEM) analysis revealed treatment with compound 9 at

the MIC concentration caused bacterial cell wall and membrane

rupture, with complete collapse within 8h (Fig. 3F). This suggested

that compound 9 disrupted MRSA cell membrane integrity, a crit-

ical factor in its antibacterial activity. Consistent with these find-

ings, cell membrane permeability assays demonstrated that com-

pound 9 increased the number of PI (propidium iodide)-positive

cells (dead cells stained red) in a concentration-dependent manner

(Figs. 3G and H).

To further elucidate the antibacterial mechanism of compound

9 against MRSA, transcriptomic analysis was conducted after treat-

ment at the MIC concentration. Compared to the DMSO con-

trol group, the compound 9-treated group exhibited 1011 differ-

entially expressed genes (DEGs), including 514 upregulated and

497 downregulated genes (Fig. 4A). Gene ontology (GO) func-

tional enrichment analysis of these DEGs revealed significant

enrichment in pathways associated with transmembrane trans-

port, ATP-dependent energy metabolism, oxidative phosphoryla-

tion, purine and pyrimidine nucleotide metabolism, as well as glu-

cose metabolism (Fig. 4B). RNA sequencing and quantitative re-

versed transcription polymerase chain reaction (qRT-PCR) valida-

tion showed that compound 9 significantly downregulated the ex-

pression of genes involved in ATP-dependent activity (RS13605,

RS05255, RS05260 and mnhD2) (Fig. 4C). Given the role of quo-

rum sensing (QS) in bacterial pathogenicity [28], we examined QS-

related genes and found that compound 9 downregulated the ex-

pression of RS01060, RS01055 and RS01065 (Fig. 4D). Futhermore,

considering the important involvement of membrane transport,

transcription and translation regulatory factors in MRSA resistance

mechanisms [29,30], RNA sequencing and qRT-PCR results further

indicated that compound 9 modulated the expression of genes en-

coding translation and transcription factors (Figs. 4E and F) and

regulated the expression of membrane transport-related genes (Fig.

4G). Additionally, compound 9 also regulated the expression of

genes related to nucleotide metabolism in MRSA (Fig. 4H).

In conclusion, neonectones A and B (1 and 2), two unprece-

dented anthrone–macrolide hybrids, along with their possible

biosynthetic precursors were isolated from the fungus Neonec-

tria sp. To the best of our knowledge, this is the first time

to report the anthrone–macrolide hybrid natural products. Bio-

genetically, these novel hybrids 1 and 2 could be derived from

the co-isolated neonectone C (3) and emodin (8) via a Michael

addition. Compounds 1, 2 and 9 exhibited antibacterial activ-

ity against MRSA. Compound 9 exerted its anti-MRSA activity

though disrupting membrane integrity, suppressing energy and nu-

cleotide metabolism, modulating membrane transport and tran-

scription/translation regulatory factors, as well as inhibiting QS

and biofilm formation (Fig. 4I). These findings not only expand

the structural diversity of anthrone heterodimers, but also provide

promising antibacterial candidates for combating resistant bacterial

pathogen MRSA.

Fig. 4. Transcriptomic analysis revealed antibacterial mechanism of compound 9.

(A) Differential gene expression between DMSO control and compound 9-treated

MRSA revealed by RNA-seq analysis (514 genes up-regulated and 497 genes down-

regulated). (B) Top 20 pathways enriched in compound 9-treated MRSA compared

to the DMSO group, determined through GO analysis. The Y-axis represents GO

functional classification, the X-axis represents the Q-value, and the dots represent

the number of genes annotated with GO entries. (C–H) Selected gene clustering fol-

lowing RNA-seq analysis, with DEGs expression levels verified by qRT-PCR. Data are

presented as mean ± SD (n=3). ∗P<0.05, ∗∗P<0.01 vs. the DMSO group. (I) Pro-

posed mechanistic model of compound 9′s anti-MRSA activity.
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