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Abstract

Natural products remain an important source of new therapeutics for emerging drug-resistant 

pathogens like Candida albicans, which particularly affects immunocompromised patients. A 

bioactive 3-decalinoyltetramic acid, pyrrolocin A, was isolated from extracts of a novel 

Amazonian fungal endophyte, E6927E, of the Diaporthales family. The structure of the natural 

product was solved using NMR and CD spectroscopy and it is structurally related to the fungal 

setins, equisetin and phomasetin, which are well-characterized tetramic acid antibiotics specific 

for Gram-positive organisms. We show that the compound inhibits growth of Staphylococcus 
aureus and Enterococcus faecalis. It shows selective and potent bioactivity against fungal strains, 

with an MIC of 4 μg/mL for C. albicans, 100 μg/mL for Aspergillus sp. and greater than 100 

μg/mL for Saccharomyces cerevisiae. Further, the compound is less toxic to mammalian cells 

(IC50 = 150 μg/mL), with an inhibitory concentration greater than forty times that for C. albicans. 

Pyrrolocin A retained potent activity against eight out of seventeen strains of clinical Candida sp. 

isolates tested.

scott.strobel@yale.edu. 

Supplementary data: The primers and organisms used to phylogenetically characterize E6927E are also available.
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A significant percentage of approved therapeutic agents are derived from natural products 

[1]. In recent decades, however, pharmaceutical approaches have favored a high-throughput 

screening approach of synthetic compounds due to the ease and relatively low cost of 

chemical libraries, structure-based design, and parallel synthesis strategies [2]. One concern 

in the pursuit of natural products is that efforts to identify novel compounds face 

diminishing returns because of the increasing re-discovery rate of known compounds [3]. 

Despite such investment concerns, microbes represent a rich source for natural products [4]. 

Notably, only a small fraction of existing microorganisms have been studied, suggesting that 

an abundance of opportunities remain to be investigated [5].

Our group is dedicated to locating new microbial sources of bioactive compounds. 

Neotropical endophytic fungi are richly diverse and may provide a source for unique 

bioactive and structurally diverse natural products. Screening of diverse endophytic fungi 

revealed that 74% of them exhibited antimicrobial activity, prompting us to pursue research 

projects to investigate them by bioactive-guided fractionation [6]. Here we report the 

isolation of 3-decalinoyltetramic acid (pyrrolocin A) from a novel Amazonian endophyte of 

the order Diaporthales. Pyrrolocin A is a bioactive natural product that was first isolated 

from Fusarium heterosporum last year by a separate research group [7]. However, the 

Fusarium strain ceased production of the metabolite before the authors were able to finish 

characterizing the compound and its antimicrobial activities. Pyrrolocin A is structurally 

related to equisetin and more closely to phomasetin. The compound exhibits unique 

antimicrobial activity, distinguishing it from previous equisetin derivatives [8].

Growth of E6927E in potato dextrose broth consistently led to the robust production of 

pyrrolocin A (Figure 1) at approximately 10 mg L−1, with some cultures producing less 

material, associated with a lightening of the mycelium. Purification was accomplished by 

bioactivity guided fractionation, testing aliquots of the extracts and fractions against 

Staphylococcus aureus and Candida albicans (Figure 2). An oleoresin was formed by 

concentrating dichloromethane, ethyl acetate, and methanol extractions of dried E6927E 

cultures. A methanol back-extraction from the oleoresin was then purified by preparative 

MPLC followed by preparative HPLC. Evaporation of the chromophoric fractions yielded 

pure pyrrolocin A in a thin transparent film, which yielded the pure off-white solid through 

iterative evaporation with chloroform.

High resolution mass spectrometry indicated a molecular formula of C27H39NO5, with the 

[M + H]+ peak at m/z 458.3084 and the [M + Na]+ peak at m/z 480.2739. The 1H NMR 

spectrum revealed keto-enol tautomerization of the tetramic acid portion of the compound, 

and the spectrum, which clarified in CD3OD but not CDCl3, was used to indicate purity and 

to visualize proton splitting. The 13C and 2D Heteronuclear Single Quantum Coherence 

(HSQC) spectra revealed 27 carbon signals with 6 quaternary carbons. These spectra, along 

with 1H-1H COrrelation SpectroscopY (COSY), 2D Heteronuclear Multiple Bond 

Correlation (HMBC), and 1H-1H TOtal Correlated SpectroscopY (TOCSY) were used to 
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assign and link structural fragments, yielding the planar structure in Figure 1. The Rotating 

frame Overhauser Effect SpectroscopY (ROESY) NMR data were used to determine relative 

stereochemistry. The NMR data and assignments are shown in Table 1 with ROESY 

correlations illustrated in Figure 3. The CD spectrum of the material was virtually identical 

to the published CD spectrum for pyrrolocin A [7]; therefore, we have tentatively assigned 

the same absolute configuration. The optical rotation was opposite to the configuration of 

commercially available equisetin (Santa Cruz Biotechnology), which supports this 

assignment.

Molecular phylogeny, using four nuclear loci, showed E6927E clusters most closely to 

members of the family Gnomoniaceae, with strong support from both Bayesian and 

Maximum Likelihood methods (Figure 5) [9]. However, Gnomoniaceae appears paraphyletic 

in this analysis, which was not observed in previous studies of either Diaporthales or 

Gnomoniaceae systematics [10]. The paraphyly is driven by Gnomonia fragariae and G. rubi 
[11], neither of which were included in the previous studies of the order or family. Members 

of the genus Gnomonia are identifiable by erumpent perithecia and septate ascospores, 

which were not observed in E6927E (Figure 6) [12]. Moreover, the branch length from 

isolate E6927E to its closest neighbor is longer than that between any two families in this 

analysis, suggesting that E6927E may be a distinct family. Though members of this family 

have been known to be endophytic, we choose to place E6927E in Diaporthales incertae 
sedis until such time that the isolate can be more clearly placed within a family by molecular 

means [12b, 13].

Several setin compounds have been identified previously, including equisetin, phomasetin, 

ophiosetin (and N-demethyl-ophiosetin), trichosetin (and epi-trichosetin), methiosetin, 

coniosetin, hymenosetin, paecilosetin, pallidorosetin A (and B), and altersetin [8a, 14]. In 

addition to these, pyrrolocins A thru C were identified in Fusarium heterosporum last year 

[7]. Our cultivated strain and methods enabled us to purify several hundred milligrams of the 

compound for antifungal and antibacterial evaluation, and our characterization of the 

compound demonstrates selective activity that distinguishes it from all previous ‘setin’ 

compounds. All of the characterized setins exhibit strong antibiotic activity against Gram-

positive bacteria, with MICs ranging from 0.5 to 10 μg/mL, but only coniosetin has shown 

activity against yeast, and we have confirmed the lack of activity for equisetin in Table 2. 

Thus, pyrrolocin A is the second to demonstrate significant and selective activity with yeast 

[8a, 14b, f, h, i]. Notably, coniosetin and pyrrolocin have structural similarities and highlight 

the alkenyl chain as an area for additional medicinal chemistry studies.

Candida typically exhibit robust growth in potato dextrose broth, but we show that Candida 
do not recover after 20–24 hour drug treatment, indicating that pyrrolocin has cidal 

inhibition at 4 μg/mL, whereas Saccharomyces cerevisiae were unaffected by pyrrolocin A 

up to 100 μg/mL (Table 2). Candida treated with pyrrolocin A and grown in either buffered 

or unbuffered RPMI gave similar MIC values depending on starting cell density, but RPMI 

is not an ideal medium for yeast and Candida growth was uniformly poor for controls as 

well as drug treatment conditions. To assess selectivity further, pyrrolocin A was tested for 

inhibition of three filamentous fungi that are plant pathogens. One hundred μg/mL inhibited 
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growth of Aspergillus flavus and A. parasiticus, but not Neurospora sp. The Aspergillus 
cultures did not recover leading us to conclude that inhibition is cidal.

As seen in Table 3, seventeen strains of Candida sp. isolated by researchers in the Division 

of Infectious Disease at Cincinnati Children’s Hospital were used to assess whether 

pyrrolocin A, purified from E6927E, can inhibit a diverse range of infectious yeasts. The 

strains tested represent drug-resistant and rare or emerging strains of Candida sp. Half of the 

strains tested showed growth inhibition at the concentrations tested (MIC of 5 or 10 μg/mL) 

and three have an MIC of 5 μg/mL, which is comparable with wild-type C. albicans (ATCC 

MYA-2876) sensitivity to pyrrolocin A.

Mammalian cells, strains 293T and HeLa, were treated with 10 to 160 μg/mL pyrrolocin A 

for 16 hours (data not shown). At a concentration of 160 μg/mL, the compound killed 44% 

of cells and full viability was observed for treatment with 40 μg/mL and less. Fitting a curve 

to these data indicates that the IC50 of pyrrolocin A for mammalian cell culture is 

approximately 150 μg/mL.

Although the mechanism of antibiotic activity is not known for any tetramic acid, the results 

obtained indicate that pyrrolocin A, a newly discovered 3-decalinoyltetramic acid isolated 

from the novel endophyte Diaporthales sp. E6927E, is selective. Whereas most tetramic acid 

antibiotics have not demonstrated anti-fungal activity, pyrrolocin A is one of only two 

tetramic acids with anti-Candida activity. This study is the first to show that pyrrolocin A 

exhibits selectivity between yeast strains, with no activity against Saccharomyces cerevisiae 
up to 100 μg/mL and potent anti-Candida activity against wild-type (MIC = 4 μg/mL) and 

clinical isolates.

Experimental

Isolation of endophytes from plant samples:

Endophyte Diaporthales sp. E6927E was isolated from the inner tissue of a clipping from a 

Ficus sphenophyllum (fig) tree, collected from an Ecuadorean dry forest near the Napo 

River. A plant voucher specimen is archived in the Yale Herbarium with accession number 

E6927, and the endophyte is archived with accession number E6927E. After surface 

sterilization of the outer bark by brief ethanol immersion and flaming, the inner stem tissues 

were dissected onto 1:10 potato dextrose agar (PDA). The endophyte was selected through 

outgrowth on PDA, employing the previously described hyphal tipping procedure [15]. 

E6927E produced ascospores after greater than 2 weeks growth on corn meal (CM) agar 

grown at 30°C.

Endophyte fermentation and crude material preparation:

Starter cultures of 100 mL Potato Dextrose Broth (PDB) were inoculated using a plug from 

the PDA plate and grown for 7 days (standing) at room temperature. One L of PDB was 

inoculated using a 100 mL starter culture. These standing cultures were grown for 14 days at 

room temperature, and they were then shaken (160 rpm) for 19 days at 30°C. The fermented 

whole broth was harvested by filtration through cheesecloth, separating fungal mycelium 

from culture broth. The broth partition was evaporated to 200 mL using a GeneVac Rocket 
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Evaporator 4D at 30°C, and a rotovap dried the broth partition. The mycelium partition was 

dried using a high vacuum, and both partitions were frozen for short term storage.

Extraction and bioactive-guided fractionation:

The first extract was derived by extracting both the mycelium and broth partitions with ethyl 

acetate followed by dichloromethane and then methanol; these were each tested, and they 

were then combined and evaporated to an oleoresin. Bioactivity was examined by spotting 

5–10 μL of resuspended oleoresin in methanol onto PDA (Figure 2). Aliquots and methanol 

control spots were evaporated, and C. albicans was streaked across the plate and allowed to 

grow at 28°C. After 24 h, a zone of inhibition was qualitatively assessed, indicating 

fungicidal anti-Candida activity. The second extract was partitioned from the oleoresin with 

methanol, and this was then evaporated to dryness and tested for activity. The refined extract 

was resuspended in 1:1 DMSO-methanol and separated on a C18 column by MPLC using a 

linear gradient (water/acetonitrile). The active fractions eluted near 80% acetonitrile, 

correlating with a chromatographic peak (λ= 254 nm). These fractions were pooled, 

evaporated to dryness, resuspended in methanol, and re-purified by HPLC using the same 

conditions; the active fractions eluted near 70% acetonitrile. These fractions were pooled, 

evaporated to a cloudy solution, and dried to a film, which ranged from opaque to 

transparent. The NMR and IR spectra of the purified pyrrolocin A were collected in both 

deuterated chloroform and deuterated methanol.

Pyrrolocin A

Off-white solid

[α]D: +340 (c 0.34, CHCl3); +451 (c 0.10, MeOH).

IR νmax film: 3488, 2917, 1686, 1567, 1495, 1455, 1378, 1260, 1201, 1084, 993, 939, 920 

cm−1

1H NMR (CD3OD, 600 MHz) and 13C NMR (CD3OD, 150 MHz): Table 1.

HR-ESI-MS/MS: m/z 458.3084 [M+H]+, m/z 480.2739 [M+Na]+, calcd for C27H40NO5: 

458.2906.

Bioactivity:

For determination of the compound’s Minimum Inhibitory Concentration (MIC), pure 

compound was deprotonated in 1 mM sodium bicarbonate (pH 8.0), followed by titration 

with 1 N NaOH, to a final concentration 100 μM. Compound stocks were maintained at 100 

mg/mL prior to treatments. MIC values were determined with several tester organisms: 

Escherichia coli (ATCC 25922), Staphylococcus aureus (ATCC 25923), Enterococcus 
faecalis (ATCC 29212), Candida albicans (ATCC MYA-2876) and Saccharomyces 
cerevisiae (BY4741 derived from S288C), Aspergillus parasiticus (A1243 Delta ku70), A. 
flavus (A1421 CA14 deltaKu70 delta PyrG), Neurospora sp. (sequenced environmental 

isolate), as well as 17 clinical isolates of drug-resistant Candida sp. (Table 3). Bacterial test 

organisms were grown in either Mueller Hinton Broth (E. coli and S. aureus) or Brain Heart 

Infusion (BHI) (E. faecalis) media for 8–20 h, shaking at 30°C, and growth was measured 
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continuously by monitoring at OD600. S. cerevisiae was grown in yeast extract peptone 

dextrose (YPD) media for 20–24 h shaking at 30°C and growth was measured continuously 

by monitoring OD600. C. albicans was grown in either Potato Dextrose (PD) broth or RPMI 

1640 (buffered and not buffered) media for 20–24 h shaking at 30°C and growth was 

measured continuously by monitoring OD600. Filamentous fungi (Aspergillus and 

Neurospora) were grown on solid PD media containing compound at known final 

concentrations for 96 h at 25°C. 10,000 spores were plated for each condition. Amphotericin 

B (fungicide) at either 2.5 μg/mL or ciprofloxacin (antibacterial) at 50 μg/mL was used as 

positive controls in growth assays. The minimal inhibitory concentrations (MICs) reported 

represent the lowest compound concentration for which no organism growth is detectable up 

to the growth endpoint reported.

Cytotoxicity:

For MICs with the human embryonic kidney 293TT cell line, cells were plated at 20,000 

cells per well in 96 well plates, 100 μL per well. All cells were cultured in standard 

Dulbecco’s Modified Essential Medium containing 10% fetal bovine serum (FBS) 

(DMEM10). Twenty four h later, cells were treated with 1 μL of each dilution of compound 

in triplicate (10, 20, 40, 80, 160 μg/mL). Data were normalized using a DMSO negative 

control experiment, in which cells were treated with 1 μL of DMSO. Cell viability was 

determined by using the CellTiter 96® AQueous One Solution Cell Proliferation Assay 

(Promega) after 18 h of treatment. The assay was performed by adding 20 μL of the 

CellTiter 96® AQueous One Solution Reagent to 100 μL of culture media and incubating the 

plate for 4 h. To measure the conversion of tertrazolium to formazan product, the absorbance 

was recorded at 490 nm using a 96-well microplate reader.

Isolation of genomic DNA and PCR amplification of loci:

Genomic DNA was extracted from fungal mycelium scraped from PDA plates, using the 

Qiagen DNeasy Plant Mini Kit to process approximately 100 mg fresh mycelium.

The primers used to characterize this endophyte are listed in Supplemental Table 1. For 

DNA amplification, the primer annealing temperature was 55°C for 30 amplification cycles 

on a Bio-Rad Thermal Cycler. A small aliquot of the PCR product was visualized on an 

agarose gel with ethidium bromide stain, and a Qiagen QiaQuick PCR Purification Kit was 

used to purify the remainder of the PCR product. This DNA was sent with forward/reverse 

primer for sequencing at the W.M. Keck Sequencing Facility (Yale University).

Phylogenetic analysis:

Genomic DNA was isolated from an agar plate culture using a Plant DNeasy kit (Qiagen), as 

described previously [16]. The Internal Transcribed Spacer (ITS) rDNA, Small Subunit 

(SSU) rDNA, Large Subunit (LSU) rDNA and Translation Elongation Factor I (TEF1) 

nuclear gene regions were amplified (primers sequences in Supplemental Table 1). The PCR 

amplicons were cleaned and sequenced by the W.M. Keck Foundation, as described 

previously [16]. A subset of taxa in the order Diaporthales was assembled, comprising 50 

organisms (See Supplemental Table 2). Sequences were aligned with MUSCLE v3.8.31 and 

gaps present in more than 20% of the sequences removed with Phyutility [17]. Jmodeltest 
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v2.1.6 identified the substitution model GTR+I+G for all loci [18]. Alignments were 

interleaved using Mesquite v3.01 creating a matrix of 2833 characters [19]. Trees were 

assembled using MrBayes v3.2.2 using 2 runs of 4 chains and a burn-in of 50%, and 

RAxML v8.1.3 in rapid bootstrap mode [20]. The tree files are available through TreeBase 

(http://treebase.org/). (Reviewer access available at http://purl.org/phylo/treebase/phylows/

study/TB2:S16887?x-access-code=764b28d8100d6b16c8c3d54f60dab315&format=html.)

Microscopy:

For light microscopy a Zeiss microscope with 100x objective lens was used. For scanning 

electron microscopy 5 mm diameter plugs obtained from axenic cultures were vapor fixed 

for 12 h with osmium tetroxide. Samples were subsequently fixed with 2% gluteraldehyde in 

a 0.1 M sodium cacodylate solution and then dehydrated with increasing concentrations of 

ethanol (25%, 50%, 75%, 95%, and 100% 3 times) for 10-min intervals prior to critical point 

drying with a Polaron E3000 CPD and gold sputter coating with ~15 nm of gold using an 

EMS 550x sputter coater. Images were collected using an ISI SS-40 scanning electron 

microscope operating at 10kV.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
The planar and stereo structures of pyrrolocin A.
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Figure 2: 
Growth inhibition of Candida albicans. A) Methanol control, B) untreated, C) 

dichloromethane extract of E6927E dissolved in methanol, and D) ethyl acetate extract of 

E6927E dissolved in methanol. Following 12 h treatment with dichloromethane extract, 

inoculum was taken from the zone of inhibition and re-plated, but no cells could be 

recovered.
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Figure 3: 
(A) COSY ( ) and (B) ROESY ( ) correlations for pyrrolocin A.
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Figure 4: 
Experimental CD spectrum for purified pyrrolocin A in methanol.
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Figure 5: 
Phylogentic tree placing E6927E in Diaporthales incertae sedis.
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Figure 6: 
E6927E microscopy. A) Light microscope image of ascospores at 100x magnification. B) 

Scanning electron microscope image of ascospores with scale bar equal to 2 μm. C) 

Scanning electron microscope image of ascospore structures with scale bar equal to 50 μm.
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Table 1:

NMR data and assignments for Pyrrolocin A, collected in CD3OD.

Pos. δC, Type δH COSY HMBC ROESY

1 198.3, C

2 50.5, C

2-Me 14.3, CH3 1.44 1, 2, 3 8, 11

3 41.2, CH 1.69 8 4 12

4 29.4, CH2 1.09 3, 5 6, 8

2.00

5 37.0, CH2 1.09 4, 6 3, 6, 7, 6-Me

1.77

6 34.8, CH 1.53 5, 7, 6-Me 7, 8, 6-Me

6-Me 22.9, CH3 0.94 6 5, 6, 7 6

7 43.9, CH2 0.87 5, 6, 8, 9, 6-Me

1.83 6

8 40.5, CH 1.87 3, 7, 9 3, 9, 10 6, 9, 2-Me

9 127.2, CH 5.22 3, 7, 11, 10-Me 8

10 132.8, C

10-Me 22.6, CH3 1.58 9, 10, 11 12

11 50.8, CH 3.23 12 2 2-Me

12 132.7, CH 5.27 11, 13 11, 14 3, 14, 10-Me

13 133.9, CH 5.81 12 11, 14

14 133.4, CH 5.93 15 13, 16 12

15 130.7, CH 5.53 14, 16 14, 16, 17

16 43.3, CH2 2.13 15, 17 14, 15, 17, 18

2.17

17 68.5, CH 3.72 16, 18 15, 16, 18

18 23.0, CH3 1.12 17 16, 17

2′ 178.1, C

3′ 102.1, C

4′ 192.6, C

5′ 69.4, CH 3.68 6′ 4′

6′ 59.9, CH2 3.89 4′,5′

3.95

N-Me 27.3, CH3 3.03 2′, 5′

Recorded at 150 MHz for 13C and 600 MHz for 1H.
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Table 2:

Minimum inhibitory concentrations.

Pyrrolocin A Equisetin

Candida albicans 4 μg/mL > 10 μg/mL

Enterococcus faecalis 5 μg/mL –

Staphylococcus aureus 4 μg/mL –

Aspergillus flavus 100 μg/mL > 100 μg/mL

Aspergillus parasiticus 100 μg/mL > 100 μg/mL

Saccharomyces cerevisiae > 100 μg/mL –

Neurospora sp > 100 μg/mL 100 μg/mL

Escherichia coli > 1000 μg/mL –

Mammalian 293TT cells
150 μg/mL

a –

a
Value that inhibits growth >50% of cells (IC50), rather MIC.
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Table 3:

Clinical isolates of Candida sp. tested with 0, 1, 5 and 10 μg/mL

Isolate Name MIC (μg/mL)

3300 5

F5 5

S2 5

5674 10

CGUI 10

CLUSB 10

CTROB 10

S1 10

4380 >10

35176 >10

35177 >10

CKRUA >10

CKRUB >10

CTROA >10

F2 >10

SM1 >10

SM3 >10
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