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Abstract 

Microbial interactions between filamentous fungi and yeast are still not fully understood. To evaluate a potential anti-
fungal activity of a filamentous fungus while highlighting metabolomic changes, co-cultures between an endophytic 
strain of Cophinforma mamane (CM) and Candida albicans (CA) were performed. The liquid cultures were incubated 
under static conditions and metabolite alterations during the course were investigated by ultra-performance liquid 
chromatography–tandem mass spectrophotometry (UPLC–MS/MS). Results were analyzed using MS-DIAL, MS-
FINDER, METLIN, Xcalibur, SciFinder, and MetaboAnalyst metabolomics platforms. The metabolites associated with 
catabolic processes, including the metabolism of branched-chain amino acids, carnitine, and phospholipids were 
upregulated both in the mono and co-cultures, indicating fungal adaptability to environmental stress. Several metab-
olites, including C20 sphinganine 1-phosphate, myo-inositol, farnesol, gamma-undecalactone, folinic acid, palmitoleic 
acid, and MG (12:/0:0/0:0) were not produced by CA during co-culture with CM, demonstrating the antifungal mecha-
nism of CM. Our results highlight the crucial roles of metabolomics studies to provide essential information regarding 
the antifungal mechanism of C. mamane against C. albicans, especially when the lost/undetected metabolites are 
involved in fungal survival and pathogenicity.
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Graphical Abstract

1  Introduction
Candida albicans (CA) is an opportunistic yeast species 
present on the mucosal surfaces of the human gastroin-
testinal (GI), respiratory, and genitourinary systems that 
is frequently employed as a model organism for the inves-
tigation of human fungal pathogens. As a member of the 
human microflora, C. albicans is typically a harmless 
commensal fungus; however, it can exist as an opportun-
istic pathogen in immunocompromised or immunodefi-
cient individuals [1]. The ability of C. albicans to infect 
such a variety of host niches is supported by a wide range 
of fitness attributes and virulence factors, including the 
morphological transition between the yeast and hyphal 
forms, the expression of adhesins and invasin proteins 
on the cell surface or thigmotropism [2], the capacity to 
respond and sense changes in the surface contours and 
the formation of biofilms [3], phenotypic switching, and 
the secretion of hydrolytic enzymes [2, 4, 5]. Moreover, 

C. albicans morphogenesis can be regulated by quorum 
sensing, a microbial communication mechanism. The 
primary quorum-sensing molecules include farnesol, 
tyrosol, farnesoic acid, and dodecanol [3, 6, 7].

Cophinforma mamane (CM) is a filamentous fun-
gus known to produce thiodiketopiperazine alkaloids 
(botryosulfuranols A–C) and mellein derivates (trans-
4-hydroxymellein, cis-4-hydroxymellein, and 5-hydrox-
ymellein). Botryosulfuranols, previously isolated by our 
team, have been reported to be cytotoxic against several 
cancer cell lines [8] whereas mellein derivates have been 
reported to be active against S. aureus and methicillin-
resistant S. aures [9] as well as specific fungi [10, 11]. In 
addition, the ethyl acetate extracts of C. mamane grown 
in potato dextrose broth (PDB) exhibited antifungal 
activity against C. albicans in our preliminary screening. 
These findings prompted us to investigate the mechanism 
by which C. mamane inhibits C. albicans. An agar-based 
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antifungal test is commonly used as a preliminary anti-
fungal screening method for natural products to evaluate 
antifungal activity by comparing the zone of inhibition 
of the candidates to that of the standard antifungal drug 
(ex. fluconazole) [12]. Although this method is simple 
and quick, the results cannot be used to infer the anti-
fungal mechanism of the candidates. Study of the fungal 
metabolome approach employs ultra-performance liq-
uid chromatography–tandem mass spectrophotometry 
(UPLC–MS/MS) to provide data on up and down-regu-
lated metabolites. Thus, metabolites associated with fun-
gal virulence/pathogenicity can be highlighted if detected 
by this method.

The goal of this study was to analyze the metabo-
lite changes that occurred during the competitive 
interaction between CA and CM, using untargeted 
metabolomic approach, in order to potentially detect 
antifungal or quorum-sensing molecules. C. albi-
cans was co-cultured with a strain of C. mamane iso-
lated from Bixa orellana, in potato dextrose broth 
medium (PDB). Metabolomic analyses and annotations 
were performed using MSDIAL, MSFINDER, MET-
LIN, Xcalibur, and SciFinder platforms. We intended 
to carry out all of the experiments in a liquid culture 
medium because it is homogeneous and allows for 
the most interactions between co-cultivated micro-
organisms when compared to solid culture, making it 
more reliable and reproducible [13]. The limitations of 
the fungal database are overcome by combining sev-
eral analysis platforms such as MSDIAL, MSFINDER, 
METLIN, Xcalibur, and SciFinder to produce valid 
data. All of these experimental conditions should allow 
us to highlight the alterations of secondary metabolite 
biosynthesis in dual cultures under static conditions, 
as well as potentially detecting some antifungal or quo-
rum-sensing compounds.

2 � Result and discussion
2.1 � Fungal co‑culture morphologies
Cophinforma mamane (CM), in presence of C. albicans 
(CA) or not, grew at the surface of the liquid medium and 
formed floating colonies (“mycelia mats”) with the top 
portion exposed to the air. CA, on the other hand, grew 
and adhered to the bottom of the flask while the medium 
remained clear, demonstrating typical biofilm produc-
tion. The co-cultivation effect on fungal morphology 
appeared to mimic the mixed features of the two axenic 
cultures. Under static conditions, we observed float-
ing colonies of CM with less pigmentation on top of the 
media and a biofilm of CA attached to the bottom of the 
Erlenmeyer flask, indicating no physical contact between 
the fungi (Fig. 1).

2.2 � Effects of co‑culture in the fungal metabolomes
Many chemical and physical factors contribute to the 
evolution of morphological forms of fungi. These can 
either directly or indirectly influence fungal metabolite 
production during submerged fermentation [14, 15]. 
Nevertheless, as metabolism changes could occur with-
out any phenotypical modification, UHPLC–HRMS 
was used to compare the chemical profiles of fungi cul-
tured in axenic vs co-culturing conditions [16, 17]. The 
resulting peak list from MS-DIAL was analyzed using 
MS-FINDER for the identification of putative fungal 
metabolites. A cross-confirmation using Xcalibur, MET-
LIN, and SciFinder was then performed. A differential 
analysis to identify the up and downregulated metabolites 
in each culture was performed using MetaboAnalyst. The 
UPLC–HRMS base peak chromatograms from the axenic 
fungal cultures and their co-cultures are shown in Fig. 2.

In multivariate group analysis, partial least squares 
(PLS)-discriminant analysis (DA) was used to differen-
tiate groups and identify the intrinsic variations in the 
data sets. PLS-DA can analyze highly collinear and noisy 
data in a calibration model and provide a variety of useful 
statistics, such as accuracy of prediction and scores and 
loadings plots [18]. In this study, not surprisingly, PLS-
DA revealed the presence of three different groups: CM, 
CA, and CMCA (Fig.  3). The culture condition deter-
mined the fungal metabolome in mono and co-cultures, 
as indicated by a clear separation among the groups.

Using variable importance in projection (VIP) score 
and analysis of variance (ANOVA, p < 0.05), the most 
significant characteristics responsible for metabolite 

Fig. 1  Morphological differences among cultures in PDB medium
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Fig. 2  The UHPLC–ESI–HRMS chromatograms (positive ionization) of fungal cultures CM: Cophinforma mamane; CA: Candida albicans, CMCA: 
co-culture of CM and CA

Fig. 3  PLS-DA score plots of fungal cultures based on ESI− (NI) and ESI+ (PI) data obtained by UHPLC–HRMS (regional display of 95% confidence 
levels). CM: Cophinforma mamane; CA: Candida albicans, CMCA: co-culture of CM and CA
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differentiation during interaction were identified. Fig-
ure  4 displays the top 20 metabolites verified by VIP 
score that were validated using the MSFINDER fungal 
database, SciFinder, and METLIN.

The two thiodiketopiperazines botryosulfuranols A 
and C, and a compound annotated as a cyclopeptide 
C29H52O5N5 produced by C. mamane were included 
among the 20 components. Interestingly, it seems that 
several compounds produced by C. albicans in mono-
cultures are detected with a much lower intensity in 
co-culture with CM. It seems that several unknown 
compounds (undetected with HRMS database) pro-
duced by CA are no longer produced during co-culture. 
On the contrary, two compounds produced by CM 
(botryosulfuranol A and sapinopyridione) in mono-
culture are highly detected in co-culture, suggesting 
a potential role of these compounds in the antifun-
gal mechanism of CM. Botryosulfuranol A is a mem-
ber of thidikeopiperazines [8], and is an important 
fungi-derived chemical with antifungal action [19, 20]. 

Sapinopyridione was isolated from Sphaeropsis sapinea 
and demonstrated antimycotic activity [21].

2.3 � Prediction of the antifungal mechanism of C. mamane
Evaluation of the metabolites produced by axenic C. albi-
cans and that were not detected in co-culture with C. 
mamane (Table  1) provides support for the hypothesis 
that C. mamane employs an inhibitory mechanism. The 
presence or absence of these compounds initially iden-
tified in the data matrix was manually confirmed using 
Xcalibur.

Several metabolites that are essential for the survival 
and virulence of C. albicans including C20 sphinganine 
1-phosphate, myo-inositol, farnesol, gamma-undeca-
lactone, and MG (12:/0:0/0:0) were not produced dur-
ing co-culturing with C. mamane. Sphinganine is a 
simple sphingolipid precursor involved in the synthesis 
of complex sphingolipids [22]. The loss of C20 sphinga-
nine 1-phosphate may affect the activities of the sphin-
golipid biosynthetic pathway, resulting in sensitivity to 

Fig. 4  The top 20 compounds according to the VIP score (p < 0.05) responsible for metabolite differentiation among cultures. The boxes on the 
right indicate the relative concentrations of each metabolite in each group. CM: Cophinforma mamane; CA: Candida albicans, CMCA: co-culture of 
CM and CA
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C. mamane. As previously reported [23], the upregula-
tion of the sphingolipid phytosphingosine 1-phosphate 
enhanced the efflux of miconazole drugs to reduce the 
sensitivity of C. albicans. In our study, the downregula-
tion of sphinganine possibly increased its sensitivity to 
the antifungal activity of C. mamane in co-culturing.

Myo-inositol, also known as inositol, is an essential 
nutrient that is used in the synthesis of phosphatidylin-
ositol. Phosphatidylinositol not only acts as a structural 
component of the membrane, but it also functions as a 
precursor for several other essential lipid molecules, 
such as sphingolipids, ceramides, and glycosylphosphati-
dyl [24, 25]. Myo-inositol is essential for the growth and 
virulence of C. albicans, which can meet this need by de 
novo biosynthesis [26]. A reduction or loss of myo-inosi-
tol in co-culturing may indicate that the mechanism of C. 
mamane disrupts the C. albicans membrane.

In addition, when the two strains were co-cultured, the 
quorum-sensing molecule farnesol, which is produced by 
C. albicans, was depleted. Farnesol affects genes involved 
in drug resistance, cell wall maintenance, phagocytic 
response, surface hydrophobicity, and iron transport 
[27]. Farnesol inhibits Ras-1 adenylate cyclase protein 
A kinase signaling pathway which leads to repression of 
the hyphal growth, stress response, metabolism, and drug 
resistance. A recent study stated farnesol also affects the 
ABC efflux transporters, changing C. albicans resist-
ance to azole [7]. The absence of farnesol impairs C. albi-
cans’ ability to maintain cell surface hydrophilicity and 
respond to cell-stress mechanisms caused by the pres-
ence of C. mamane in the same medium [28, 29]. Fur-
thermore, gamma-undecalactone and MG (12:0/0:0/0:0) 
were also not detected in the coculture of C. albicans and 
C. mamane. Gamma-decalactone and MG (12:0/0:0/0:0) 

exist in the cell membrane and are responsible for the 
metabolism of fatty acids in the membrane.

PLS-DA results showed that, in co-culturing, most 
of these metabolites were produced by C. mamane, 
thereby corroborating the hypothesis that C. mamane 
inhibited metabolites production by CA during fungal 
interaction. Thus, C. mamane may suppress C. albicans 
metabolite production in co-culturing by directly syn-
thesizing compounds that destroy or perturb the growth 
of C. albicans or through a competitive mechanism that 
limits the access of C. albicans to nutrients. This finding 
highlights the usefulness of metabolome analysis to elu-
cidate the antifungal mechanisms of C. mamane against 
C. albicans.

To the best of our knowledge, studies on co-culturing 
yeast and filamentous fungi, especially those dedicated 
to the fungal metabolome exploration, are extremely 
limited. Moreover, there has been no publication on 
the co-culturing of C. albicans and filamentous fungi 
in submerged cultures. For example, a study by Pereira 
et  al. [30] proposed the co-culturing of fungi and yeast 
in a solid medium to detect antimicrobial activities, and 
García-Martínez et  al. [31] studied co-cultures of the 
yeasts Saccharomyces cerevisiae and Penicillium chrys-
ogenum, but none of these studies applied metabolomics 
to further understand the mechanisms of interactions.

3 � Experimental section
3.1 � Fungal strains
Cophinforma mamane E224 strain was isolated from 
Bixa orellana leaves and identified using barcoding (PCR 
amplification of the ITS with ITS5 and ITS4 primers) 
[32], sequencing, and sequence comparison with Gen-
Bank databases). C. mamane was was taken in Iquitos 

Table 1  Compounds in C. albicans that were not detected in the co-culture with C. mamane and their putative identification

+ Detected in culture/− not detected in culture; RT, retention time

Observed m/z/RT (min) Molecular formula Δ mass error (ppm) Putative identification

137.1321/8.3 C10 H16 2.1876 7-Methyl-3-methylene-1,6-octadiene

203.1794/6.45 C15H22 0.1329 Gamma-undecalactone

220.1178/2.74 C9H17NO5 0.4543 Panthotenic acid

223.2056/7.98 C15H26O 0.1881 Farnesol

255.1954/8.85 C15H26O3 0.2782 Palmitoleic acid

259.2267/6.72 C15H30O3 0.2738 Tetradecanedioic acid

275.2215/5.91 C15H30O4 0.6758 MG (12:0/0:0/0:0)

354.155/4.40 C17H23NO7 0.7652 Dihydro zeatin riboside

410.3048/11.73 C27H39NO2 0.1364 C20 sphinganine 1-phosphate

474.1902/4.37 C23H27N3O8 6.7294 Folinic acid

538.1848/4.98 C32H27NO7 2.283 6-O-(2-amino-2-deoxy-alpha-d-glucosyl)-1d-
Myo-inositol 1-(6-mercaptohexyl)phosphate

718.5804/12.75 C40H80NO7P 8.1870 PC (P-18:0/14:0)
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(national reserve of Allpahuayo Mishana, Amazonian 
rainforest) in November 2013, GPS coordinates: 3° 58′ 
02.3 S, 73° 25′ 03.9 W). In the UMR 152 Pharmadev labo-
ratory collection, the strain was cryopreserved in 30% 
glycerol at −  80  °C. This strain was procured in com-
pliance with all applicable laws and regulations. The C. 
mamane sequence can be found in the GenBank data-
base (accession number MG457709). C. albicans ATCC 
90028 strain was obtained from Thermo Fisher Scientific 
France (Illkirch-Graffenstaden, France) and was propa-
gated in Sabouraud’s agar media according to the sup-
plier’s protocol.

3.2 � Fungal culture and extraction
In this study, C. mamane (CM), C. albicans (CA), and 
co-culture of C. mamane and C. albicans (CMCA) were 
grown in 100-mL Erlenmeyer flasks containing 50 mL of 
PDB for 7 days at 27 °C. Ultrasonication at 20 kHz for 1 h 
in 50 mL of ethyl acetate was used to extract the entire 
PDB culture. The mycelia in the culture supernatant were 
removed using Miracloth® (EMD Millipore Corporation, 
Billerica, MA, USA). After liquid–liquid extraction, the 
organic phases were dried on anhydrous MgSO4, filtered, 
and concentrated under reduced pressure. A flask con-
taining a PDB medium without any fungal culture was 
used as the control medium.

3.3 � UHPLC–HRMS profiling
All crude extracts (Ultimate 3000; Thermo Fisher Sci-
entific) were profiled on the UHPLC–DAD–LTQ Orbit-
rap XL instrument according to a modified version of a 
previous study [33]. Dried crude extracts were dissolved 
in methanol until a final concentration of 2 mg/mL. The 
samples (2  µL) were loaded onto a C18 column with a 
guard column (100 2.1  mm, internal diameter, 1.7  m, 
Waters, MA, USA). An equal mixture of each replicate 
was prepared in the quality control (QC) group. The QC-
all group, which consisted of an equal mixture of all sam-
ples, was also prepared to evaluate the system’s stability 
over the time required for the analysis of the entire sam-
ple set.

The Waters system with a flow rate of 0.3 mL/min was 
used for the UHPLC analysis. With a gradient elution 
(0–0.5 min, 95% A; 0.5–12 min, 95% −5% A; 12–15 min, 
5% A; 15–15.5  min, 5% −95% A; 15.5–19  min, 95% A), 
the mobile phase consisted of solvent A (0.1% formic 
acid–water) and solvent B (0.1% formic acid-acetoni-
trile). Positive and negative ionization modes were used 
to detect mass with an electrospray source set to 15,000 
resolving power (full width at half maximum at 400 m/z). 
The mass range scanned was 100–1500  Da. The ISpray 
voltage was set to 4.2 kV (positive mode) and 3.0 kV (neg-
ative mode) and the capillary temperature was 300  °C 

(negative mode). Before the experiment began, the mass 
measurement was calibrated externally. After each full 
MS scan, data-dependent MS/MS was performed using 
stepped collision-induced dissociation (CID) on the three 
most intense peaks.

3.4 � Peak analysis
MS-DIAL (data-independent MS/MS deconvolution for 
comprehensive metabolome analysis) version 4.90 was 
utilized to process the UHPLC–HRMS data [34]. Auto-
matic feature detection was performed between 0.3 and 
13  min, with positive and negative mode mass signal 
extraction ranging from 100 to 1500 Da. MS1 and MS2 
tolerances were set to 0.01 and 0.025 Da, respectively, in 
centroid mode. The optimal detection threshold for MS1 
was set at 2 105, and for MS2 it was set at 10. The peaks 
list from MS-DIAL was then transferred to Excel to gen-
erate a matrix of m/z ratios, retention times, and peak 
intensities. Using the MetaboAnalyst 5.0 metabolomics 
data analysis and interpretation software [35], the matrix 
was transformed into a comma-separated value format. 
If the sample peak appeared in at least two of the three 
sample peaks, it was retained. Adducts were analyzed 
and eliminated from the peak list. The matrix was cleared 
of all uncultured media peaks.

3.5 � Putative compound identification
MS-FINDER version 3.52 (PRIMe: Platform for RIKEN 
Metabolomics; http://​prime.​psc.​riken.​jp/​compms/​msfin​
der.​html) was used to predict the production of metab-
olites [36] restricted to fungal compounds (CRC Press 
v26:2). The results are presented as a list of compounds 
ranked by the score value of the match. This value repre-
sented the uncertainty in the precise mass, the isotopic 
pattern score, and the experimental MS/MS fragmen-
tation based on the in-silico matches. Only structures 
with a score greater than seven were retained for fur-
ther inspection. SciFinder and METLIN were used to 
cross-reference the identification of putative fungal 
compounds.

4 � Conclusions
The present study on the co-culture of C. mamane and 
C. albicans may be the first such study on filamentous 
fungi-yeast interaction using untargeted metabolomics. 
Metabolomics analysis is crucial for learning about anti-
fungal mechanisms when screening antifungal agents, 
particularly when the detected metabolites are linked 
to fungal survival and pathogenicity. In this work, C. 
mamane inhibited the synthesis of compounds that are 
crucial for the survival and virulence of Candida albi-
cans such as C20 sphinganine 1-phosphate, myo-inositol, 
farnesol, gamma-undecalactone, and MG (12:/0:0/0:0). 

http://prime.psc.riken.jp/compms/msfinder.html
http://prime.psc.riken.jp/compms/msfinder.html
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This inhibition could be related to the up-regulated pro-
duction of some compounds produced by C. mamane 
such as botryosulfuranol A which could exert an inhibi-
tory effect on some biosynthetic pathway of C. albicans. 
Thus, this research highlights the utility of metabolome 
analysis in understanding the antifungal processes of a 
putative fungus or chemical against pathogenic microbes. 
Isolating metabolites produced by C. mamane to evalu-
ate their action against C. albicans and to proceed further 
in elucidating this inhibitory activity will be the focus of 
future experiments.
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