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Abstract

The Brazilian stingless bee Scaptotrigona depilis requires the brood cells-associated fungus

Zygosaccharomyces sp. as steroid source for metamorphosis. Besides the presence of

Zygosaccharomyces sp., other fungi inhabit S. depilis brood cells, but their biological func-

tions are unknown. Here we show that Candida sp. and Monascus ruber, isolated from ceru-

men of S. depilis brood provisions, interact with Zygosaccharomyces sp. and modulate its

growth. Candida sp. produces volatile organic compounds (VOCs) that stimulate Zygosac-

chromyces sp. development. Monascus ruber inhibits Zygosacchromyces sp. growth by

producing lovastatin, which blocks steroid biosynthesis. We also observed that in co-cul-

tures M. ruber inhibits Candida sp. through the production of monascin. The modulation of

Zygosaccharomyces sp. growth by brood cell-associated fungi suggests their involvement

in S. depilis larval development. This tripartite fungal community opens new perspectives in

the research of microbial interactions with bees.

Introduction

The Brazilian stingless bee Scaptotrigona depilis (Moure, 1942) (Hymenoptera, Apidae, Meli-

ponini) requires the fungus Zygosaccharomyces sp. to develop. This fungus, which start to

grow inside brood cells after eggs hatch, is ingested by the larvae and is an essential source of

ergosterol for ecdysteroid production [1]. Insects are unable to produce steroid de novo and all

steroids they need are obtained from the food source, including those requested to produce

ecdysteroids for pupation [2].

The association of S. depilis and Zygosaccharomyces sp. is an unprecedented case of bee-fun-

gus symbiosis in Apidae, and offers a new perspective regarding pollinator-microbiota interac-

tion. Considering the alarming disappearance of pollinators worldwide [3–5], studies
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involving bee-associated microorganisms could help the development of strategies to protect

the bees. For example, by understanding the roles of symbiotic microbiota for these pollinators

we can evaluate the impacts of pesticides directly against these microbes. The toxicity of pesti-

cides for the microbial communities can disturb the colony fitness causing bee mortality in an

indirect way [6].

Studies involving the microbiota associated with the honeybee Apis mellifera have demon-

strated the importance of microorganisms to the bee health and susceptibility to parasites

[6,7]. Stingless bees are the largest group of eusocial bees on the planet, with some 60 genera

already described [8], however the knowledge about associated microbiota is still limited.

Most of the studies described the isolation of microbial strains [9–15], and some protective

roles of associated bacteria are also suggested [9–11].

The lack of information about the roles of the microbial communities isolated from sting-

less bees’ colonies prompted us to further study the microbiota associated with S. depilis brood

cells. Besides Zygosaccharomyces sp., other fungi are found in the brood provisions of this

stingless bee. Monascus spp. have been isolated from S. depilis and Melipona scutellaris colonies

in different states in Brazil [1,12,13]. Candida spp. were also isolated from different stingless

bees’ colonies [14,15], and their ecological functions are already unknown. The recurrently iso-

lation of these fungi from stingless bees’ colonies indicates a possible symbiotic association.

By studying species that are repeatedly isolated from the same environment, we can select rele-

vant members from a microbial community and characterize the ecological interactions among

these microorganisms. In nature, microbes frequently engage in remarkable competitive and

cooperative interspecies interactions [16]. These microorganisms can produce a range of small

molecules that mediate microbe-host and microbe-microbe interactions. Insect-associated micro-

organisms can contribute with their host nutrition, providing essential amino acids, B vitamins

and sterols [17]. Microbes can also inhibit specialized pathogens via antimicrobial compounds

production, such as actinomycetes symbionts of fungus-growing ants, termites and beetles [18].

Our initial hypothesis was that Zygosaccharomyces sp., Monascus ruber and Candida sp.,

repeatedly isolated from brood cells of S. depilis, should interact among themselves via small

molecules production. By simplifying this microbial community in laboratory, we addressed

key roles that these fungi can play inside their host colonies. Through different multispecies

culturing experiments, we characterized a complex tripartite fungal interaction that may be

involved in the survival of the stingless bee S. depilis.

Results and discussion

Monascus ruber, Candida sp. and Zygosaccharomyces sp. have been isolated from different

brood cells of S. depilis colonies. To understand how they interact we selected the strains Zygo-
saccharomyces sp. SDBC30G1, M. ruber SDCP1 and Candida sp. SDCP2 to perform co-cul-

tures and monocultures. Zygosaccharomyces sp. SDBC30G1 was isolated by collecting fungal

cells directly from brood cells (S1 Fig). M. ruber SDCP1 and Candida sp. SDCP2 were isolated

from S. depilis cerumen found in brood cells (S1 Fig).

In co-culture using Petri dishes, we observed that Candida sp. SDCP2 stimulates the growth

of Zygosaccharomyces sp. (S2A and S2B Fig). When we spotted the cell-free supernatant from

Candida sp. SDCP2 onto the agar plates containing Zygosaccharomyces sp. SDBC30G1 in-

oculum, we also observed growth stimulation. In these experiments, the growth stimulus pro-

vided by the supernatant was not restricted to the area where it was spotted, but distributed

throughout the dish, suggesting that volatile organic compounds (VOCs) were responsible for

growth stimulation (S2C Fig). To evaluate this observation, we performed an experiment

where the media conditioned by Candida sp. SDCP2 did not have physical contact with
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Zygosaccharomyces sp. SDBC30G1 culture. In this experiment, just VOCs could be responsible

for phenotype changes on Zygosaccharomyces sp. SDBC30G1. As negative control, we used

unconditioned broth. Using this method, we determined that VOCs from Candida sp. SDCP2

promoted the growth of Zygosaccharomyces sp. SDBC30G1. The number of colony forming

units (CFU) did not change (1.7x104 CFU/mL) (Figs 1 and S2D). However, the colonies grew

faster, were bigger and presented floating phenotype in the presence of the stimulatory VOCs

from Candida sp. SDCP2 (Figs 1 and S2D). Analyses by gas chromatography-mass spectrome-

try (GC-MS) of the active supernatant showed that ethanol was the most abundant VOC, fol-

lowed by isoamyl alcohol (S3A–S3D Fig). Analyses of VOCs directly extracted from S. depilis
brood cells revealed ethanol as the major compound as well (S4A–S4C and S4E Fig). Isoamyl

alcohol was also detected in brood cells (S4A, S4B and S4D Fig). These results demonstrate

that Candida sp. SDCP2 produces ethanol and isoamyl alcohol that stimulate the growth of

Zygosaccharomyces sp. in vitro. Both volatiles are present in brood cells suggesting that they

stimulate growth of Zygosaccharomyces sp. in the natural environment.

Ethanol has been reported to stimulate microbial growth in other studies [19,20]. Cell-free

supernatants of Aureobasidium pullulans stimulated the growth of Armillaria mellea, and etha-

nol was the unique VOC detected by GC-MS analysis [19]. In another report, the ectomycor-

rhizal fungus Boletus virigatus produced ethanol that stimulated the growth of the root

pathogenic fungi Phytophthora cinnamomi and Fomes annosus [20]. Other alcohols can modu-

late fungal growth and morphology. For example, Saccharomyces cerevisiae secrets aromatic

alcohols involved in quorum-sensing signaling that promote its filamentous growth [21].

Additionally, we observed that Candida sp. SDCP2 decreases the pH of the medium while

growing. When cultured in Potato Dextrose Broth (PDB), this fungus decreased the pH from

5.0 to pH 3.0, after 3 days of culturing. Zygosaccharomyces sp. SDBC30G1 grows better in

acidic pH (S2A and S2B Fig), which is consistent with the pH of S. depilis larval food (pH

3.16 ± 0.039). This result indicates that Candida sp. SDCP2 could also facilitate Zygosaccharo-
myces sp. growth by decreasing the pH of the media.

To investigate the interactions between Candida sp. SDCP2 and M. ruber SDCP1, we also

performed co-cultures. We observed that Candida sp. stimulated M. ruber SDCP1 pigment

production (S1 Video, Figs 2A–2C and S5A), which did not occur during co-culture of M.

Fig 1. Interactions between Zygosaccharomyces sp. SDBC30G1 and Candida sp. SDCP2 VOCs. (A) Diagram illustrating the procedure where the cell-free

supernatant of Candida sp. SDCP2 was transferred to a Petri dish and, on top of it, a fresh inoculated Zygosaccharomyces sp. SDBC30G1 was placed. (B)

Culture of Zygosaccharomyces sp. SDBC30G1 after the contact with VOCs from Candida sp. SDCP2. (C) Culture of Zygosaccharomyces sp. SDBC30G1 after

exposure to VOCs from unconditioned culture medium.

https://doi.org/10.1371/journal.pone.0219696.g001
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ruber SDCP1 and Zygosaccharomyces sp. SPBC30G1 (S5A Fig). LC-HRESIMS analyses showed

that these pigments were monascin and monascinol. The production of monascinol increased

Fig 2. The effects of Monascus ruber SDCP1 secondary metabolites on Candida sp. SDCP2 and

Zygosaccharomyces sp. SDBC30G1 growth. (A) Monascus ruber SDCP1 monoculture. (B) Monascus ruber SDCP1

cultured with Candida sp. SDPC2. (C) Candida sp. SDPC2 monoculture. (D) Candida sp. SDPC2 cells in monoculture

(left) and co-culture with Monascus ruber SDCP1 (right) in liquid medium (scale 10 μm). (E) Lovastatin (3.125 μM,

6.25 μM and 12.5 μM) inhibitory effects on Zygosaccharomyces sp. SDBC30G1 growth in liquid medium.

https://doi.org/10.1371/journal.pone.0219696.g002
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3-fold compared to the amount produced in a monoculture of M. ruber SDCP1, while monas-

cin production increased approximately 57 times in the co-culture (S5B–S5E Fig).

Monascinol, also known as monascuspiloin, and monascin are found in Monascus spp. fer-

mented-rice, consumed in several countries of Asia [22,23]. These two related compounds

have several biological activities, including anticancer [23] and anti-inflammatory [24]. We

tested the antifungal activities of these polyketides and we found that monascinol did not

inhibit Candida sp. SDCP2 or C. albicans ATCC MYA-2876 at concentrations below 400 μg/

mL. However, monascin showed selective minimal inhibitory concentration (MIC) of 50 μg/

mL and minimal fungicidal concentration (MFC) of 100 μg/mL against Candida sp. SDCP2.

Monascus ruber SDCP1 starts to produce monascin and monascinol on the second day in co-

culture, and on the third day of co-culturing, the cells of Candida sp. SDCP2 are no longer viable,

as confirmed by microscopy (Fig 2D) and culturing. These data indicate that M. ruber SDCP1

modulates the growth of Candida sp. SDCP2 by producing monascin, controlling the super popu-

lation of this microorganism. However, as the fungicidal concentration of monascin is high

(100 μg/mL), the coexistence of Candida sp. and M. ruber is possible inside S. depilis colonies.

Monascus spp. are also known to produce lovastatin (monacolin K), which reduces endoge-

nous cholesterol biosynthesis. This natural product inhibits 3-hydroxy-3-methylglutaryl-coen-

zyme A reductase (HMG-CoA reductase), which catalyzes the production of mevalonate, a key

intermediate for sterol biosynthesis [25]. Insects lack the enzymes to synthesize sterols [2,26].

They must consume all sterols they need from the diet and Zygosaccharomyces sp. is an essential

source of sterols for S. depilis larvae [1]. We verified that M. ruber SDCP1 produces lovastatin

when cultured in monoculture using a 30% glucose medium (S6A–S6C Fig). In liquid cultures,

lovastatin decreased the growth of Zygosaccharomyces sp. SDBC30G1 (Fig 2E). These results indi-

cate a modulatory function of M. ruber SDCP1 in the symbiotic system. Monascus spp. have been

found in other Brazilian stingless bee colonies [13], and similar modulatory roles could occur.

The tripartite fungal community isolated from S. depilis brood cells interact using small

molecules, interfering with the growth of each other, and these molecular interactions can

impact bee survival. The stimulatory effects of Candida sp. SDCP2 VOCs on Zygosaccharo-
myces sp. SPBC30G1 growth seem to be an advantage to S. depilis larvae, since they depend on

this fungus as a steroid source to develop [1]. Yet, M. ruber SDCP1, through the production

monascin and lovastatin, can have an antagonistic effect on Candida sp. SDCP2 and Zygosac-
charomyces sp. SDBC30G1, respectively (Fig 3).

The role that microorganisms play in insect development [1], protection [18,27–29] and

communication [30–32] highlights the importance of studying these symbiotic microbial com-

munities. In the case of social bees, such as honeybees and stingless bees, the knowledge about

the associated microbiome can help the development of policies to control these pollinators’ dis-

appearance caused by pesticides with antimicrobial activity. These microbes can suffer with

toxic pesticides applied in agriculture, causing dangerous changes in the colony fitness and per-

turbing bee’s health [6,33–35]. The association of S. depilis with brood cells fungi is pivotal for

colony homeostasis. The existence of Candida sp. and M. ruber in brood provisions seems to be

as important as the presence of Zygosaccharomyces sp. for S. depilis development and life cycle.

Materials and methods

Microbial isolation

Scaptotrigona depilis colonies used for microbial isolation were maintained in wooden hives at

University of São Paulo, Faculty of Philosophy, Sciences and Letters of Ribeirão Preto, Ribeirão

Preto, São Paulo, Brazil (SISBIO authorization 46555–5, CNPq process 010936/2014-9). The

collections were made from 2013 to 2016. Samples from brood cells cerumen were carefully
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collected and aseptically plated on Potato Dextrose Agar (PDA) containing streptomycin and

penicillin (12.5 g/L). For Zygosaccharomyces sp. SDBC30G1 isolation, samples from the white

microorganism growing inside S. depilis brood cells were plated aseptically on 30G agar

medium (pH 6.0) [1]. The plates were incubated at 30˚C until microbial growth was visible (3–

7 days) to proceed with the purification. The stocks were kept at -80˚C in solutions of PDB or

30G liquid medium plus 20% glycerol.

DNA extraction and sequencing

DNA extractions from isolated strains were performed using FastDNA SPIN Kit for soil (MP),

according the manufacturer instructions and quantified using NanoDrop. The isolated fungi

Fig 3. Scaptotrigona depilis-associated fungal community interactions. Depiction representing the stimulator that represents

stimulatory (blue) and inhibitory (red) effects mediated by small molecules produced by the tripartite fungal community isolated

from Scaptotrigona depilis brood cells.

https://doi.org/10.1371/journal.pone.0219696.g003
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were identified by 18S rRNA gene sequencing. The primers 18SF (5’-ATTGGAGGGCAAGT
CTGGTG-3’) and 18SR (5’-CCGATCCCTAGTCGGCATAG-3’) were used for Can-
dida sp. SDCP2. For Monascus ruber SDCP1 and Zygosaccharomyces sp. SDBC30G1, we used

the primers NS1 (5’-GTAGTCATATGCTTGTCTC-3’) and NS4 (5’-CTTCCGTCA
ATTCCTTTAAG-3’). Data are available under accession numbers KX999554, KX999555

and KX999557 in the National Center for Biotechnology Information (NCBI).

Co-cultures in agar

Co-cultures were performed in 15GF agar medium (pH 6.0 and pH 4.5) [1]. For this, 3 mL of

the media were transferred to 6-well plates. Candida sp. SDCP2 was reactivated in PDB medium

for 48 h at 120 rpm and 30˚C. After reactivation, an inoculum of OD600 0.06 was prepared.

Monascus ruber SDCP1 was reactivated in PDA medium for seven days at 30˚C. The spores of

this fungus were collected and counted with the aid of a Neubauer chamber to prepare an inoc-

ulum containing 1x106 spores/mL. Zygosaccharomyces sp. SDBC30G1 was reactivated in 30G

agar medium (pH 6.0) for 10–15 days at 30˚C. After this time, an inoculum of OD600 0.06 was

prepared. For all microorganisms, 2 μL of the inoculum were transferred to the culture media.

The plates were incubated at 30˚C for seven days. The experiments were made in duplicate.

Medium acidification by Candida sp. SDCP2 and larval food pH

Candida sp. SDCP2 was cultured in duplicate in 100 mL of PDB (500 mL Erlenmeyer flask,

without shaking, initial inoculum of OD600 0.002) at 30˚C for 3 days. The pH of the superna-

tant was measured using a direct reading pH stick. The pH of S. depilis larval food was mea-

sured using a pH meter (GEHAKA). The result was expressed as the average of the pH from

four samples of larval food collected in different S. depilis colonies.

Volatiles from Candida sp. SDCP2

A monoculture of Candida sp. SDCP2 was grown in 100 mL of 30G broth (pH 6.0) [1] (500

mL Erlenmeyer flask, without shaking, 30˚C, initial inoculum of OD600 0.002) for 10 days.

Then, the culture was centrifuged for 10 min (6000 rpm at 4˚C) and filtered sterilized to obtain

the cell-free supernatant.

To test the stimulating capacity of the cell-free supernatant from Candida sp. SDCP2 on

Zygosaccharomyces sp. SDBC30G1 growth, we spotted 10 and 20 μL of this supernatant on top

of a fresh inoculated culture of Zygosaccharomyces sp. SDBC30G1 in a Petri dish containing 25

mL of 30G agar medium, pH 6.0. Zygosaccharomyces sp. SDBC30G1 inoculum was prepared

from a 10–15 days-old culture in a Petri dish containing 30G agar medium, pH 6.0 (100 μL

inoculum of OD600 0.1), and plated using an inoculating loop. The control was made by

replacing the cell-free supernatant from Candida sp. SDCP2 for 30G broth (pH 6.0). The Petri

dishes were incubated at 30˚C for 3–5 days.

For VOCs experiments, the supernatant (3 mL) from Candida sp. SDCP2 was poured

inside small Petri dishes (10 x 35 mm). In other Petri dishes containing 3 mL of 30G agar

medium (pH 6.0) each, 25 μL of Zygosaccharomyces sp. SDBC30G1 inoculum (OD600 0.02)

were plated using an inoculating loop. This inoculum was prepared from a 24 h culture of

Zygosaccharomyces sp. SDBC30G1 in 2 mL of 30G broth (pH 6.0) at 200 rpm shaking and

30˚C (culture started from 10–15 days-old culture in a Petri dish containing 30G agar medium,

pH 6.0). The plates with Zygosaccharomyces sp. SDBC30G1 were placed on top of plates con-

taining Candida sp. SDCP2 supernatant, the plates were sealed together with parafilm and

incubated individually inside plastic bags at 30˚C [36]. Sterile 30G liquid medium (pH 6.0),

instead of Candida sp. SDCP2 supernatant, was used as a control. After 3–5 days, the growth
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of Zygosaccharomyces in the presence of Candida sp. SDCP2 supernatant was compared to the

control. This experiment was made in triplicate.

Headspace analyses

Headspace analysis of Candida sp. SDCP2 supernatant was performed at Small Molecules

Mass Spectrometry Facility (Faculty of Arts and Sciences Harvard University) using an Agilent

6890 gas chromatograph and CTC CombiPAL autosampler. A DB-624UI column (30m x

0.32mm x 1.80um) was used, at flow rate of 2.3 mL/min, injection temperature of 220˚C, inter-

face at 220˚C, ion source of 200˚C, and m/z 10–500. Initial temperature was set at 30˚C for 6

min, then increased at 10˚C/min to 150˚C, and then at 50˚C/min to 250˚C, and kept at 250˚C

for 15 min. The split ratio was 200 and headspace method adopted was 80˚C for 10 min. The

reads were compared to the NIST MS search 2.0 library.

Scaptotrigona depilis brood cells headspace analysis was performed at Research Support

Center in Natural and Synthetic Products (NPPNS), University of São Paulo, using a Shimadzu

GC-2010 Plus gas chromatograph and the auto sampler AOC 5000 with 2.5 mL syringe. A ZB-

624 column (30m x 0.32mm x 1.80um) was used, at flow rate of 2.68 mL/min, injection tem-

perature of 260˚C, interface at 220˚C, ion source of 200˚C, and m/z 10–200. Initial tempera-

ture was set at 30˚C for 6 min, then increased at 10˚C/min to 150˚C, and then at 50˚C/min to

250˚C, and kept at 250˚C for 15 min. The split ratio was 5 and headspace method adopted was

80˚C for 45 min. The reads were compared to the NIST 11 library.

Co-cultures of Monascus ruber SDCP1 and Candida sp. SDCP2 in liquid

medium

Monascus ruber SDCP1 and Candida sp. SDCP2, isolated from cerumen of S. depilis brood

cells, were grown in PDA at 30˚C for 7 days. After this period, two fungal-agar fragments

(diameter of approximately 6 mm) were transferred to 50 mL Falcon tubes containing 20 mL

of Potato Dextrose Broth (PDB). The cultures were incubated at 30˚C with 120 rpm shaking

and, after 48 h, were combined in Erlenmeyer flasks (500 mL) containing 150 mL of PDB.

Monocultures of each microorganism were performed as controls. To analyze the production

of metabolites, 10 mL of each culture were collected daily, centrifuged and filtered, and a sam-

ple of 1 mL was extracted with solid phase extraction (SPE) cartridges (C18, 50 mg, Waters)

using 1 mL of methanol. The organic extracts were filtered and 4 μL were analyzed by UPLC

1290 Infinity (Agilent Technologies) coupled to 6530 ESI-Q-TOF (Agilent Technologies)

operating in the positive mode. A 10 x 4.6 mm column, Luna 5 mm C18 (Phenomenex) was

used, with acetonitrile:water gradient as mobile phase, flow rate of 0.7 mL/min (starting with

10% of acetonitrile, maintaining this percentage for 1 min, then reaching 100% of acetonitrile

in 18 min, and maintaining this percentage for 5 min).

Determination of minimum inhibitory concentration (MIC) and minimum

fungicidal concentration (MFC) of monascinol and monascin produced by

M. ruber SDCP1

The experiments were carried out according to the conditions recommended by CLSI (For-

merly NCCLS) [37]. Candida sp. SDCP2 cultures were incubated in Petri dishes containing

PDA for 48 h at 30˚C. Cultures of C. albicans ATCC MYA—2876 were reactivated in Petri

dishes containing LB, Miller agar [38] for 24 h at 37˚C. The inoculums were prepared as fol-

lows, using PDB for Candida sp. SDCP2 and LB-Miller for C. albicans ATCC MYA—2876.

When OD600 of the turbid solution was 0.08, 67 μL were transferred to 933 μL of culture
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medium. This final volume (1.0 mL) was transferred to another tube containing 9.0 mL of cul-

ture medium and vortexed. Then, 2.0 mL were transferred to a tube containing 10 mL of cul-

ture medium, and these inoculums were used in the treatments.

Cycloheximide (Sigma-Aldrich) was used as a positive control for inhibiting Candida sp.

SDCP2, and clotrimazole (Sigma-Aldrich) was used for C. albicans ATCC MYA—2876. To

prepare the positive controls solutions, 3.2 mg of each antifungal were dissolved in 0.5 mL of

dimethyl sulfoxide (DMSO). Then, 16 μL were transferred to 144 μL of PDB or LB-Miller

media and vortexed. Finally, 80 μL were transferred to the first well and serially diluted.

Monascin and monascinol used in these assays were obtained from M. ruber SDCP1 culture

(90 g of rice, 120 mL of water in 500 mL Erlenmeyer flask, incubated for 30 days at 30˚C, fol-

lowed by ethyl acetate extraction and HPLC isolation) and characterized by NMR and

ESI-HRMS (S7 and S8 Figs, S1 Data). Spectral data are in agreement with previously published

data for monascin [39] and monascinol [40]. Each metabolite (0.5 mg) was dissolved in

62.5 μL of DMSO (8000 μg/mL). Then, 10 μL of these solutions were mixed with 70 μL of cul-

ture medium. The final solutions (80 μL) were transferred to the first well and serial dilution

was performed. Then, 20 μL of the inoculum was added to each well, achieving the final con-

centration of 400 μg/mL in the first well. The plate containing C. albicans ATCC MYA—2876

was maintained for 24 h at 37˚C, and the plate with Candida sp. SDCP2 was incubated for 48 h

at 30˚C. After the incubation time, the OD600 of the cultures were checked to determine

microbial growth. The experiments were performed in duplicate.

To determine the minimal fungicide concentration (MFC), a sample of each well was

removed with sterile toothpicks and transferred to Petri dishes containing PDA or LB agar cul-

ture media. The plates were incubated for 48 h at 30˚C or 24 h at 37˚C for Candida sp. SDCP2

and C. albicans ATCC MYA—2876, respectively, and were visually inspected for the presence

or absence of growth.

Lovastatin effects on Zygosaccharomyces sp. SDBC30G1 growth

M. ruber SDCP1 was cultured in 30G agar plates for seven days at 30˚C. After this period, the

culture was extracted with ethyl acetate, the solvent was dried using rotary evaporator, yielding

a crude extract. The HRESIMS analysis of the extract was carried out using a Bruker Maxis

Impact HD LC-q-TOF Mass Spectrometer equipped with an uHPLC system showing lova-

statin as the major compound (Lovastatin m/z 405.2640 [M+H]+, calculated mass for

C24H36O5 405.2636 [M+H]+, error 1.1 ppm). The production of lovastatin by M. ruber SDCP1

was further confirmed by retention time comparison with lovastatin standard (Sigma-Aldrich)

using a Quadrupole 6130 (Agilent Technologies) equipped with HPLC-DAD-MS 1200 series

(Agilent Technologies).

Lovastatin standard (Sigma-Aldrich) was used to determine its effects on Zygosaccharomyces
sp. SDBC30G1 growth. Stock solutions were prepared in ethanol (12500 μM, 6250 μM and

3125 μM) and 5 μL of each solution were transferred to the corresponding wells in a 6-well plate

containing 4995 μL of freshly inoculated Zygosaccharomyces sp. SDBC30G1 cultures (OD600

0.1, prepared from a 10–15 days-old culture of Zygosaccharomyces sp. SDBC30G1 in 30G agar

medium at 30˚C) in 15GF pH 4.5 medium [1]. The final concentrations of lovastatin tested

were 12.5 μM, 6.25 μM and 3.125 μM. For the control, we transferred 5 μL of pure ethanol to

the correspondent wells. The plates were incubated at 30˚C for seven days.
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S3 Fig. GC-MS analysis of VOCs from Candida sp. SDCP2 supernatant.

(PDF)

S4 Fig. GC-MS analysis of VOCs from Scaptotrigona depilis brood cells.

(PDF)

S5 Fig. Interactions between the fungi isolated from Scaptotrigona depilis brood cells.

(PDF)

S6 Fig. LC-MS (positive mode) analysis of Monascus ruber SDCP1 monoculture in 30G

(pH 6.0) medium extracted with ethyl acetate after seven days at 30˚C.

(PDF)

S7 Fig. 1H NMR spectrum of monascinol (CDCl3, 500 MHz) produced by Monascus ruber
SDCP1.

(PDF)

S8 Fig. 1H NMR spectrum of monascin (CDCl3, 500 MHz) produced by Monascus ruber
SDCP1.

(PDF)

S1 Video. Time lapse of a co-culture between Monascus ruber SDCP1 and Candida sp.

SDCP2 showing the pigmentation stimulus caused by the yeast.
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S1 Data. Raw NMR data of monascin and monascinol (CDCl3, 500 MHz).
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Resources: Mônica Tallarico Pupo.

Supervision: Fabio Santos Nascimento, Roberto Kolter, Jon Clardy, Mônica Tallarico Pupo.
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Kolter, Jon Clardy, Mônica Tallarico Pupo.

References
1. Paludo CR, Menezes C, Silva-Junior EA, Vollet-Neto A, Andrade-Dominguez A, Pishchany G, et al.

Stingless Bee Larvae Require Fungal Steroid to Pupate. Sci Rep. 2018 Jan 18; 8(1):1122. https://doi.

org/10.1038/s41598-018-19583-9 PMID: 29348592

2. Clark AJ, Bloch K. The absence of sterol synthesis in insects. J Biol Chem. 1959 Oct; 234:2578–82.

PMID: 13810427

3. Dicks LV, Viana B, Bommarco R, Brosi B, Arizmendi MC, Cunningham SA, et al. Ten policies for pollina-

tors. Science. 2016 Nov 25; 354(6315):975–976. https://doi.org/10.1126/science.aai9226 PMID:

27884996

4. Potts SG, Imperatriz-Fonseca V, Ngo HT, Aizen MA, Biesmeijer JC, Breeze TD, et al. Safeguarding pol-

linators and their values to human well-being. Nature. 2016 Dec 8; 540(7632):220–229. https://doi.org/

10.1038/nature20588 PMID: 27894123

5. VanEngelsdorp D, Evans JD, Saegerman C, Mullin C, Haubruge E, Nguyen BK, et al. Colony Collapse

Disorder: A descriptive study. PLoS One. 2009 Aug 3; 4(8):e6481. https://doi.org/10.1371/journal.pone.

0006481 PMID: 19649264

6. Motta EVS, Raymann K, Moran NA. Glyphosate perturbs the gut microbiota of honey bees. Proc Natl

Acad Sci U S A. 2018 Sep 24. pii: 201803880. https://doi.org/10.1073/pnas.1803880115 PMID:

30249635

7. Bonilla-Rosso G, Engel P. Functional roles and metabolic niches in the honey bee gut microbiota. Curr

Opin Microbiol. 2018 Jun; 43:69–76. https://doi.org/10.1016/j.mib.2017.12.009 PMID: 29309997

8. Rasmussen C, Cameron S. Global stingless bee phylogeny supports ancient divergence, vicariance,

and long distance dispersal. Biol. J. Linnean. Soc. 2010 99:206–232.

9. Paludo CR, Ruzzini AC, Silva-Junior EA, Pishchany G, Currie CR, Nascimento FS, Kolter RG, Clardy J,

Pupo MT. Whole-genome sequence of Bacillus sp. SDLI1, isolated from the social bee Scaptotrigona

depilis. Genome Announc. 2016 Mar 24; 4(2). pii: e00174-16. https://doi.org/10.1128/genomeA.00174-

16 PMID: 27013050

10. Cambronero-Heinrichs JC, Matarrita-Carranza B, Murillo-Cruz C, Araya-Valverde E, Chavarrı́a M,

Pinto-Tomás AA. Phylogenetic analyses of antibiotic-producing Streptomyces sp. isolates obtained

from the stingless-bee Tetragonisca angustula (Apidae: Meliponini). Microbiology. 2019 Mar; 165

(3):292–301. https://doi.org/10.1099/mic.0.000754 PMID: 30676313

11. Menegatti C, Da Paixão Melo WG, Carrão DB, De Oliveira ARM, Do Nascimento FS, Lopes NP, Pupo

MT. Paenibacillus polymyxa associated with the stingless bee Melipona scutellaris produces antimicro-

bial compounds against entomopathogens. J Chem Ecol. 2018 Dec; 44(12):1158–1169. https://doi.org/

10.1007/s10886-018-1028-z PMID: 30350228

12. Menezes C, Vollet-Neto A, Marsaioli AJ, Zampieri D, Fontoura IC, Luchessi AD, et al. A Brazilian social

bee must cultivate fungus to survive. Curr Biol. 2015 Nov 2; 25(21):2851–2855. https://doi.org/10.1016/

j.cub.2015.09.028 PMID: 26592344

13. Barbosa RN, Leong SL, Vinnere-Pettersson O, Chen AJ, Souza-Motta CM, Frisvad JC, et al. Phyloge-

netic analysis of Monascus and new species from honey, pollen and nests of stingless bees. Stud

Mycol. 2017 Mar; 86:29–51. https://doi.org/10.1016/j.simyco.2017.04.001 PMID: 28539687

14. Rosa CA, Lachance MA, Silva JO, Teixeira AC, Marini MM, Antonini Y, et al. Yeast communities associ-

ated with stingless bees. FEMS Yeast Res. 2003 Dec; 4(3):271–5. https://doi.org/10.1016/S1567-1356

(03)00173-9 PMID: 14654431

15. Gilliam M. Microbiology of pollen and bee bread: The yeasts. Apidologie. 1979 10: 43–53. https://doi.

org/10.1051/apido:19790106

16. van Gestel J, Kolter R. When we stop thinking about microbes as cells. J Mol Biol. 2019 May 11. pii:

S0022-2836(19)30259-1. https://doi.org/10.1016/j.jmb.2019.05.004 PMID: 31082437

17. Douglas AE. Multiorganismal insects: diversity and function of resident microorganisms. Annu Rev

Entomol. 2015 Jan 7; 60:17–34. https://doi.org/10.1146/annurev-ento-010814-020822 PMID:

25341109

18. Van Arnam EB, Currie CR, Clardy J. Defense contracts: molecular protection in insect-microbe symbio-

ses. Chem Soc Rev. 2018 Mar 5; 47(5):1638–1651. https://doi.org/10.1039/c7cs00340d PMID:

28745342

Fungi regulate stingless bee metamorphosis

PLOS ONE | https://doi.org/10.1371/journal.pone.0219696 July 25, 2019 11 / 12

https://doi.org/10.1038/s41598-018-19583-9
https://doi.org/10.1038/s41598-018-19583-9
http://www.ncbi.nlm.nih.gov/pubmed/29348592
http://www.ncbi.nlm.nih.gov/pubmed/13810427
https://doi.org/10.1126/science.aai9226
http://www.ncbi.nlm.nih.gov/pubmed/27884996
https://doi.org/10.1038/nature20588
https://doi.org/10.1038/nature20588
http://www.ncbi.nlm.nih.gov/pubmed/27894123
https://doi.org/10.1371/journal.pone.0006481
https://doi.org/10.1371/journal.pone.0006481
http://www.ncbi.nlm.nih.gov/pubmed/19649264
https://doi.org/10.1073/pnas.1803880115
http://www.ncbi.nlm.nih.gov/pubmed/30249635
https://doi.org/10.1016/j.mib.2017.12.009
http://www.ncbi.nlm.nih.gov/pubmed/29309997
https://doi.org/10.1128/genomeA.00174-16
https://doi.org/10.1128/genomeA.00174-16
http://www.ncbi.nlm.nih.gov/pubmed/27013050
https://doi.org/10.1099/mic.0.000754
http://www.ncbi.nlm.nih.gov/pubmed/30676313
https://doi.org/10.1007/s10886-018-1028-z
https://doi.org/10.1007/s10886-018-1028-z
http://www.ncbi.nlm.nih.gov/pubmed/30350228
https://doi.org/10.1016/j.cub.2015.09.028
https://doi.org/10.1016/j.cub.2015.09.028
http://www.ncbi.nlm.nih.gov/pubmed/26592344
https://doi.org/10.1016/j.simyco.2017.04.001
http://www.ncbi.nlm.nih.gov/pubmed/28539687
https://doi.org/10.1016/S1567-1356(03)00173-9
https://doi.org/10.1016/S1567-1356(03)00173-9
http://www.ncbi.nlm.nih.gov/pubmed/14654431
https://doi.org/10.1051/apido:19790106
https://doi.org/10.1051/apido:19790106
https://doi.org/10.1016/j.jmb.2019.05.004
http://www.ncbi.nlm.nih.gov/pubmed/31082437
https://doi.org/10.1146/annurev-ento-010814-020822
http://www.ncbi.nlm.nih.gov/pubmed/25341109
https://doi.org/10.1039/c7cs00340d
http://www.ncbi.nlm.nih.gov/pubmed/28745342
https://doi.org/10.1371/journal.pone.0219696


19. Pentland GD. Ethanol produced by Aureobasidium pullulans and its effect on the growth of Armillaria

mellea. Can J Microbiol. 1967 Dec; 13(12):1631–9. PMID: 5625599

20. Krupa S, Nylund J-E. Studies on ectomycorrhizae of pine. III Growth inhibition of two root pathogenic

fungi by volatile organic constituents of ectomycorrhizal root systems of Pinus sylvestris L. Eur J Forest

Pathol. 1972 2: 88–94.

21. Chen H, Fink GR. Feedback control of morphogenesis in fungi by aromatic alcohols. Genes Dev. 2006

May 1; 20(9):1150–61. https://doi.org/10.1101/gad.1411806 PMID: 16618799

22. Patakov P. Monascus secondary metabolites: production and biological activity. J Ind Microbiol Biotech-

nol. 2013 Feb; 40(2):169–81. https://doi.org/10.1007/s10295-012-1216-8 PMID: 23179468

23. Chiu HW, Fang WH, Chen YL, Wu MD, Yuan GF, Ho SY, et al. Monascuspiloin enhances the radiation

sensitivity of human prostate cancer cells by stimulating endoplasmic reticulum stress and inducing autop-

hagy. PLoS One. 2012; 7(7):e40462. https://doi.org/10.1371/journal.pone.0040462 PMID: 22802963

24. Hsu LC, Liang YH, Hsu YW, Kuo YH, Pan TM. Anti-inflammatory properties of yellow and orange pig-

ments from Monascus purpureus NTU 568. J Agric Food Chem. 2013 Mar 20; 61(11):2796–802.

https://doi.org/10.1021/jf305521v PMID: 23458314

25. Stancu C, Sima A. Statins: mechanism of action and effects. J Cell Mol Med. 2001 Oct-Dec; 5(4):378–

87. https://doi.org/10.1111/j.1582-4934.2001.tb00172.x PMID: 12067471

26. Bellés X, Martı́n D, Piulachs MD. The mevalonate pathway and the synthesis of juvenile hormone in

insects. Annu Rev Entomol. 2005; 50:181–99. https://doi.org/10.1146/annurev.ento.50.071803.130356

PMID: 15355237

27. Van Arnam EB, Ruzzini AC, Sit CS, Horn H, Pinto-Tomás AA, Currie CR, et al. Selvamicin, an atypical

antifungal polyene from two alternative genomic contexts. Proc Natl Acad Sci U S A. 2016 Nov 15; 113

(46):12940–12945. https://doi.org/10.1073/pnas.1613285113 PMID: 27803316

28. Scott JJ, Oh DC, Yuceer MC, Klepzig KD, Clardy J, Currie CR. Bacterial protection of beetle-fungus

mutualism. Science. 2008 Oct 3; 322(5898):63. https://doi.org/10.1126/science.1160423 PMID:

18832638

29. Beemelmanns C, Ramadhar TR, Kim KH, Klassen JL, Cao S, Wyche TP, et al. Macrotermycins A–D,

Glycosylated Macrolactams from a Termite-Associated Amycolatopsis sp. M39. Org Lett. 2017 Mar 3;

19(5):1000–1003. https://doi.org/10.1021/acs.orglett.6b03831 PMID: 28207275

30. Silva-Junior EA, Ruzzini AC, Paludo CR, Nascimento FS, Currie CR, Clardy J, et al. Pyrazines from

bacteria and ants: convergent chemistry within an ecological niche. Sci Rep. 2018 Feb 7; 8(1):2595.

https://doi.org/10.1038/s41598-018-20953-6 PMID: 29416082

31. Wada-Katsumata A, Zurek L, Nalyanya G, Roelofs WL, Zhang A, Schal C. Gut bacteria mediate aggre-

gation in the German cockroach. Proc Natl Acad Sci U S A. 2015 Dec 22; 112(51):15678–83. https://

doi.org/10.1073/pnas.1504031112 PMID: 26644557

32. Dillon RJ, Vennard CT, Charnley AK. Exploitation of gut bacteria in the locust. Nature. 2000 Feb 24;

403(6772):851.

33. Pettis JS, Lichtenberg EM, Andree M, Stitzinger J, Rose R, Vanengelsdorp D. Crop pollination exposes

honey bees to pesticides which alters their susceptibility to the gut pathogen Nosema ceranae. PLoS

One. 2013 Jul 24; 8(7):e70182. https://doi.org/10.1371/journal.pone.0070182 PMID: 23894612

34. Raymann K, Shaffer Z, Moran NA. Antibiotic exposure perturbs the gut microbiota and elevates mortal-

ity in honeybees. PLoS Biol. 2017 Mar 14; 15(3):e2001861. https://doi.org/10.1371/journal.pbio.

2001861 PMID: 28291793

35. Kakumanu ML, Reeves AM, Anderson TD, Rodrigues RR, Williams MA. Honey bee gut microbiome is

altered by in-hive pesticide exposures. Front Microbiol. 2016 Aug 16; 7:1255. https://doi.org/10.3389/

fmicb.2016.01255 PMID: 27579024

36. Bruce A, Stewart D, Verrall S, Wheatley RE. Effect of volatiles from bacteria and yeast on the growth

and pigmentation of sapstain fungi. Int Biodeterior Biodegrad. 2003 51: 101–108.

37. CLSI 2002. M27-A2 NCCLS. Método de referência para testes de diluição em caldo para a determi-
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