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Abstract Rhodotorula spp. and Trichosporon spp.

are opportunistic pathogens, and although an associ-

ation between these two species in the same infection

appears to be uncommon, it has been reported. This is

the first study that aimed to evaluate the pathogenesis

of a co-infection by R. mucilaginosa and T. asahii,

using a new in vivo model, the Zophobas morio larvae.

Suspensions from planktonic and biofilm-recovered

cells were injected in the larvae as in monospecies as

mixed (a ratio of 1:1 for both agents of a of 105

inoculum). Individual and mixed biofilms of R.

mucilaginosa and T. asahii were produced for 24

and 48 h, and they were partially characterized by

crystal violet and reduction of tetrazolium salt. When

evaluating the impact of the planktonic suspension

in vivo we verified that the fungi in monoculture were

more able to kill the larvae than those from planktonic

mixed suspension. On the other hand, regarding

biofilm-recovered cells, there was an increase in the

death of larvae infected for mixed suspensions.

Moreover, the death rate was more pronounced when

the larvae were infected with 48 h biofilm-recovered

cells than the 24 h ones. T. asahii was the best

producer of total biomass, mainly in 48 h. The

metabolic activity for both yeasts organized in biofilm

maintained the same pattern between 24 and 48 h. The

present study proves a synergistic interaction between

R. mucilaginosa and T. asahii after an experience in a

mixed biofilm. Our results suggest that both species

were benefited from this interaction, acquiring a

greater potential for virulence after passing through

the biofilm and this ability was acquired by the cells

released from the biofilm.
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Introduction

Rhodotorula spp. and Trichosporon spp. are basid-

iomycetous yeasts, opportunistic pathogens that reside

commensally on the human skin and are considered

emerging pathogens [1, 2]. Any alteration of the

surrounding environment of these fungi may activate

their virulence potential [3–5]. R. mucilaginosa was

found to be the third most commonly isolated yeast

from blood cultures and the most common microor-

ganism isolated from the hands of hospital employees
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and patients [6]. In regards to onychomycosis, fungal

infection of the nail, R. mucilaginosa has been little

reported, present mainly in mixed infections [7, 8].

Trichosporon spp. is the second most common non-

Candida yeast infection, and species of this genus are

mainly reported in blood or urine infections [4, 9],

with few reports of it being present in cases of

onychomycosis. Although onychomycosis caused by

these two species together appears to be uncommon

[10], an unusual case was recently reported that

identified an association of R. mucilaginosa and T.

asahii [11]. The virulence factors of these fungal

genera specifically have been little investigated.

Despite this, the factors described are generally related

to morphological switching, thermotolerance, the

expression of cell wall components, enzyme produc-

tion and secretion, and the ability to adhere to surfaces

to produce biofilms [1, 2, 4].

Biofilms are complex microbial communities

adhered to a surface and surrounded by a matrix of

polymeric substances [12], which can be formed by

one or more species of microorganisms, being for

example, bacteria and fungi [13] or fungi and fungi

[11, 14, 15]. In mixed biofilms, both species may

exhibit different behaviors compared to the biofilms of

the monospecies, and this can alter the pathogenesis of

an infection [11, 16].

Onychomycosis is a major health problem due to its

frequency, chronicity and resistance to therapy. In

recent years, onychomycosis, as with other fungal

infections, has been reported to occur due to fungi

naturally forming biofilm on nails [17]. Yeasts are

among the principal onychomycosis causative organ-

isms [17, 18], with species from the genus Candida

being the most frequently isolated [19]. On the other

hand, R. mucilaginosa and T. asahii are scarcely

reported, despite a case suggesting an association of

the two agents [11]. As little is known about the co-

habitation of these two microorganisms, this study

aimed to evaluate the pathogenesis of co-infection by

R. mucilaginosa and T. asahii from biofilm, using a

new in vivo model, the Zophobas morio larvae.

Materials and Methods

Microorganisms

This study was conducted with R. mucilaginosa

ATCC 64,684 and T. asahii CBS 2630. Briefly, yeasts

were subcultured in chromogenic medium CHROMa-

garTM Candida (DifcoTM, USA), to check the culture

purity. These yeasts were deposited in the Mycology

and Culture Collection of Fungi (Micoteca) of the

Medical Mycology Laboratory, Laboratório de Ensino

e Pesquisa em Análises Clı́nicas of Universidade

Estadual deMaringá (LEPAC). The yeasts were stored

in Sabouraud Dextrose Broth (SDB; DifcoTM, USA)

with glycerol at –80 �C. All samples were cultured on

Sabouraud Dextrose Agar (SDA; DifcoTM, USA) and

incubated at 25 �C for up to 2 days before all tests [1].

Standardization of the Inoculum

An ideal inoculum for all experiments was standard-

ized according to Jarros et al. (2020) and validated by

infection of Z. morio larvae, each weighing approx-

imately 800–900 mg, using a total of 10 larvae per

group. Four concentrations of inoculum with ATCC

64,684 R. mucilaginosa and three concentrations of

inoculum with CBS 2630 T. asahii were evaluated for

standardization of the highest lethality inoculum:

1–3 9 103, 104, 105 and 106 and 1–3 9 103, 104 and

105 respectively, determined by counting on a

Neubauer chamber. Aliquots of 20 lL of each in

sterile RPMI 1640 medium (Roswell Park Memorial

Institute, Gibco) were injected, using a Hamilton

syringe (1702 N, 22 s gauge, 25 lL capacity), into the

hemocoel of the larvae, on the second or third sternite

visible above the legs and the ventral portion. The

negative control included sterile RPMI medium only.

The larvae were placed in sterile Petri dishes contain-

ing a rearing diet and kept in darkness at 28 �C.
Mortality was monitored once a day for 10 days. To

establish larvae death, according to de Souza et al.

(2015), visual confirmation of melanization and

response to physical stimuli by gently touching them

was carried out.
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Impact of Fungal Planktonic Cells from Simple

and Mixed Cultures on the Infection of Z. morio

Larvae

Using the same standardized inoculum (1–3 9 105)

for the two fungal species, the virulence of the yeasts

in their planktonic form was evaluated, both for

individual and mixed suspensions. Four larvae groups

were infected as described above: control RPMI

medium, R. mucilaginosa (105 inoculum), T. asahii

(105 inoculum), and mixed suspension (105 R.

mucilaginosa ? 105 T. asahii). Larvae death was

monitored for 10 days.

In Vitro Monospecies and Mixed Biofilm

Production and Evaluation

Individual R. mucilaginosa and T. asahiimonospecies

biofilms, and a mixed biofilm (MB) using a ratio of 1:1

of the same inoculum, were first formed in sterile

96-well polystyrene flat-bottom plates (TPP�,

Trasadingen, Switzerland) with 200 lL of inoculum

adjusted to a concentration (1–3 9 105), as previously

described by Jarros et al. (2020). The plates were then

incubated with agitation at 110 rpm and 28 �C for 24

and 48 h.

Biofilm Characterization

The total biomass and metabolic activity of biofilms

formed for 24 and 48 h were evaluated: total biofilm

biomass by crystal violet staining (CV; Sigma-

Aldrich, USA) and metabolic activity by the tetra-

zolium salt 2,3-bis(2-methoxy-4-nitro-5-sul-

fophenyl)-5-(phenylamino)-carbonyl-2H-tetrazoli-

umhydroxid (XTT; Sigma-Aldrich, USA) reduction

assay. The determinations were made by reading the

plates after reagent incubation and well washing as

according to Negri et al. (2016). The absorbance

values at 492 nm for the XTT assay and at 620 nm for

the CV assay were standardized per unit area of well

(absorbance/cm2). The absorbance values of the

negative control wells were subtracted from the values

of the test wells to account for any background

absorbance [21].

Biofilm-Recovered Cells

After incubation for biofilm formation (24 and 48 h),

the wells were washed with 0.01 mol/L phosphate-

buffered saline (PBS), pH 7.4, and the biofilm scraped

and suspended in 1 mL RPMI medium. Subsequently,

each suspension was transferred to a new tube and

sonicated (Sonic Dismembrator Ultrasonic Processor,

Fisher Scientific, USA) for 50 s at 30% amplitude.

After dissociating the yeast cells from the biofilm,

counting and adjusting the number of cells to

1–3 9 105 was performed using a Neubauer chamber.

Impact of fungal cells after biofilm formation

on the infection of Z. morio larvae

The inoculation of the biofilm-recovered cells in the

larvae was performed as previously described, and

larvae death was evaluated over 10 days. The infec-

tion groups were as follows: control RPMI medium,

biofilm-recovered cells from the R. mucilaginosa

monospecies, from the T. asahii monospecies and

from a MB.

Statistical analysis

All tests were performed in triplicate, on three

independent days. For in vivo pathogenicity,

Kaplan–Meier survival plots were used as according

to de Souza et al. (2015). Data with a non-normal

distribution were expressed as the mean ± standard

deviation (SD) of at least three independent experi-

ments. Significant differences among means were

identified using the Two-way ANOVA test followed

by Bonferroni multiple-comparison test. The data

were analyzed using Prism 8.1 software (GraphPad,

San Diego, CA, USA). Values of p\ 0.05 were

considered statistically significant.

Results and discussion

Standardization of the inoculum to be used in the Z.

morio larvae was first carried out for this novel in vivo

fungal infection model by determining the lethality to

the larvae. The results are summarized in Fig. 1. For R.

mucilaginosa (Fig. 1a), an inoculum of 106 led to a

larger number of dead larvae, with only approximately

30% survival after 10 days of infection. The lowest
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evaluated inoculums (103 and 104) resulted in survival

curves similar to that for the inoculum of 105, and for

this reason they are not represented in the figure.

While for T. asahii (Fig. 1b), the 105 inoculum caused

the death of all the larvae of this group by the end of

the evaluated period. The remaining groups, infected

with the 103 and 104 inoculums, resulted in approx-

imately 40% and 60% survival, respectively.

From these results, the inoculum of 105 was

adopted for all subsequent experiments. Although

the 106 inoculum for R. mucilaginosa could offer

better results in vivo for this species on its own, in

order to enable the effect of co-infection to be

investigated, a 1:1 ratio of the microorganisms from

the mixed cultures and biofilms was necessary so the

105 inoculum was chosen. Interestingly, this concen-

tration corresponded to the highest mortality rate for

Tenebrio molitor larvae infected with R. mucilaginosa

in a previous study [1]. Z. morio larvae have already

been used in bacterial studies [22–24], but the current

study is the first to propose using this alternative model

with fungi. Invertebrate animals such as Z. morio, as

well as T. molitor, produce several antimicrobial

peptides for defense against microbial pathogens

[20, 22], including fungi, thus different inoculums

can result in different survival curves. A 1:1 ratio for

MB formation and infection was adopted in a study

using Candida spp. and Trichophyton rubrum [13].

We believe this would be the ideal way to assess the

virulence potential of each fungus investigated here, as

the initial relative cell densities in a co-culture biofilm

can strongly influence the MB properties and the

prevalence of each species may change over time due

to differences in the metabolism [15]. Olson et al.

(2018) concluded the predominance of each species

has a significant impact on the biofilm formation, as

they showed that Candida glabrata in monocultures

form a weaker biofilm than the biofilms of Candida

albicans.

Figure 2 shows Kaplan–Meier plots of the survival

rates of Z. morio larvae infected with monocultures or

a mixed culture of planktonic cells of R. mucilaginosa

and T. asahii cells before and after biofilm production.

From these, we can highlight some key times in this

experiment: 120 h (5 days), 168 h (7 days) and 240 h

(10 days), for both the planktonic suspension (before

biofilm production) and biofilm-recovered cells infec-

tions. When evaluating the impact in vivo of plank-

tonic suspension (Fig. 2a), we found that fungi in

monocultures seem to be more virulent to the larvae

than the 1:1 mixed suspension, with the cells from the

T. asahii monoculture causing death from 96 h of

infection. Only after 192 h did the mixed culture begin

to cause larval mortality.

Regarding the 24-h biofilm-recovered cells, theMB

showed an increment in larvae death in 120 h, while

the biofilm-recovered cells from the R. mucilaginosa

or T. asahii monospecies were less efficient (Fig. 2b).

Furthermore, from 216 h onwards, the biofilm-recov-

ered cells from the MB began to cause significantly

higher mortality. Thus, we infer that especially R.

mucilaginosa became more virulent after the MB

experience, since infection with the biofilm-recovered

cells from the MB presents a trend of increasing the

mortality in comparison to the infection with those of

the monospecies. It is known that fungi rarely exist in

isolated form, and the interactions between different

species can benefit one or more of them [25]. Thus, in

Fig. 1 Standardization of the inoculum for the in vivo model

through the infection of planktonic fungal cells in Zophobas
morio larvae. a. Rhodotorula mucilaginosa (monospecies);

b. Trichosporon asahii (monospecies). Results from trials

performed in triplicate, on three independent days
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the current study it is possible to suppose that R.

mucilaginosa received nutrients or complement from

metabolism of T. asahii during the MB experience. As

found in a study with a murine model of disseminated

hematogenic candidiasis, dispersed biofilm cells

demonstrated greater virulence compared to their

Fig. 2 Impact on the survival of Zophobas morio larvae

infected with suspensions from Rhodotorula mucilaginosa or

Trichosporon asahii monospecies, or a 1:1 mix of R.

mucilaginosa and T. asahii. a. Planktonic cells; b. 24 h

biofilm-recovered cells; c. 48 h biofilm-recovered cells. Results

from trials performed in triplicate, on three independent days
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planktonic cells. Dispersed cells of C. albicans retain

their high virulence over several generations, ensuring

greater adhesion, filamentation and virulence of

dispersed cells [26].

For the 48-h biofilm-recovered cells (Fig. 2c), it

was possible to observe that T. asahii had character-

istics of a higher immediate mortality, while R.

mucilaginosa caused death later. It was clear that,

after the MB experience, both yeasts had increased

their ability to provoke larvae death in comparison to

the monospecies infections; similarly, but greater

than, that which occurred for infections with the 24-h

biofilm-recovered cells. The biofilm-recovered cells

from the R. mucilaginosa monospecies indicate

potential time-dependent virulence. A previous study

showed that this species produces a mature biofilm in

48 h, with a significant and progressive increase in the

number of cells according to the biofilm age [1]. The

survival curve after infection with the cells from the

MB displays the same trend, but with greater effi-

ciency, than the cells from the monospecies, thus we

can infer the T. asahii in the MB is important for the

virulence potential of R. mucilaginosa.

With these results, we show that being in a biofilm

favors and increases the virulence of both yeasts, but

particularly for R. mucilaginosa. This hypothesis is

reinforced by the behavior of the 24-h MB biofilm-

recovered cells, where T. asahii apparently maintained

its own virulence potential, whereas for R. mucilagi-

nosa the passage through a MB seems to have

stimulated this ability. It has already been described

that many bacteria acquire mutual benefits when

organized in mixed biofilms, from sharing strategies to

prevent the host’s immunological clearance and better

protection against environmental threats such as

antimicrobials [27]. Indeed, the association of differ-

ent microorganisms can be advantageous for at least

one of them, for instance, in the case of C. albicans

with bacteria, the bacterial cells could bind directly to

the hyphae of the yeast in the biofilm architecture [28].

This fungus-bacterial interaction can be synergistic,

providing physical protection, secretion and diffusion

of signaling molecules, and environmental changes

such as in pH, oxygen and carbon dioxide levels

[28, 29]. Moreover, it is essential to consider intercel-

lular communications that occur through quorum

sensing molecules, which allow one species to identify

and react to the presence of another, coordinating the

collective behavior of these microorganisms in com-

munities [30].

R. mucilaginosa, apparently less virulent, seems to

have benefitted from being in a MBwith T. asahii, this

has also been reported to occur between C. albicans

andC. glabrata, which are frequently co-isolated from

human infection [15]. In that study the increased

hyphae length of C. albicans contributed to a more

complex biofilm structure, increasing both its thick-

ness and hyphal surface area for C. glabrata, which

allowed the cells of this yeast to attach and cluster in

the biofilm. We can hypothesize that R. mucilaginosa

may also have taken advantage of the T. asahii

filamentous forms. According to the authors, the

changing Candida polymicrobial culture dynamics

during biofilm formation may alter the infection

course [15]. Thus, it is possible that cases involving

R. mucilaginosa and T. asahii may be more frequent

than has been reported [11, 31].

Based on the knowledge of Uppuluri et al. (2010),

we hypothesize that the increase in mortality due to the

mixed suspension of planktonic cells (Fig. 2a) may be

the result of a biofilm formed in vivo in the larvae after

192 h. These authors claim that scattered cells from

mature biofilms appear to be more virulent and have a

greater ability to adhere to surfaces to form new

biofilms [26].

This is the first study that evaluates the effect of T.

asahii and R. mucilaginosa biofilm-recovered cells on

Z. morio larvae. It is worth mentioning that for all

stages of the experiment, the same inoculum concen-

tration (105) was used, in order to assess the virulence

potential that fungal cells acquire when passing

through the biofilm. There are many ways to charac-

terize a fungal biofilm [13], however, in the current

study we chose the total biomass and metabolic

activity (Fig. 3). We found that T. asahii was the best

producer of total biomass, more so in 48 h. Unfortu-

nately, there are no studies in the literature that provide

a characterization of T. asahii isolates to confirm

whether this is typical for the species. While for R.

mucilaginosa, the production of biomass was similar

to results already published by our research group [1].

Intriguingly, in the current study, the extracellular

matrix did not seem to be responsible for increasing

the virulence of the isolates. In addition, the metabolic

activity of yeasts organized in biofilm maintained the

same pattern of activity when comparing between 24

and 48 h.
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The R. mucilaginosa monospecies at 48 h had

significantly increased metabolic activity compared to

that of 24 h, and we infer that this could be reflected in

the increase of its virulence. This result is apparently

inconsistent with previously published results on R.

mucilaginosa biofilm formation [1], but we attribute

this to differences in protocol details, such as incuba-

tion temperature and culture media, which are critical

factors, as described and discussed by Garcia et al.

(2020).

Other factors may explain the increase in virulence

of R. mucilaginosa, since the results of total biomass

production and metabolic activity were not sufficient

for this conclusion. A limiting factor in our study was

not having determined the colony-forming units of the

biofilm-recovered cells, as well as the structural

architecture of the biofilms [13]. Furthermore, crystal

violet is only able to quantify biomass without distin-

guishing between living and dead cells [13, 32].

Another point is that it is not possible to differentiate

the cellular metabolic activity of a monospecies within

a MB based only on the XTT reduction assay, as the

metabolic behavior of microorganisms in a MB can

vary compared to a monospecies biofilm [13, 25].

Nevertheless, Fig. 2 shows irrefutable data on the effect

of MB between R. mucilaginosa and T. asahii,

indicating the association of both microorganisms in

the etiology of infectious diseases.

Conclusion

The present study proves a synergistic interaction

between R. mucilaginosa and T. asahii after an

experience in MB. Our results suggest that R.

mucilaginosa benefitted from this interaction, acquir-

ing a greater potential for virulence after passing

through the biofilm, and the cells released from the

biofilm likely gained this ability.
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Estado do Paraná (Fundação Araucária).
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