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a b s t r a c t

The biosecurity hazards caused by pathogenic fungus have been widely concerned. Given the long-term

coexistence of eukaryotic pathogens and quorum sensing bacteria in different habitats in environments,

we hypothesized that they have social interactions via signal molecules. In this work, we firstly discovered

the well-known bacterial signal molecules play an adverse role in the cell morphology and metabolism

in a model pathogen Trichosporon asahii. N-Tetradecanoyl-l-homoserine lactone (C14-HSL) was discovered

to increase pathogen hazards of T. asahii, which limited mycelium by 52%, but enhanced cell aggregation

by 93%. Higher fluorescence intensity of tryptophan (59%) and aromatic protein (2-fold) contents after

the treatment of C14-HSL, indicating that aromatic proteins helped aggregate Trichosporon and showed

hydrophobicity. Transcriptome analysis revealed that C14-HSL upregulated the shikimate pathway (above

1-fold) located in downstream of tricarboxylic acid cycle, which contributed to the synthesis of more aro-

matic proteins and the formation of larger flocs. The limited mycelial growth of T. asahii attributed to the

up-regulated expressions of cell cycle process. The fungal transboundary response to bacterial C14-HSL

was controlled by signal transduction pathways. This study provides new insights into the co-evolution

of bacterial and pathogenic fungi in microecosystems.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Over the past decade, invasive infections caused by oppor-

tunistic fungal pathogens have dramatically emerged in immuno-

compromised patients, which were considered as a serious public

health problem [1–3]. The pathogenic fungus is widely distributed

in nature areas, and infect the human body as yeast form through

the bloodstream, when medical devices were invaded the human

body [4–7]. In such microecosystem, fungi coexisted with neighbor

bacteria to form a strong aggregation on the surface of prosthetic

devices, which embedded in an extracellular polymeric substance

(EPS), resulting in more severe infections [8]. Therefore, trans-

boundary interactions between pathogenic fungi and bacteria are

probably of great significance and ultimately lead to pathogenicity

and human infections.

Just like human society, the sophisticated cell–cell communica-

tion systems also are developed in multicellular kingdom for al-

lowing to gather and share of critical information [9–11]. The co-

evolution of fungi and bacteria can be regulated by chemical signal
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molecules, which achieve their ecological niches in multi-species

coexisting environments [9].

N-Acyl-homoserine lactones (AHLs) are classical signal

molecules that synthesized by Gram-negative bacteria [10]. AHLs

have potential function for kingdom communication between

bacteria and fungi, due to varieties structures with a common

lactonized homoserine moiety with different length acyl chain

from 4 to 18 carbons and their modified by a 3-oxo substituent

or a 3–hydroxy substituent [11]. Numerous studies have been

reported that pathogenic Candida albicans were almost entirely

in the yeast morphology in the presence of high concentrations

of N-dodecanoyl-l-homoserine lactone (C12-HSL) and 3-oxo-C12-

HSL (40 μmol/L) [12–14]. In addition to morphological effects,

transboundary signal molecule transduction can also affect the

production of extracellular polymeric substances (EPSs), thus

changing eukaryote harvesting and aggregation [9,15]. Coinciden-

tally, C10-HSL, 3-oxo-C10-HSL, and 3-OH–C10-HSL (0.1mg/L) were

reported to improve the production of diatomaceous EPS [15].

Galactomyces geotrichum also sensed bacterial C10-HSL (5 μmol/L)

and increased spore germination rates by 22% and carbohydrate

production by 1.0–2.5 folds [9]. Whereas, fungal pathogens form
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aggregations by producing EPS, resulting in the risk of severe

infections [8].

For pathogenic yeast-like Trichosporon, disseminated trichospo-

riasis infections possess 42%–90%, despite antifungal therapy [6]. It

seems Trichosporon always exists in the same circumstances that

enrich bacteria, implying its evolutionary development may be

connected to bacterial cells [16]. However, how Trichosporon re-

sponse to bacterial signal molecules is unknown. we deduced that

the above transboundary interactions may regulate its physiolog-

ical characters by bacterial signaling molecules, such as the well-

known AHLs.

In our proof-of-concept study, 19 AHL species were added into

pure Trichosporon cultivation to obverse their biological responses

to bacterial AHLs. Only long-chained N-tetradecanoyl-l-homoserine

lactone (C14-HSL) was discovered to significantly inhibit hyphae

length and evaluate mycelium aggregation based on Student’s t-

test, thus we choose C14-HSL as specific AHLs that acts on the

kingdom interaction between bacteria and pathogenic fungi. Fur-

ther, the effect of C14-HSL on EPS components and a physiological

metabolic model of T. asahii were elaborated to reveal the effect

of various mechanisms on the pathogen’s morphology and accu-

mulation via cross-border coevolution. This work firstly explores

the synergistic interaction between pathogenic fungi and co-exited

bacteria, which provide novel understanding on caring of life and

health.

Strains of the model yeast T. asahii were purchased from China

General Microbiological Culture Collection Center (CGMCC) and

were subcultured on sabouraud dextrose agar (Haibo Biotechnol-

ogy Co., Ltd., Qingdao, China) at 37 °C [17]. In all experimen-

tal protocols, single cells were obtained by fabric filtration and

transferred to Stoke’s medium (1 g/L glucose, 1 g/L peptone, 0.2 g/L

MgSO4·7H2O, 0.05 g/L CaCl2 and 0.01 g/L FeCl3) at 28 °C with an

inoculation concentration of 106 spores/mL [18]. Commercial AHLs

standards were purchased from Sigma Corporation. All experimen-

tal groups were treated with 500nmol/L 19 signal molecules (in-

cluding C14-HSL), and the control group was not treated with

AHLs.

Cell morphology was observed under an optical microscope

(BX53, Olympus, Japan). The length of mycelial cells was observed

and recorded using a photographic system (DS-U3). Referring to

Sun et al., 10 microscopic images were selected from each experi-

ment to calculate the average mycelium [1]. In addition, the mor-

phological features of aggregates were assessed using Image Pro

Plus 6.0 software (Media Cybernetics, US) [19]. All experiments

were performed three times, and the results were expressed as the

mean ± standard deviation. The collected images were processed

with contrast, color saturation, and hue-saturation-intensity (HSI)

measurement of the area selection. The fractal dimension (Df) and

hole ratio (HR) were built-in software parameters. The area (A) and

Fmax were measured to calculate the compactness (Comp, Eq. 1).

Comp =
√

4
π A

Fmax
(1)

Extracellular protein components were extracted using a heat-

ing method in which samples were heated at 60 °C for

30min, then centrifuged at 4 °C at 10,000 rpm for 10min

[20]. The protein content in the membrane-filtered supernatant

(0.45 μm, cellulose acetate) was determined using a Foline-

phenol kit (Dingguo Bioengineering Institute, Beijing, China) [21].

Amino acid-like substances were analyzed according to fluo-

rophores using excitation-emission matrix spectroscopy (EEM)

that was divided into five spectra regions (Region I: tyro-

sine protein with Ex/Em=200–250/200–250nm, Region II: aro-

matic protein Ex/Em=200–250/250–380nm, Region III: Fulvic

acid Ex/Em=200–250/380–450nm; Region IV: tryptophan pro-

tein Ex/Em=250–350/200–380nm; Region IV: polysaccharide

Ex/Em=250–350/380–450nm) [22]. EEM analysis was performed

with a fluorospectrometric photometer (RF-6000, Shimadzu, Japan)

with a scanning speed of 6000nm/min and emission and excita-

tion spectral width of 200–500nm, with an emission/emission slit

bandwidth of 5nm [23]. The data of the EEM spectra were pre-

treated to eliminate disturbances from Rayleigh and Raman scat-

tering using MATLAB software [24]. The area of the protein compo-

nent peaks was quantified by fluorescence region integration (FRI).

Fluorescence data were processed using Origin 2021 software.

According to Yu et al., the effect of C14-HSL on the flocculation

ability (FA, Eq. 2) of the protein fraction in a kaolin suspension was

determined [25]. The mixtures were composed of a protein fraction

(0.1mL), 90mmol/L, CaCl2 (0.25mL), and 5 g/L kaolin suspension

(4.65mL). They were allowed to stand for 5min after being vor-

texed for 30 s. The OD550 of the protein fraction in the experiment

(OD550) and control (OD550, a) were determined using an ultraviolet

and visible (UV–vis) spectrophotometer (TU-1901, Persee, China).

FA = OD550,a − OD550

OD550,a

× 100% (2)

To investigate whether C14-HSL affected the surface properties

of T. asahii, relative hydrophobicity (RH, Eq. 3) was determined

by the adsorption of hexadecane to a strain [26]. A 5mL sample

was vortexed for 30 s, and OD600 was measured as I0. Hexadecane

(1mL) was added to the sample, and the mixture was rotated for

2min and allowed to rest for 10min. The OD600 of the aqueous

phase (I) was measured after extraction separation.

RH = I0 − I

I0
× 100% (3)

Samples with and without C14-HSL were centrifuged at

10,000×g for 10min, and then the particles were immediately

frozen in liquid nitrogen and then sent to Novogene Ltd. (Bei-

jing, China) for RNA extraction. Fungal RNA extraction details were

performed according to the manufacturer’s protocol. Average RNA

samples (1.5 μg) were collected for RNA-seq library construction

(NEBNext® UltraTM RNA Library Prep Kit, Illumina®, NEB, USA).

Quality control was performed for each RNA-seq library based on

default parameters through Agilent Bioanalyzer 2100 system (Ag-

ilent Technologies, CA, USA). The library preparations were se-

quenced on an Illumina Novaseq platform and 150bp paired-end

reads were generated. To ensure high-quality data, reads con-

taining adapter, reads containing ploy-N, and poor-quality reads

were removed from the raw data. The final transcriptome assem-

bly was subjected to transcriptome data analysis using Trinity’s

default parameters and reference genomic methods [27]. Differ-

ential gene expression analysis expressed upregulated and down-

regulated genes as defined by the log2-fold change, logFC > 1

and logFC < 1 [28], respectively. Gene function annotations were

referenced and assigned using the Kyoto encyclopedia of genes

and genomes (KEGG) database by the GhostKOALA server (http://

www.kegg.jp/ghostkoala/). The raw RNA sequences were uploaded

on the GSA database (https://ngdc.cncb.ac.cn/gsa/) with accession

number CRA011764.

As shown in Table 1, C14-HSL was identified as the func-

tional signal molecules that had a significant effect on the mor-

phology and aggregation of T. asahii from 19 widely-investigated

AHL species. C14-HSL inhibited mycelium growth, and the aver-

age length of mycelium decreased by 52% from 91. 61± 1.96μm to

55.87± 0.99μm (n=10). The Df value increased significantly from

1.27 to 1.81, the porosity decreased significantly from 55% to 10%,

and compactness increased significantly from 55% to 88%. Despite

the inhibition of fungal mycelium, the increased aggregation indi-

cated that C14-HSL potentially enhanced fungal biofilm formation

and attachment, thus enhancing the hazards of pathogenic fungi.

C14-HSL is a long-chain AHLs secreted by Gram-negative bacteria
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Fig. 1. Comparison of extracellular protein contents and surface hydrophobicity of T. asahii in the absence and presence of C14-HSL. (a) Extracellular protein production; (b)

surface hydrophobicity and aggregation ability variations (inset images represent the fungal pellets in the control and C14-HSL, respectively); (c, d) EEM spectra of T. asahii’s

extracellular components in the absence and presence of C14-HSL.

Table 1

Effects of 19 selected AHLs on the hyphal length and fungal aggregation morphol-

ogy.

Category Hyphal length Df HR (%) Comp (%)

Control 91. 61± 1.96 1.27±0.12 55.21±1.38 55.35±1.23

C4-HSL 95.21± 1.89 1.29± 0.15 56.58± 1.02 54.07± 1.18

3-oxo-C4-HSL 89.23± 1.98 1.31± 0.21 54.59± 1.25 56.89± 1.27

3OH–C4-HSL 90.11± 1.21 1.26± 0.13 55.69± 1.58 58.71± 1.08

C6-HSL 91.35± 1.59 1.28± 0.18 58.36± 1.78 56.57± 1.25

3-oxo-C6-HSL 92.31± 1.18 1.29± 0.25 57.31± 1.57 57.39± 1.49

3OH–C6-HSL 95.01± 1.76 1.27± 0.19 55.78± 1.79 57.96± 1.36

C7-HSL 94.35± 1.47 1.28± 0.28 53.89± 1.27 54.86± 1.24

C8-HSL 93.04± 1.25 1.31± 0.27 56.87± 1.88 56.85± 1.53

3-oxo-C8-HSL 90.56± 0.94 1.29± 0.16 58.51± 1.67 58.75± 1.74

3OH–C8-HSL 91.36± 0.86 1.28± 0.35 57.79± 1.81 55.54± 1.88

C10-HSL 95.34± 1.37 1.30± 0.19 56.36± 1.57 57.97± 1.36

3-oxo-C10-HSL 93.78± 1.15 1.29± 0.26 55.75± 1.04 56.19± 1.23

3OH–C10-HSL 94.54± 1.09 1.31± 0.34 57.19± 1.31 58.34± 1.19

C12-HSL 95.65± 1.42 1.29± 0.22 58.97± 1.19 57.36± 1.71

3-oxo-C12-HSL 93.37± 1.29 1.30± 0.58 55.43± 1.61 58.59± 1.62

3OH–C12-HSL 91.89± 1.47 1.31± 0.39 57.66± 1.25 56.58± 1.25

C14-HSL 55.87± 0.99 1.81± 0.55 10.39± 0.63 88.69± 1.95

3-oxo-C14-HSL 91.57± 1.08 1.29± 0.46 58.39± 1.53 55.48± 1.19

3OH–C14-HSL 93.68± 1.72 1.31± 0.61 55.36± 1.37 57.76± 1.47

and exist in bacteria-related symbiotic microecosystems, such as

water, air, and soil environments [4–6].

As shown in Fig. 1, 37% more extracellular protein was pro-

duced by T. asahii when there was trace C14-HSL stimulation af-

ter 24 h. Fungal aggregation is a process that involves hydropho-

bic interactions and may result in protein enrichment [9]. We fur-

ther found that the surface hydrophobicity of cells increased by

69%. EEM results revealed that the proteins were tryptophan (re-

gion I) and aromatic proteins (region VI) (Fig. 1). Table 2 shows

that C14-HSL increased tryptophan and aromatic protein intensity

by 59% and 2-fold, respectively. These regulation mechanisms are

native self-protection characteristics of yeast cells under environ-

mental stress. Sun et al. also found that phenethyl alcohol induced

yeast cell aggregation by producing more aromatic and tryptophan

proteins [1]. Likewise, other study also found that bacterial AHLs

stimulated microalgae to secrete aromatic proteins so that they

Table 2

Half-volume peaks of EEM spectrum with and without C14-HSL.

Peak Peak intensity Peak area

Control C14-HSL Control C14-HSL

Peak A 4291.23 4002.57 1.69× 106 1.73× 106

Peak B 7282.95 8508.00 7.42× 106 11.81× 106

Peak C 3647.39 9944.78 6.69× 106 19.52× 106

formed considerable microalgal pellets [15]. In this work, C14-HSL

caused T. asahii physicochemical properties to change in such a

way that promoted the accumulation of yeast; thus, the floccula-

tion ability of the pathogen increased by 93%. This implied that

the wide occurrence C14-HSL-producing bacteria, such as Citrobac-

ter amalonaticus [29], Rhodobacter capsulatus [30] and Nitrosospira

multiformis [31], significantly increased the hazards of T. asahii.

Fig. 2 shows the elongation of related polypeptides involved in

aromatic protein synthesis. The synthesis of aromatic proteins orig-

inating from the tricarboxylic acid cycle began with the oxidation

of acetyl-coenzyme A (CoA), which was mainly produced via the

shikimate pathway [32]. This dynamic process involved the syn-

thesis of l-tryptophan, l-phenylalanine, l-tyrosine, and aromatic

amino acids [11]. Differentially-expressed genes encoding synthase

after C14-HSL stimulation were upregulated (1.03–6.32 fold) com-

pared with the controls. These findings implied that the ability of

T. asahii to secrete aromatic amino acids was promoted by C14-HSL

signals. These extracellular proteins constituted the hydrophobic

fraction of EPS, allowing the structure of bioaggregates to be con-

structed and maintained [33–35]. And, the synthesis and secretion

of amino acids can alter the surface hydrophobicity of mycelia and

accelerate the aggregation of fungal mycelial [2,14]. These results

directly indicate that T. asahii could sense typical bacterial signal

molecules, C14-HSL, and showed either cell surface modulation or

metabolic regulation.

The cell cycle process determines T. asahii growth toward yeast

or mycelia formation, which includes the first gap (G1) phase, syn-

thesis (S) phase, second gap (G2) phase, and mitosis. Combined,

these constitute the whole process from DNA replication to cell re-

production [36]. Fig. 3 illustrates that up-regulation of Cdc28 ex-
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Fig. 2. Aromatic amino acid and tryptophan biosynthesis and metabolism pathway of T. asahii under stimulation by C14-HSL. The expressions of genes were plotted in heat

map, which was inserted in metabolic pathways. The redder the color, the higher the levels of up-regulated expressions (control vs. C14-HSL).

Fig. 3. The regulation of C14-HSL on cell cycle entry and DNA replication. The inserted gene heat maps on the left and right represent the gene expressions in the cell cycle

and DNA replication, respectively. The expressions of genes were plotted in heat map, which was inserted in metabolic pathways. The red represents up-regulation, and

green represents down-regulation (control vs. C14-HSL).

pression (1.99-fold) triggered the activity expressions of cell cycle

regulatory mechanisms (>1-fold). Genes involved in the G1 phase,

such as Swi4, Swi6, Mbp1, MBF, MCM and ORC, were positively ex-

pressed between 1.09 and 2.38 fold when stimulated by bacterial

C14-HSL. The results showed that C14-HSL activated the transition

from the G1 phase to the S phase during preparation for DNA re-

production in yeast cells. During the S phase, the up-regulation

of gene cluster expression (1.04–2.01 fold) showed that the treat-

ment of C14-HSL promoted DNA synthesis, and yeast cells started

to enter the mitosis stage. Meanwhile, the up-regulated expres-

sions (1.12–2.13 fold) of genes (e.g., Cdc5, Gin4, Cdr1, Cdr2 and Kcc4

in the G2 phase) that responsible for inhibiting Swe1 also sup-

ported above result, which results in the down-regulated expres-

sions of Swe1, indicating that yeast cells completed the interphase.

C14-HSL activated the signal sensor Cdc28, then up-regulated the

expressions of its downstream genes, such as Swi4, Swi6, Cdc5,

Cdc7, etc., which are responsible for DNA replication and promot-

ing the initial stage of the cell cycle. After C14-HSL treatment, all

genes involved in mitosis were up-regulated (0.99–6.57 fold). The

results showed that C14-HSL promoted spindle assembly, chromo-

some segregation, spindle midzone, and cell division, thus enabling

complete yeast cell division. Extracellular chemical signals influ-

ence the decision to enter S phase through activating G1 phase,

then DNA is replicated, which is intrinsically linked with cell pro-

liferation [37,38]. DNA replication is central to cell growth and en-

sure the process of cell cycle to complete cell division, resulting

in inhibiting mycelial formation [39]. Thus, C14-HSL promoted the

proliferation of more yeast cells and inhibited the formation of

mycelia in T. asahii.

In yeast, β-oxidation provides energy for oxidative phosphory-

lation and produces acetyl-CoA for ketogenesis in the mitochon-

drial matrix [40]. As shown in Fig. 4, β-oxidization-related genes,

such as FadD, ACOX1, HADH, FadA and ACAT, were up-regulated

by 1.13-6.17 fold. Gene clusters encoding oxidative phosphorylation
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Fig. 4. (a) C14-HSL regulates the mitochondria to activate oxidative phosphoryla-

tion and fatty acid β-oxidation in T. asahii. (b) The up-regulation of C14-HSL in dif-

ferential genes associated with oxidative phosphorylation and fatty acid β-oxidation

(Control vs. C14-HSL).

Fig. 5. (a) The specific signal transduction in T. asahii to respond to bacterial C14-

HSL and (b) differential-expression associated genes (control vs. C14-HSL).

were upregulated in response to C14-HSL stimulation (1.09–6.16

fold). These results indicated that C14-HSL promoted the complete

degradation of all fatty acids through mitochondrial metabolism,

which generated more adenosine triphosphate (ATP) for oxida-

tive phosphorylation to promote cell reproduction and growth.

More importantly, acetyl-CoA, derived from fatty acid β-oxidation,

played an important role in promoting amino acid metabolism

through the tricarboxylic acid cycle [41]. Up-regulation of the ex-

pression of Suc and Fum confirmed the depletion of ATP during

the tricarboxylic acid cycle. As a result, bacterial C14-HSL stimu-

lated the mitotic and metabolic activity of ATP-supplement in yeast

cells. The up-regulation of oxidative phosphorylation activated the

upstream β-oxidation of fatty acids, followed by the citric acid cy-

cle.

Mitogen-activated protein kinase (MAPK), MAP kinase kinase

(MAPKK), and MAP kinase kinase kinase (MAPKKK) are impor-

tant signaling pathways by which yeast cells respond and adapt

to external signal stimuli [42]. Extracellular signals bind to spe-

cific receptors on the membrane surface and then trigger the cen-

tral module via an intermediate protein [43]. Gene clusters Ste1,

Pbs2, Hog1 and Cdc28, which are responsible for sensing environ-

mental stress in T. asahii, were more than 1-fold upregulated (Fig.

5). These results suggest that C14-HSL activated the signaling path-

way of quorum sensing (QS) bacterial neighbors. The positive ex-

pression of the signaling receptor gene Sho1 (1.11-fold) confirmed

that T. asahii could perceive bacterial signal molecules and that

there was cross-border coevolution between them. A 1.03-fold up-

regulation of Hog1 expression was observed. Hog1 plays an impor-

tant role in regulating the cell wall structure, negatively affecting

yeast’s transition to a mycelial morphology [44]. This explains why

C14-HSL inhibited T. asahii mycelial growth. Furthermore, after ac-

tivation of Hog1, Pbs2 was also upregulated (2.07-fold), suggest-

ing that C14-HSL weakened the filaments of T. asahii and inhibited

cell wall changes. These transcriptome results reveal the signaling

pathway of C14-HSL in bacteria, which prevented the overexpres-

sion of mycelium.

T. asahii is an opportunistic microbial pathogen that infects vari-

ous hosts, such as humans, plants, and animals, via the overgrowth

and aggregation of fungal mycelium [4–6]. Fungi and bacteria co-

colonize and co-exist in microhabitats; therefore, transboundary

interactions between microbiota members contribute to the estab-

lishment, stability, and resilience to the environmental factors of

hosts [14,45]. In this study, a functional AHL secreted by bacte-

rial cells was shown to be important for the overgrowth and ag-

gregation of fungal mycelium through a cell-cell communication

pattern. Bacterial C14-HSL increased the expression of genes as-

sociated with the biosynthesis of tryptophan and aromatic pro-

teins, which formed larger fungal mycelium aggregations by se-

creting many more extracellular proteins. More conclusively, C14-

HSL blocked the transformation of the mycelial morphology by up-

regulating the expression of cell cycle processes with the activa-

tion of the signal receptor gene Sho1. Recently, a technology aimed

to block or disturb the QS signaling pathway through coordinating

the expression of targeted genes, called quorum quenching (QQ),

has proven promising for keeping the balance between fungi and

bacteria in microecosystems [14,45]. The 3-oxo-C12-HSL was also

discovered to inhibit the formation of various fungal mycelium and

biofilms by mimicking the farnesol inhibitory pathway [14]. The

discovery of existing natural signals act on the co-evolution mi-

crobial interaction across boundary provide clues for precisely con-

trolling pathogenic infections in the future.

This study showed that bacterial C14-HSL inhibited the mitosis

of Trichosporon and its morphological transformation from yeast to

mycelium. The cells became highly hydrophobic and accumulated.

Transcriptome analysis revealed that C14-HSL promoted the syn-

thesis of aromatic proteins and limited cell cycles and enhanced

energy metabolism via signal transduction pathways. Taken to-

gether, these results showed that T. asahii could undergo cross-

border communication with C14-HSL-producing bacteria, but this

increased the pathogen’s potential hazards. These results show that

bacterial signal molecules can be employed to block or disturb fun-

gal metabolism to treat pathogenic infections in microecosystems.
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