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ABSTRACT Fungi were among the first eukaryotes to transition from

aquatic to terrestrial life, developing multicellular hyphae, polar growth,

and expanded secretomes for nutrient processing, defense, and sym-

biosis. We present a reliable method for purifying and characterizing

extracellular vesicles (EVs) from Aspergillus nidulans and demonstrate

that the induction of xylanase C is associated with increased EV re-

lease and EV-associated enzymatic activity. Using a mCherry reporter

replacing xylanase C, we generalized this effect, showing that reporter

induction increases EV production and reporter loading into EVs. This

phenomenon primarily depends on the signal peptide (SP), suggesting

that the induction of endoplasmic reticulum (ER)- trafficked proteins has a

pronounced effect on EV production and cargo loading.We speculate that

EV biogenesis may originate at the ER, where ER-translated proteins could

be selectively loaded into vesicles and subsequently trafficked directly

to the plasma membrane or through multivesicular bodies (MVBs). EV

secretion is minimal in the first 24–48 hours but increases later in growth,

coinciding with biofilm formation. This timing allows A. nidulans to modify

the secretome, adapting it to new nutrient sources.
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INTRODUCTION

Fungi were among the earliest eukaryotes to transition from

aquatic to terrestrial environments. This evolutionary shift was

characterized by the loss of the flagellum and the emergence of

a multicellular mycelial lifestyle, in which hyphae disseminated

by polar growth colonize terrestrial ecosystems [1]. During this

transition, fungi also evolved to export a substantial portion of

their metabolic portfolio to the extracellular space, developing

secretomes specialized in complex-nutrient acquisition [2–4],

self-protection from predators [5, 6], and development of sym-

biotic and parasitic relationships on terrestrial ecosystems [7].

Secretomes comprise all proteins exported beyond

the plasma membrane, including those in the extracellular

medium, within biofilms, and attached to the cell wall [8, 9].

Mass spectrometry analysis of secretomes from Aspergillus

nidulans, Aspergillus niger, and Aspergillus fumigatus on

various carbon sources revealed unique extracellular protein

counts ranging from 221 to 294 proteins [10–12]. Secretome

composition is a regulated and dynamic process that changes

in response to environmental conditions (e.g., nutrients, pH,

and oxidative stress) and other metabolic and environmental

signals [2, 13, 14].

Endocytosis (membrane internalization) and exocytosis

(vesicle-mediated secretion) regulate many of the cell

interactions with the environment. Exocytosis involves the

diffusion of intracellular vesicles to the plasma membrane,

where their contents are released into the extracellular

space [15]. In fungi such as Cryptococcus neoformans,

Histoplasma capsulatum, and Candida albicans, substantial

evidence indicates that exocytosis is themain route for trans-cell

wall macromolecule transport via multivesicular bodies (MVBs),

which fuse with the plasma membrane and release cargo

through conventional secretory pathways [16–18]. Additionally,

fungi release plasma membrane-derived blebs via outward
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budding of the plasma membrane, the microvesicle pathway,

thereby generating extracellular vesicles [19–21].

Extracellular vesicles (EVs) have been recognized across

various biological kingdoms for decades, though fungal EVs

received little attention until recent years [21]. Observed initially

in C. neoformans and A. nidulans in the 1970s, EVs were often

dismissedas cellular debris or artifacts [22–24]. However, recent

studies identify EVs as a criticalmechanism for exportingdiverse

cargo across the plasma membrane [25]. In fungi, EVs export

proteins that contribute to the secretome, along with cell wall

glycan components, pigments [23], nucleic acids such as miR-

NAs [26], and other signaling molecules [27].

Extracellular protein secretion initiates at the protein transla-

tion level in the cytoplasm via the recognition of an N-terminal

signal peptide, which directs the nascent peptide to the en-

doplasmic reticulum (ER) lumen [28, 29]. ER-translated proteins

are packaged into intracellular vesicles (IVs), which bud off the

ERmembrane and travel towards various endomembrane com-

partments [30–33]. Similarly, live-cell imaging in A. nidulans re-

vealed that autophagosomes originate from ER-derived mem-

branes [34].

In fungi, IVs are transported along microtubules from the

ER to the Golgi apparatus, where secretory vesicles (SVs) are

formed. These SVs travel to the Spitzenkörper at the hyphal tip,

where they accumulate and fuse with the plasma membrane,

releasing their content into the cell wall space [33, 35–41]. SVs

concentrated at the hyphal tip promote fungal growth by deliv-

ering phospholipids for membrane expansion, sugars, and cell

wall assembly materials [42]. In Ustilago maydis, exocytic vesi-

cles were found that contain myosin-chitin synthase (Mcs1) as

well as class VII chitin synthase and 1,3-� -glucan synthase [43],
all of which are enzymes needed to build a cell wall from the

outside in.

Exocytosis of molecules and proteins involved in polar

growth and cell wall construction predominantly occurs at

the hyphal tip, contributing to hyphal extension. However, the

secretion of hundreds of metabolically active enzymes, which

comprise the bulk of secretomes, remains unexplored. Notably,

accumulating evidence suggests that exocytosis may also

occur at alternative subapical cellular sites, such as septa [44],

or involve a sub-population of vesicles that emerge from the

ER membrane and are directed to the plasma membrane,

bypassing the Golgi apparatus [45–48].

This study investigates how A. nidulans secretes

metabolically essential proteins beyond the plasma membrane

and structures its extracellular metabolic network. We observe

thatA.nidulansconsistently releaseshighconcentrationsof EVs

into the medium, regardless of the carbon source. Our findings

reveal that A. nidulans continuously secretes EVs. However,

the specific cargo loading of these EVs increases in parallel

with the transcriptional activation of genes and secretion of

ER-translated products, facilitating extracellular secretome

adaptations in response to environmental changes. We present

evidence that EV biogenesis originates at the ER, where they

are loaded with newly translated proteins and travel directly

to the plasma membrane for secretion. Moreover, we show

that EV secretion increases at later growth stages and peaks

at the onset of the stationary phase when nutrient adaptation

becomes critical. Overall, our results demonstrate a strong link

between the regulation of EV production and protein secretion

in A. nidulans.

RESULTS

A. nidulans produces extracellular vesicles in two distinct

size ranges, and their secretion is affected by the carbon

source

An optimized cultivation system is essential for isolating EVs

from the culture medium. A. nidulans conidia were inoculated

in Petri dishes containing a liquid minimal medium with 1% glu-

cose as the carbon source and incubated at 37◦C under sta-

tionary (non-shaking) conditions. This approach minimizes me-

chanical stress, reduces cellular damage and debris, and en-

ables the development of a floating mycelial mat, thereby lim-

iting the formation of submerged hyphae and pellets. Medium

samples from liquid cultures were centrifuged at 12,000 × g to

obtain a cell-free supernatant (CFS). The CFS was ultrafiltered

(300 kDa MWCO) to separate EVs from soluble proteins, larger

molecular complexes, and aggregates. It was thenwashedwith

PBS (pH 7.4) and stored at 4◦C for subsequent analysis. Fig-

ure 1A showsmycelial growth and EV secretion over time in our

EV-optimized cultivation system.

In purified EV fractions, we detected only two distinct

particle sizes by dynamic light scattering (DLS), 100–200 nm

and 300–400 nm (Figure 1B). No additional peaks were

detected in lower light-scattering regions, confirming the

absence of protein aggregates, larger complexes, ribosomes,

and cellular debris. Supplemental Figure S1 presents the DLS

spectra of unpurified and partially purified samples, highlighting

impurity peaks alongside the characteristic particles in the

100–200 and 300–400 nanometer ranges.

Fluorescence Flow cytometry (FFC) analysis (Figure 1C)

of purified EV preparations labeled with CellBrite-488 revealed

a single fluorescence peak in samples from cultures grown for

12 and 72 hours. The 12-hour samples showed more noise

and background, while the 72-hour samples exhibited a more

uniform fluorescence distribution, corresponding to a higher EV

count. Because EVs are too small to be counted individually,

we used FFC to quantify CellBrite-488-labeled EVs, which are

reported throughout this study as EV counts/mL.

Our DLS and FFC analyses suggested the production of

uniformly sized EVs. We directly visualized purified A. nidulans

EV preparations using transmission electron microscopy (TEM)

to confirm this assumption.Figure1DdisplayspurifiedEVs from

the culturemedium,with sizesmatching the EV values obtained

using DLS (100–200 nm).

In A. nidulans grown vegetatively on glucose, EV secretion

beginsat24hoursandpeaksat72hours, reaching1.33×106 EV

counts/mL (Figure 1A). However, when A. nidulanswas grown

on different carbon sources (Figure 1E), EV accumulation at 48

hours (mid-exponential phase) was approximately 0.473 × 106 ,
1.4 × 106 , 2.0 × 106 , and 2.7 × 106 EV counts/mL for glucose,

glycerol, xylose, and xylan, respectively. Figure 1F depicts the

distribution of total secreted proteins in themedium (open bars)
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FIGURE 1 ∙ Characterization, quantification, and visualization of extracellular vesicles (EVs) released by A. nidulans. (A) Mycelial growth and
EV secretion over time. A. nidulans conidia were cultured in liquid minimal medium with 1% glucose at 37◦C under stationary conditions. Biomass
accumulation was measured as dry weight (open symbols). EVs were purified from cell-free supernatant (12,000 ×g) by ultrafiltration (300 kDa MWCO),
labeledwithCellBrite-488, andquantified by FFC (closed symbols). EV secretion peaked at 72 hours. (B)Dynamic light scattering (DLS) analysis of purified
EVs (from 1A) showing two predominant size ranges: 100–200 nanometers and 300–400 nanometers. (C) Fluorescence flow cytometry (FFC) histograms
ofpurifiedEVs (from1A) labeledwithCellBrite-488after12hours (T12)and72hours (T72)ofmycelial growth.EVsweredetectableasearly as12hours,with
clearer resolution at 72 hours (see Supplemental Figure S1). (D) TEM imaging of purified EVs. Purified EVswere fixed for transmission electronmicroscopy
(TEM) fromA. nidulans grown in xylosemedium for 48 hours. EVs appeared in two size groups, ~100 nm and ~200 nm. (E) EV secretion in different carbon
sources.Myceliawere grown for 48 hours in glucose, glycerol, xylose, or xylan, andpurified EVs labeledwithCellBrite-488 andquantified by FFC (EVs/mL).
(F) Estimation of total secreted protein and EV-associated proteins. Mycelia were grown for 48 hours in glucose, glycerol, xylose, or xylan, and the protein
content was measured in purified EVs (closed bars) and in the intact medium (open bars).

versus those encapsulated in EVs (closed bars). During mid-

exponential growth (48 hours) on glucose, 1.94% of secreted

proteins were EV-associated, compared to 4.41%, 6.11% and

9.28% for glycerol, xylose, and xylan, respectively.

To investigate EV cargoes, A. nidulans (XynMC11) was

grown in xylose for 72 hours, and EVs were purified from 250

milliliters of culture medium. Proteins in the EV fraction were

analyzed by LC-MS/MS-based proteomics (see Methods for

details). We anticipated that most identified proteins would

represent genuine EV cargoes, alongside a smaller subset of

extracellular enzymes, some with or without signal peptides.

Given that EVs were purified from XynMC11 (see result section

“Construction of the EV-cargo reporter strain XynMC11 and

derivatives”) grown on xylose, we also expected detection of

the EV-reporter cargo protein mCherry.

Table 1 summarizes the proteins identified in EV prepa-

rations from strain XynMC11. A total of 237 unique peptides

corresponding to46uniqueproteinsweredetected, ofwhich30

(65%) encode signal peptides (in the genome), and 16 (35%) do

not. As expected, the EVcargoproteinmCherrywas identified. A

complete list of proteins detected by LC-MS/MS, along with the

raw data, is provided in Supplemental Table S1.

These results indicate that EV purification using stationary

mycelial cultures and 300 kDa cutoff ultrafiltration effectively

enriches EV-associated proteins. To account for unavoidable

contaminants, we used complementary approaches: EVs were

labeled with CellBrite-488 membrane stain and quantified by

FFC, while fluorescence spectrophotometry measured cargo

abundance in liquid cultures.

Carbon source regulates EV cargo loading

The observation that EVs respond to the carbon source in both

overall quantity (Figure 1E) and proportion of encapsulated
protein cargo (Figure 1F) suggests that the availability of the

OPEN ACCESS | www.microbialcell.com 30 Microbial Cell | Vol. 13

https://www.microbialcell.com


R.E. Pope et al. (2026) Extracellular Vesicles in Fungi

TABLE 1∙ Summary of LC-MS/MS proteomics on purified EVs.
GO unique proteins unique peptides

count % count %

proteins/peptides detected 46 - 237 -

with Signal Peptide 30 65% 152 64%

EV cargo reporter (mCherry) 1 2% 9 4%

enzyme 21 46% 117 49%

uncharacterized 4 9% 14 6%

cell wall/biofilm formation 4 9% 12 5%

no Signal Peptide 16 35% 85 36%

chaperone HSP90 1 2% 6 3%

cell wall remodeling 3 7% 30 13%

stress response 4 9% 22 9%

enzyme 3 7% 11 5%

uncharacterized 5 11% 16 7%

GO: Biochemical function/process extracted fromGO Terms.
SupplementalTableS1displaysLC-MS/MS rawcollectedproteomicsdataandacurated
list of peptides and proteins detected.

carbonsourcemay regulate the secretion system(s) responsible

for EV cargo loading. To test this hypothesis, we focused on

hemicellulose (xylan) as an adaptive carbon source for fungi.

Utilization of xylan by fungi requires recognition of the substrate,

induction of xylanase encoding genes (e.g., xlnA, xlnB, xlnC,

and xlnD), translation, and secretion of xylanases to degrade

xylan into xylose, the primary accessible xylan-derived carbon

source [49, 50]. Xylose is both the inducer for xylanase produc-

tion and a growth-supporting carbon source [51, 52].

We cultured two strains, A773 (wild-type reference) andPFI-

XLN7, an engineered strain for hemicellulose adaptation exper-

iments. PFI-XLN7 constitutively expresses the XlnR regulator,

thus causing xylanase (xlnC) overproduction in response to in-

ducers like xylose or xylan [51]. Both strains were grown in a

minimal mediumwith 1% glucose, 1% xylose, or 1% xylan for 72

hours.Wemeasured total xylanase activity in themediumand in

purified extracellular vesicles (EVs) and quantified secreted EVs.

In A773, xylanase activity in the medium was negligible in

glucose-grown mycelia (7 ± 10 U/mL) but increased to 180 ±
9 U/mL in xylose and 338 ± 16 U/mL in xylan, representing

27- and 51-fold induction, respectively (Figure 2A, closed bars).
EV-associated total xylanase activity was similarly low in glu-

cose (0.3 ± 0.4 U/mL) but increased to 6 ± 1 U/mL in xylose

and 19 ± 1 U/mL in xylan, corresponding to 23- and 68-fold

induction, respectively (Figure 2B, closed bars). In PFI-XLN7, a
similar trend was observed, with even higher induction levels,

consistent with the strain’s xylanase overproduction. Xylanase

activity in the medium was enhanced 124-fold in xylose and

279-fold in xylan (Figure 2A, open bars), while EV-associated
xylanase activity showed15- and88-fold increases, respectively

(Figure 2B, openbars).When switching the carbon source from
glucose to xylose or xylan, total EV counts increased signifi-

cantly in both strains, A773 and PFI-XLN7 (Figure 2C). These
results support the idea that transcriptional induction and post-

translational mechanisms actively load EVs with newly trans-

latedenzymes from theER.Moreover,weobservedacorrelation

between enzyme induction and EV secretion.

To acquire more evidence that EV cargo loading is a

consequence of transcriptional induction and is linked to the

post-translational secretion mechanism, we constructed a

strain that replaced the xlnC mature protein coding sequence

(AN1818)with themCherrycoding sequence. The recombinant

strain, XynMC11, translates mCherry instead of xylanase C (see

Figure S2) and retains all the native genetic features of the

native AN1818 locus, including the promoter, 5’- and 3’- UTRs

(untranslated regions on themRNA), as well as the original xlnC

signal peptide, which directs the translation of mCherry to the

ER. By keeping the mRNA features intact as much as possible,

with the only difference being the replacement of the xylanase

C coding sequence with mCherry, we aimed to ensure that

the protein would be directed to the ER and secreted into the

extracellular space in the samemanner as xylanase C.

Indeed, our results with XynMC11 indicated that mCherry

was regulated, expressed, and secreted identically to xylanase

C. Figure 3A shows the total extracellular protein profile of

A1149 (wildtype reference strain – A1149 is the parent strain of

XynMC11) and XynMC11, which indicates that XynMC11 no

longer secretes xylanase C, but mCherry instead.

Figures 3B–C show the temporal growth kinetics, dry

weight, andCellBrite-488-labeledEVcountsofXynMC11grown

in the presence of xylose (B) and xylan (C). In both alternative

carbon sources, dry weight did not change significantly, and EV

secretion rates were comparable.

Figure 3D shows the amount of mCherry secreted into

the medium, detected as mCherry RFU units (ex. 587 nm, em.

610 nm) in media containing 1% glucose, glycerol (a weaker

carbon catabolite repressor), xylose, or xylan. The xylose and

xylan media had significantly higher RFU values—39-fold and

33-fold, respectively—than glycerol. As expected, no significant

mCherry fluorescence was detected in the glucose media, as it

is a repressive carbon source.

Figure3Dquantifies the total secretedEVs (CellBrite-488 la-

beled) andEVs containingmCherry (quantifiedusingTexasRed
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FIGURE 2 ∙ The carbon source regulates the loading of EV cargo. Two strains of A. nidulans were used to detect total xylanase activity present in
the crude extracellular medium or contained in EVs: A773 (wildtype-like reference strain—closed bars) and PFI-XLN7 (open bars), which constitutively
expresses the XlnR regulator to drive xylanase (xlnC) overproduction in response to inducers like xylose or xylan [51]. Liquid medium samples were
collected from A773 and PFI-XLN7 grown in glucose, xylose, or xylan for 72 hours, and total xylanase activity was determined in the crude harvested
medium (A) and purified EVs (B) along with FFC counts of EVs labeled with CellBrite-488 (C).

FIGURE 3 ∙ Characterization of the XynMC11 strain expressingmCherry under the native xlnC promoter. The xlnC coding region in the wildtype
strain A1149 was replaced withmCherry, generating the XynMC11 strain, which expresses and secretes mCherry under native xlnC regulatory elements,
including the original signal peptide. (A) SDS-PAGE of total secreted proteins (secretome) after 72 hours in xylose medium. A1149 showed a 34 kDa
xylanase C band, while XynMC11 displayed a 27 kDa mCherry band. (B, C) Growth (dry weight, open circles) and EV secretion (CellBrite488-labeled,
closed circles) of XynMC11 in xylose (B) and xylan (C). (D)Carbon source dependence ofmCherry secretion. After 48-hour growth,mCherry fluorescence
(RFU; excitation: 587nm, emission: 610nm)washigh in xylose and xylan (inducingconditions) butminimal in glucose andglycerol (repressingconditions).
(E)Quantification of total EVs (CellBrite 488) andmCherry-positive EVs (Texas Red).

detection). While 1,178 × 103 EVs were counted with CellBrite-

488, at least 343 × 103 were counted with mCherry fluores-

cence, suggesting that 30 ± 10% of EVs carried mCherry as

cargo protein. Our findings are supported by other EV research

indicating regulated routes andmechanisms for EV biogenesis,

which depend on the cargo’s physiological role [53, 54].

We then expanded our analysis beyond XynMC11, which

expresses mCherry at wildtype levels (see Figure 3), to include

the strain XlnR7MC7. This strain is similar to XynCM11 except

that it overproduces mCherry due to constitutive expression of

the XlnR regulator analogous to the PFI-XLN7 strain (for con-

struction of XlnR7MC7, see Methods). Liquid medium samples

werecollected fromculturesofXynMC11andXlnR7MC7grown

in glucose or xylose for 48 hours. We then quantified mCherry

fluorescence in the medium and within isolates (EVs). Total EVs

were counted via FFC.
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Table 2 shows that XynMC11 (wildtype-like) mCherry re-
lease into themedium increased15-foldon xylose, andmCherry
trapped in EVs increased 34-fold, while in XlnR7MC11 (overex-
pression strain), mCherry in the medium increased 36-fold and
mCherry in EVs increased 131-fold, respectively. The induction
levels of the engineered strain at least doubled inmCherry in the
medium; mCherry trapped in EVs almost quadrupled (Table 2).
However, the fraction of EVs containing mCherry remained un-
changed at 41% and 44%, respectively. These results suggest
a strong link between mCherry (reporter) transcriptional regu-
lation and post-transcriptional processing, which culminates in
the loading of EVs with mCherry and their secretion into the
extracellular space.

mCherry-loaded EV detection onmicrographs following

growth in xylose

Our FFC results suggested that a subset of EVs was loaded
with mCherry. Hence, we directly observed purified EVs using
fluorescence microscopy. We imaged EV smears under phase-
contrast, GFP (CellBrite 488), and Texas Red (mCherry) illumi-
nation (Figure 4A). CellBrite 488 stained 100 nm and 200 nm
EVs,whilemCherrywasdetectedwithin fewer EVs,mainly those
closer to 200 nm in size. Figure 4B shows various magnifica-
tions of a GFP/Texas Red (CellBrite 488/mCherry) overlay im-
age, highlighting structured membrane staining (CellBrite 488)
and mCherry inside EVs as cargo. Figure 4C displays a statis-
tical analysis of EVs stained with CellBrite 488 and those illumi-
natedwith aTexasRedfilter (mCherry) and stainedwithCellBrite
488. Approximately 26 ± 3% of the EV population contained
mCherry, confirming earlier FFC quantitation with XynCMC11
(Figure 3E).

The data in Figure 4 show that specific cargos detected in
EVs directly adapt in response to a change in carbon source,
from glucose to xylose or xylan, representing ~30% of the
EV population. Our findings support the idea that EVs transport
transcriptionally inducedenzymes, suchas xylanaseormCherry
(where the XlnC enzyme is replaced by the mCherry reporter),
out of the cell to help the fungus adapt to different carbon
sources and producemetabolically accessible nutrients.

Spatiotemporal endomembrane dynamics of mCherry

localization and EV secretion during late vegetative growth

Upon induction, mycelia synthesize the corresponding
adaptive enzyme (or mCherry reporter), which is packaged
into EVs and secreted into the extracellular space (Figures
3–4 and Table 2). To determine the timing of EV release,
approximately 100 XynMC11 conidia were inoculated onto
xylose-supplemented agar pads and incubated at 37◦C for
120 hours. Fluorescence (Calcofluor and Texas Red filters)
and phase contrast microscopy revealed a temporal pattern of
mCherry localization consistent with growth kinetics in Figures
1 and 3.

Figure 5 shows that at 12 hours, mCherry localized at the
hyphal apex, by 24 to 48 hours, it accumulated in large (1–2 μm)
endomembrane structures throughout the hyphal cytoplasm
with no extracellular signal. After 60 hours, abundant extracellu-
lar mCherry-labeled vesicles (~500 nm) appeared at the plasma

membrane, cell wall, and in the surroundingmedium, indicating

active EV secretion.

These findings suggest that early growth involves intracel-

lular trafficking ofmCherry-labeled EVs toward the hyphal tip. At

the same time, late-stage accumulation at the membrane and

in the extracellular space reflects a transition to enhanced EV-

mediated secretion during hyphal maturation.

Role of biofilm formation in EV-mediated enzyme retention

and secretion

Yeast and filamentous fungi can form biofilms to aid nutrient

acquisition, adherence, and protection against environmental

stressors [55, 56]. Figure 5 clearly shows that older hyphae (72

hours) release substantial amounts of EVs into the extracellular

space. According to Figure 3, they shed approximately 2 × 106

EVs/mL into the medium under xylose or xylan-adaptive con-

ditions. It is unclear whether A. nidulans releases EVs directly

into the environment, allowing them and their enzyme cargoes

to disperse freely, or whether stress-induced biofilm formation

traps EVs, thereby retaining enzyme activity near the cell.

To evaluate whether mCherry-loaded EVs are retained

within biofilm structures or released into the extracellular

environment, XynMC11 conidia were inoculated into a minimal

liquid medium containing 1% xylose. The conidia suspension

was then transferred onto coverslips at the bottom of a Petri

dish, following amodifiedprotocol adapted fromShay et al. [57].

Figure 6A shows fluorescencemicroscopy of XynMC11on
coverslips in xylose media at 24, 48, and 72 hours. The Texas

Red filter detects mCherry, and phase contrast defines cellular

structure. Calcofluor White (using a DAPI filter) is a non-specific

fluorochrome that binds to chitin and various � -linked polysac-
charides present in biofilms [57].

The presence of mCherry within EVs (Figure 3 and 4) and

the biofilm (Figure 6A) indicates that EVs deliver cargo to the
biofilm, maintaining active enzymes near hyphal surfaces for

nutrient uptake. However, detectingmCherry in the extracellular

liquid (Figure3D andTable 2) suggests that someenzymes are
not confined to the biofilm but also diffuse freely in the liquid

environment.

To investigate the correlation between biofilm production,

mCherry, andEVsecretion,XynMC11wasgrown in6-well plates

using1%glucoseor xylose in liquidmedia.Mediawereanalyzed

for mCherry fluorescence every 24 hours for 120 hours (Fig-

ure 6B), and biofilm formation (Figure 6C) was quantified using
crystal violet staining [58]. mCherry peaked at 96 hours, with

xylose showing 1.35-fold more mCherry than glucose, while

early growth (24–48 hours) in xylose yielded significantly higher

mCherry than glucose. Biofilm production and mCherry secre-

tion trends peaked at 72 and 92 hours, respectively, suggesting

A. nidulansmay utilize EVs to deposit enzymes into biofilms on

solid surfaces, potentially aiding nutrient uptake.

Impact of signal peptide removal on EV production and

mCherry localization

In eukaryotes, an N-terminal signal peptide (SP) directs

polypeptides to the ER for translation in the secretion
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TABLE 2∙ The carbon source regulates mCherry secretion and the EV cargo loadingmechanism.
Carbon source Strain mCherry (RFUs/mL) % in EVs EVs

medium EVs counts/mL

glucose XynMC11 66.3± 18.77 11.7± 11.06 1.34 x 104

xylose 974.0± 7.00 402.0± 80.98 41 6.57 x 103

xylose fold induction 15 34

glucose XlnR7MC7 46.7± 4.93 5.7± 9.81 2.72 x 104

xylose 1,695.7± 27.46 742.3± 115.50 44 2.80 x 104

xylose fold induction 36 131

FIGURE 4 ∙ EVs detected with mCherry on micrographs agree with mCherry-containing EVs detected with FFC. Purified EVs from XynMC11
cultures grown in xylose medium were labeled with CellBrite-488, mounted on microscope slides, and visualized by fluorescence microscopy using
CellBrite (membrane) and Texas Red (mCherry) channels. (A) Fluorescence microscopy of isolated XynMC11 EVs shows in Phase Contrast, CellBrite,
TexasRed, andmerged (CellBrite/TexasRed). (B)Highmagnificationmerged images (CellBrite/TexasRed)of representativeXynMC11EVs. (C)Quantitative
analysis of CellBrite (all EVs) and Texas Red (only mCherry carrying EVs) signals in micrographs (A) showed that ~26% of all EVs contain mCherry cargo,
indicating selective packaging of transcriptionally regulated protein into EVs.

pathway [28, 29, 59]. To assess the role of the SP in mCherry
loading into EVs, the SP was removed from strain XynMC11,
creating strain XynΔSP, which is identical to XynMC11 but lacks
the native xynC SP.

Figure 7A shows CellBrite 488-stained membranes (with
FITC as the positive control and fluorescent channel) via FFC
(closedbars), andmCherrydetectedwithTexasRed (openbars)
of XynMC11 and XynΔSP grown for 72 hours in liquid xylose
medium. The XynMC11 strain, which retained the native signal
peptide, produced 2.75 timesmore EVs than XynΔSP. Addition-
ally, XynMC11 secreted 7.97 times more mCherry-containing
EVs than XynΔSP, which still produced mCherry-positive EVs
but at significantly lower levels. The percentage of mCherry-
containing EVs relative to the total EV count was also quantified
(Figure 7B). Approximately 30% of XynMC11 EVs contained
mCherry, compared to only 7.86% in XynΔSP, a 3.85-fold differ-
ence (Figure 7B).

Figure 7C confirms the result shown in Figure 7A and
Figure 7B, where the absolute amount of EVs (stained with
CellBrite) and the relative amount of mCherry-loaded EVs
(Texas Red) are significantly reduced in the absence of a signal
peptide (XynΔSP) throughout the vegetative growth cycle (up
to 96 hours). Interestingly, this reduction in overall EV secretion
in XynΔSP is less accentuated in the first 24 hours, which
coincideswith the accumulation ofmCherry in the apical region
of the hypha (Figure 5).

Figure 7D shows thatmCherry RFUs (closed bars) in xylose

media were similar for XynMC11 and XynΔSP after 72 hours of
growth (no significant difference). However, mCherry RFUs in

isolated EVs (openbars) fromXynMC11were 11.3 times greater

than those from XynΔSP. These results indicate that removal
of the SP reduces EV production, suggesting that EVs carrying

hydrolytic enzymes, such as xylanase C, originate from the ER

membrane and contain freshly translated protein cargo des-

tined for secretion.

To assess mCherry localization without a signal peptide

(SP), XynΔSP was grown on xylose agar pads and imaged
(Figure 7E). Micrographs (Phase contrast/Texas Red (mCherry)

filter overlay and DAPI (Calcofluor White)/mCherry overlay)

showed mCherry primarily in the cytoplasm, unlike the

intracellular spherical structures observed in XynMC11

(Figure 5). These results align with the lower mCherry

fluorescence in EVs (Figure 7D), indicating that SP removal

prevents mCherry from being incorporated into ER-derived

EVs. The absence of an SP disrupts vesicle-mediated

endomembrane pathways, leaving most mCherry free in the

cytoplasm rather than encapsulated in vesicles.

DISCUSSION

This study examines the role of vesicles in protein secretion in

A. nidulans and their contribution to shaping the extracellular
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FIGURE 5 ∙ Temporal localization of mCherry during vegetative growth. During early vegetative growth, mCherry accumulates within intracellular
endomembrane structures, whereas at later stages it is secreted into the extracellular space via EVs. XynMC11 was grown on xylose agar pads on
microscope slides, and mCherry localization was analyzed by fluorescence microscopy. Single-channel images (mCherry and calcofluor) are shown
separately, highlightingmCherry-labeled cargo and the calcofluor-stained hyphal cell boundaries. In young hyphae (12–48 hours), mCherry fluorescence
marked intracellular endomembrane structures of various shapes and sizes near hyphal tips, with no extracellular signal. By 72 hours, large structures
disappeared, and numerous smaller (<500 nm) mCherry-labeled vesicles appeared at the plasma membrane, cell wall, and throughout the extracellular
space.

secretome in response to environmental changes. Our results

describe howhyphae engagewith EVs as the principal negotia-

tors of extracellular protein secretion, highlightingadaptations in

biogenesis, cargo selection, and nutrient acquisition.

Fungal EVs were first observed in the 1970s but were often

dismissed as artifacts [22–24]. We optimized their isolation us-

ing a stationary liquid culture that promotes a floating mycelial

mat, reducing mechanical stress and debris. Figure 1A shows

biomass (mycelialmat) accumulation andEV-secretion in a veg-

etative growth kinetics experiment using our EV-optimized culti-

vation system.

Purified EVs from these cultures can be detected by DLS,

FFC, and TEM microscopy (Figures 1B, 1C, and 1D). FFC re-

vealed abundant EVs, with secretion peaking at the stationary

phase, and modulated by carbon source complexity (Figures

1A,1E, and1F), indicating a correlation between EV output and

the quality of the carbon source during vegetative growth. DLS

(Figure 1B) and TEM (Figure 1D) revealed EVs in two size pop-

ulations, with diverse morphologies, including vesicles bearing

an outer membrane coating. The size heterogeneity strongly

suggests a mixed origin for EVs.

We evaluated the purity and cargo composition of our EV

preparation using LC-MS/MS (Table 1 and Supplemental Table

S1). A total of 237 unique peptides corresponding to 46 unique

proteins were identified. Of these, 30 proteins (65%) contain

predicted signal peptides, while 16 (35%) do not.

Among the proteins containing predicted signal peptides,

we identified mCherry (4% relative abundance), reflecting its

expression in the XynMC11 strain used in this proteomics exper-

iment as an EV cargo reporter. The remaining proteins included

21 enzymes (49%), 4 uncharacterized proteins (6%), and 4 pro-

teins associated with cell wall or biofilm formation 5%).

Among the proteins lacking predicted peptides but anno-

tatedas extracellular or cellwall-associated,wedetectedHSP90

(3%), three cell wall remodeling enzymes (13%), four stress re-

sponse proteins (9%), five uncharacterized proteins (7%), and

three cytoplasmic enzymes (5%) based on Gene Ontology an-

notation.

Collectively, these results indicate that EV purification using

a 300 kDa molecular weight cutoff filter yields highly enriched

EV fractions, although trace amounts of non-EV proteins remain.

This is consistentwith previous LC-MS/MSanalyses of EV cargo,
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FIGURE6 ∙mCherryaccumulation inbiofilmduring latevegetativegrowth.XynMC11sporeswere inoculatedontocoverslipsplacedat thebottomof
Petri dishescontaining1%xylose. Following incubation,myceliawere stainedwithCalcofluor andmounted for fluorescencemicroscopy. (A)Fluorescence
microscopy at 24, 48, and72hours revealedprogressivebiofilmdevelopment (Calcofluor) and increasingmCherry fluorescence (TexasRed). Phase/Texas
Red overlays indicate that themCherry is primarily localized to the biofilmmatrix. (B) Relative fluorescent units (RFUs) of secretedmCherry were quantified
inglucose (opencircles) andxylose (closedcircles)mediaevery24hours for 120hours. XynMC11secretedhighermCherry levels in xylose than inglucose
at all time points, with a peak at 48 hours coincidingwithmaximal biofilm formation. (C)Biofilmbiomass determinedby crystal violet assays in 6-well plates,
increased up to 96 hours in both glucose (open circles) and xylose (closed circles) media. Biofilm levels were comparable between conditions, although
xylose supported slightly greater biomass, consistent with the elevated EV counts observed at 48 hours (Figures 1E and 1F).

which commonly show enrichment of cargo proteins, along
with minor subsets of cytoplasmic proteins that co-purify due to
cell lysis, autophagic leakage, or secretion through vacuolar or
exocytic pathways [60–65].

Both A773, a wildtype reference strain, and PFI-XLN7,
a strain that constitutively expresses the XlnR transcription
factor and super-induces xylanase genes (xlnA, xlnB, xlnC,
xlnD, and others), showed enhanced xylanase activity and EV
secretion in xylose and xylan compared to glucose (Figure 2).
The trend of increased EV secretion following activation
suggests that post-translational mechanisms (EV biogenesis)
are linked to transcriptional regulatory mechanisms. Moreover,
when transcriptional activation was overdriven (PFI-XLN7),
EV biogenesis was also enhanced (Figure 2). Extracellular
enzymes have previously been detected in EVs from other
fungi, including cellulases in Trichoderma reesei [61] and
laccase inC. neoformans [66, 67].

Replacing the XlnC protein-coding region with mCherry
(strain XynMC11) corroborated the observation that increased
transcription enhances EV biogenesis (Figures 3 and 4). FFC
data (Figure 3E) and fluorescence microscopy (Figure 4)
confirmed that ~30% of EVs (30.29% by FFC and 26.37%
by fluorescence microscopy) carried mCherry, highlighting
the selective packaging of transcriptionally induced proteins
into EVs. Thus, our results strongly suggest carbon-source-
dependent regulation of EV secretion and cargo loading at the
post-translational level, as corroborated by others [53, 54].

Both strains XynMC11 (wildtype reference A1149 now
producing mCherry) and XlnR7MC7 (XlnR overexpressing

PFI-XLN7 and now overproducingmCherry) secretedmCherry-
loaded EVs in media containing xylose (inducer and carbon
source), but not in glucose. For example, in XynMC11, mCherry
within EVs increased 34-fold, while in XlnR7MC7, mCherry
within EVs increased 131-fold, suggesting that EV biogenesis
demand is connected to transcriptional activation of cargo
proteins (Table 2).

XynMC11 and XlnR7MC7 retain native 5’- and 3’-UTRs and
the native signal peptide (Figure S2), ensuring proper target-
ing and trafficking of the mCherry reporter through the ER and
downstream secretion pathway. The proportional increase in
mCherry-containing EVs under xylose (44%) further supports
the hypothesis that EV loading is dependent on the inducing
carbon sourceand suggests that cargos are sorted intoEVs via a
regulated post-translational mechanism rather than passive se-
cretion (Table2).Othershavealsoobserveda regulatory linkbe-
tween transcription and post-translational processing [68–70].

The spatiotemporal analysis of mCherry localization and
EV secretion (Figure 5) indicates that ER-translated protein is
enhanced during early vegetative growth (Figure 5, 12 to 48
hours), accompanied by expansion of the endomembrane sys-
tem that maximizes translational capacity (Figure 5, 36 to 48
hours) [71].

During this stage, ER-translated proteins are packaged into
vesicles at ER exit sites via COPII coat proteins, transported
through the Golgi apparatus, and directed to the hyphal tip for
secretion [38, 39, 43, 72, 73].

As growth progresses, the endomembrane system under-
goes pronounced expansion, with abundant mCherry-labeled
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cargo accumulating in intracellular compartments (Figure 5,

48–72 hours). Although the resolution of our imaging approach

limits further interpretation of intracellular trafficking dynamics,

it is evident that at later stages of vegetative growth (72 to 120

hours), this expanded endomembrane network generates large

numbers of vesicles destined for the extracellular export.

By 72–120 hours, abundant EVs accumulate near the

plasmamembrane, andmassive quantities of EVs are observed

beyond the cell wall (Figure 5). The marked increase in

secretion at this stage coincides with the stationary phase

of growth (Figures 1 and 3), supporting the idea that EV release

is linked to nutrient availability and contributes to continued

growth under limiting conditions.

Biomassproductionandprotein secretion involveenergetic

trade-offs. During exponential growth, energyprimarily supports

biomass production, limiting protein secretion. During the sta-

tionaryphase, theenergydemand forbiomassdecreases, allow-

ing increased protein secretion, which peaks at approximately

72 hours. Our results show that EVs drive protein secretion,

supporting this energyallocationmodel (seeFigures1,2,5, and

Table 2).

The experiment shown in Figure 6 highlights the

association between EVs and biofilm formation, a critical

adaptive mechanism that occurs during the stationary phase

and in response to nutrient scarcity. Retaining EV cargo, such as

enzymes, within biofilms ensures localized nutrient acquisition

and metabolic recycling. This mechanism is supported by

the observed alignment between mCherry secretion and

biofilm-formation kinetics, suggesting that EVs play a dual role

in delivering specialized enzymes and in mediating resource

conservation.

Removing the SP reduced overall EV production and

mCherry incorporation into EVs, indicating that the ER, or

production of ER-targeted proteins, plays a leading role in EV

biogenesis (Figure 7). This finding aligns with the hypothesis

that EVs originate from the ER, where newly translated

cargo proteins are directly loaded into vesicles destined for

extracellular secretion.

The cellular origins and functional roles of fungal EVs are

intimately linked to endomembrane dynamics and are exam-

ined in this study. IVs are drivers of endomembranemetabolism

and mediate the trafficking of cargo between organelles such

as the ER, Golgi apparatus, and mitochondria, thereby main-

taining organelle function and cellular homeostasis [46, 74–78].

Many IVs originate from the ER or Golgi membranes, following

the translation and modifications of mature proteins. Thus, it is

plausible that fungal EVs also derive from these membranes,

particularly the ER, to facilitate extracellular metabolism [45].

Our findings establish EVs as versatile vehicles for fungal

adaptation, enabling them to respond to environmental signals

through regulated cargo loading and secretion. This study

advances our understanding of fungal EVs, providing a

framework for exploring their roles in industrial applications,

fungal pathogenicity, and inter-kingdom interactions.

Developing a method to isolate EV-enriched fractions free

of common contaminants, such as cellular debris and protein

aggregates, combined with specific-fluorescence-based EV

counting, offers a versatile tool with the potential to drive future
discoveries. Future research should investigate the molecular
mechanisms underlying EV biogenesis, cargo selection, and
secretion, as well as their functional implications in diverse
fungal species and ecological contexts.

MATERIAL ANDMETHODS

Chemicals and general Aspergillus cultivation

General chemicals, cellulosic, and hemicellulosic substrates
were purchased from the best source possible: Millipore/Sigma
Aldrich, MO, Megazyme, UK, and New England Biolabs (US). A.
nidulansmedia and general cultivation techniques were based
on [79, 80].

Secretomemeasurements

Secretomes containing EVs and free-roaming proteins were
evaluated using media from various culture conditions. The
media were centrifuged at 12,000 ×g for 30 minutes to remove
cellular debris before further analysis.

Free sugar (reducing) determinations were used in two
types of experiments: (1) to determine the activity of enzymes
that use a non-reducing substrate releasing reducing products
(sugars), and (2) to quantify the amount of reducing sugar
consumed. We used the dinitrosalicylic acid (DNS) assay
developed by Sumner and Graham [81] to detect reducing
sugars. The DNS-reducing sugar assay was based on the
method described by Miller [82] and adapted to a microtiter
dish scale. The DNS reagent we used contained 0.75%
dinitrosalicylic acid, 0.5% phenol, 0.5% sodium metabisulfite,
1.4% sodium hydroxide, 21% sodium, and potassium tartrate.

Xylanase activity was determined using beechwood
hemicellulose as the substrate, and activity was measured
by the release of reducing sugars that react with DNS [82].
Briefly, 10–50 μL of extracellular protein extract was added
to a mixture of 300 μL of 1% beechwood xylan and 50 mM
ammonium acetate buffer, and reactions were incubated for
10, 20, or 30 min at 45◦C before the addition of 300 μL of
DNS. Control reactions, blanks that determine the presence
of reducing sugars in the starting mixture, contained all the
same reagents except that DNS was added before the enzyme
sample. The amount of reducing sugar produced during the
enzyme-catalyzed reaction was calculated by subtracting the
control (blanks) ABS 540 nm from the enzyme reaction ABS
540 nm and the net gain in ABS 540 nm converted into enzyme
units (μmol/min/μg protein).

mCherry accumulation in secretomes was measured
by mCherry fluorescence emission using a BioTek Synergy
MX Multi-Mode microplate reader (monochromator-based
system) with fluorescent capabilities. Fluorescence intensities
were captured using a Xenon flash lamp and a red-shifted
photomultiplier tube (PMT) detector with the plate reader.
mCherry amounts are reported as relative fluorescence units
(RFUs), dimensionless values, set up for excitation at 587
nanometers and emission at 610 nanometers. Appropriate
blanks, minimal media, or 1X PBS were used in all RFU
measurements and subtracted from the RFU readings taken
from the samples.
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FIGURE 7 ∙ Removing the native xlnC signal peptide in XynMC11 results in fewer extracellular vesicles (EVs) being secreted and fewer EVs
containing mCherry. XynMC11 was genetically modified to remove the native xlnC signal peptide (SP), resulting in XynΔSP, which replaces the xlnC
open reading frame (ORF)withmCherry lacking an SPwhile retaining the native untranslated region (UTR) and promoter. (A)XynMC11 and XynΔSPwere
grown in a xylose liquid medium for 48 hours. EVs were isolated, labeled with CellBrite488, and analyzed by FFC to quantify total EVs (closed bars) and
mCherry-containing EVs (open bars). XynΔSP secreted fewer total extracellular vesicles (EVs) and mCherry-containing EVs compared to XynMC11. (B)
FFC data showed XynΔSP secreted a lower percentage of mCherry-containing EVs relative to total EVs than XynMC11. (C) Time course of EV secretion
in two strains, XynMC11 with SP (circles) and XynΔSP without SP (squares), was measured throughout the vegetative life cycle -up to 96 hrs. Closed
symbols are for CellBrite-labelled EVs, and open symbols are for mCherry-containing EVs. (D)mCherry fluorescence (RFUs) wasmeasured in an unfiltered
medium (closed bars) and isolated EVs (open bars). XynΔSP had fewer mCherry RFUs in EVs but showed levels similar to those in themedium compared
to XynMC11. (E) Fluorescence microscopy of XynΔSP grown on a xylose agar pad revealed mCherry localized primarily in the cytoplasm, unlike the
extracellular localization seen in XynMC11 (Figure 5).

Total protein concentration in the secretome was quanti-

fied using a microtiter plate-based assay following the Bradford

method [83, 84]. ABio-Radprotein assay reagent (Bio-RadLabo-

ratories, USA) was employed, with bovine serum albumin as the

standard. Absorbance was measured at 595 nm using a Tecan

Infinite M200 UV-Vis 96-well plate reader (Tecan, Männedorf,

Switzerland).

To follow our vegetative growth dynamics in liquid-cultured

media, we measured the dry weight of harvested vegetative

mycelial mats from liquid cultures, dried at 68◦C, and reported

as milligrams per mycelium.

Biofilm production

The formation of a biofilmwas visualized by inoculating A. nidu-

lans conidia onto coverslips at the bottom of a 60 × 15mm Petri

plate containing liquid minimal media, as described by Shay et

al. [57], with some slight modifications. Following incubation at

30◦C on coverslips, the coverslips were washed with 1X PBS

(pH 7.4) and stained with Calcofluor White to detect cells and

the biofilm. The coverslips were then inverted onto microscope

slides and viewed under a Nikon Eclipse Ti2 fluorescence mi-

croscope (described in “Microscopy” methodology) using filter

cubes for Texas Red (to detectmCherry) andDAPI (to detect the

Calcofluor).

Inaddition,biofilmproductionwasquantifiedusingaCrystal

Violet (CV) assay, following the protocol described by Lin et

al. [58], with slight modifications. Conidia were inoculated into a

6-well microtiter plate containing 3mL of liquidmedia with a 1%

carbon source in each well and incubated at 37◦C for 72 hours.

Mycelia and media were removed from the wells and washed

with 1X PBS (pH 7.4). Wells were stained with 0.2% (w/v) CV for

10minutes and thenwashedwith distilled H2O. 30% (v/v) acetic

acid was used to dissolve the remaining CV, and absorbance

(OD at 560 nm) was measured using a Tecan Infinite M200 UV-

Vis 96-well plate reader [58].

Liquid growth conditions optimized for EV production

A. nidulans strain A773 (pyrG89, wA3, pyroA4) and A1149

(pyrG89, pyroA4, ΔnkuA::argB) were from the Fungal Genetics

Stock Center (FGSC, Kansas State University, Manhattan,

OPEN ACCESS | www.microbialcell.com 38 Microbial Cell | Vol. 13

https://www.microbialcell.com


R.E. Pope et al. (2026) Extracellular Vesicles in Fungi

Kansas) and characterized the wildtype reference state in

physiological and biochemical experiments. Both strains also

served as the original hosts for generating all genetically

modified constructs reported in this study.

For liquid medium culturing on Petri dishes with slippable

lids (60 mm × 15 mm), a uniform inoculum of 10–50 μL of a
fungal spore stock suspension (1 × 108/mL) was directly pipet-

ted onto plates containing 10 mL minimal medium (MM) [85]

supplemented with the required auxotrophic requirements for

each strain and 1% of a suitable carbon source, glucose (Fisher

Scientific), xylose (SigmaAldrich), glycerol (FisherScientific) and

xylan (from birchwood; Sigma Aldrich). Inoculated Petri dishes

were incubated at 37◦C in a stationary position for two or more

days, as indicated.

Isolation, purification, detection, and EV quantification

EVs were purified from 3 mL samples (or as otherwise stated),

carefully collected from stationary liquid growth plates with

minimal disruption of the mycelial mat, and then centrifuged

at 12,000 × g for 10 minutes to obtain a cell-free supernatant
(CFS). TheCFSwas further subjected to 10,000×gultrafiltration
(300 kDa cutoff, Vivaspin 500, Sartorius). The retentate CFSwas

washed once with 500 μL of 1X PBS (phosphate-buffered

saline containing 100 mM NaCl) and stored at 4◦C until further
analysis.

For EV detection, we used Dynamic Light Scattering (Zeta-

sizer ZS, Malvern) and Transmission ElectronMicroscopy (JEM-

2100, JEOL) on purified EV samples.

To quantify EVs, we used an Acea NovoCyte Flow Cytome-

ter (12 fluorescence channels, 3 laser system) and a fluores-

centmembranestain,CellBrite488 (Biotium,SanFrancisco,CA),

to count purified EVs and EVs containing mCherry. CellBrite

488 is a membrane stain that binds to lipid bilayers of plasma

membranes and vesicles, making it useful for detecting (mi-

croscopy) and tracking (FFC) EVs based on their membrane

structure. 100 μL of purified EVs were combined with 10 μL of
CellBrite488, and the mixture was counted with a threshold of

1,000 events and gating optimized to match the predicted size

constraints. Fluorescein isothiocyanate (FITC-ex. 498 nm, em.

517 nm) was used for CellBrite488’s positive control, and Texas

Red (ex. 596 nm, em. 615 nm) was used as mCherry’s positive

control. A negative control (unstained sample) was also used,

and all measurements were taken in triplicate [86].

Mass spectrometry (LC-MS/MS)

Protein sample preparation

To analyze the potential cargoes of EVs, we grew strain

XynMC11 in xylose for 72 hours and collected 250 mL of

medium for EV purification. Purified EV-derived proteins were

reduced with 10 mM TCEP (RT, 1 h) and alkylated with 10 mM

iodoacetamide (dark, RT, 1 h). Samples were digested with

trypsin (Promega V5072) at an enzyme-to-substrate ratio of

~1:25 (w/v) overnight at 37◦C in 25mMammoniumbicarbonate

(pH 8.0).

Sample cleanup and nanoLC

Digested peptides were acidified with 0.5% trifluoroacetic acid

(TFA), desalted using C18 solid-phase extraction (SPE) pipette

tips according to Agilent instructions, eluted in 0.1% formic

acid/60% acetonitrile, dried, and reconstituted in 0.1% formic

acid.

LC-MS/MS

Samples were injected onto a 75 μm × 50 cm PepMan C18

column (2 μm, Thermo Fisher); separated with a 60 min lin-
ear gradient at 250 nL/min; ionized via Nanospray Flex (1.9 kV,

300◦C); analyzed on Orbitrap Fusion with MS1 at 120 k reso-

lution (375–1575 m/z, AGC 4e5, 50 ms); high speed DDA top-

speed 5 s; MS/MS in ion trap (rapid scan, AGC 5e4, dynamic

injection times, HCD 32%, dynamic exclusion 45 s, charge+2 to
+6).

Data Analysis

Each sample was analyzed twice by LC-MS/MS and processed

as a single sample. Spectra were processed with MaxQuant

v2.0.1.0 [87], searched against a complete genome A. nidulans

protein database from NCBI; carbamidomethyl as fixed, oxida-

tion (M) variable; 4.5 ppm precursor and 20ppm fragment toler-

ances; 2 missed cleavages; FDR<1%; annotate IDs with Python

and UniProt mapping.

Construction of the EV-cargo reporter strain XynMC11 and

derivatives

Figure S2 illustrates the AN1818 chromosomal region, showing

the coordinates and the genetic elements that are subject to

molecular modifications. Figure S2B depicts the sizes (not to

scale) of PCR-amplified DNA fragments (F1-F6) and the cor-

responding template DNA sources: FGSC A. nidulans strains

A1149 and A234, the pFTK049 plasmid containing mCherry

(ADDGENE), and the pUC19 vector. Fragments F1-F6 were as-

sembled using HiFi DNA Assembly Master Mix (NebBuilder). A

single DNA fragment, consisting of the assembled F1-F5 frag-

ments, was PCR-amplified using Escherichia coli purified plas-

mids as a template and transformed into A. nidulans A1149

(pyrG89, pyroA4, ΔkuA::argB). Figure S2C shows the expected
genotype of recombinants arising from a double crossover in-

tegration at the AN1818 locus. To generate a strain lacking the

signal peptide (SP), PCR fusion primers were used to amplify

the entire pBP6 plasmid (Figure S2C), excluding the SP region.

Ligationof thePCRproduct resulted inplasmidpBP2,whichwas

transformed into A1149 to produce the strain ΔXynSP (Figure
S2D).

Recovered transformantswere selected andplated onmas-

ter plates. Validation was performed by PCR amplification of A.

nidulans genomic DNA (see miniprep protocol below) using

multiple primers designed to amplify at least two fused frag-

ments internal to theAN1818 locus, confirming the replacement

of xlnC with mCherry. For selected recombinants XynCMC11

and ΔXynSP, the chromosomal region was further PCR am-
plified using primers VFxynUP and VFxynDWr, which anneal

OPEN ACCESS | www.microbialcell.com 39 Microbial Cell | Vol. 13

https://www.microbialcell.com


R.E. Pope et al. (2026) Extracellular Vesicles in Fungi

~900 bp upstream and downstream of the AN1818 locus, re-
spectively. The resulting ~7,000 bp PCR products were fully
sequenced (Plasmidsaurus Eugene, OR) and confirmed the reli-
ability of our construct with no obvious mutations.

To construct strain XlnR7MC7, which constitutively
expresses XlnR [51], strain XynCMC11 (pyrG89, pyroA4,
ΔkuA::argB, ΔxlnC::mCherry) was crossed with strain PFI-
XLN7 (paba::gpdA::XlnR::paba, pyroA4) using standard sexual
crossing techniques [85]. Offspring were screened, and strain
XlnR7MC7 (paba::gpdA::XlnR::paba, pyroA4, ΔxlnC::mCherry)
was selected. This strain overexpresses mCherry under the
control of XlnR.

A. nidulans transformation

followed the reference protocol by Szewczyk et al. [88], with a
few modifications: a) 10 mL of 2X protoplasting solution con-
tained 100 mg of VinoTaste Pro (Novozymes Bagsvaerd, Den-
mark), 50 mg of lysozyme (from chicken egg, Sigma Aldrich),
820mgKCl, 190mgcitric acid, pH5.8, andb) after protoplasting
the mixture was centrifuged at 500 × g for 15 minutes and the
supernatant containing the protoplasts transferred to a new 50
mL conical tube followed by centrifugation at 2,500 × g for 10
minutes. The pelleted protoplasts were resuspended with a 1
mL pipette, topped with 40 mL of STC50, and centrifuged at
2,500×g for 10minutes. Protoplastswere resuspended in a final
volume of 1 mLwith STC50 and used for transformations [88].

Miniprep DNA extraction

To extract genomic DNA from transformants, we used a
modified miniprep method adapted from several published
protocols [89–91]. The process utilizes an “all-in-one tube
concept”—growing a small vegetative mycelium in 250 μL
of 1X growth medium with an overnight incubation at 250
rpm at 37◦C. Next day, add 250 μL of 2X Lysis buffer 1 (100mM
Tris/HCl pH7.5, 200mMNaCl, and 5.0mg/mLof lysozyme (from
chicken egg Millipore/Sigma Aldrich, MO), incubate stationary
at 50°C for 15 minutes, then add 250 μL of 3X Lysis buffer 2
(150mMTris/HCl, pH 7.5, 150mMEDTA, 3% SDS) and incubate
stationary for another 15 minutes at 70°C. Centrifuge for 5
minutes at 10,000 × g and transfer 450 μL of SN to a new tube
with 900 μL of 95% EtOH. Centrifuge for 5 minutes at 10,000
× g and wash the pellet with 70% EtOH once before drying at
68◦C for 5 minutes. Resuspend the pellet in 20 μL of TE (10mM
Tris/HCl, pH 7.5, 1 mM EDTA) and use 1 μL as a template for
regular PCR reactions and 5 μL for PCR products longer than
6 kb.

Microscopy

Fluorescencemicroscopy

Isolated EVs stored in 1X PBS (pH 7.4) were re-concentrated
using a 300 kDa filter and stained with CellBrite 488 membrane
stain. Ten microliters of the concentrated and stained EVs were
placed on a cleanmicroscope slide and visualized using the flu-
orescence microscope described below. A. nidulans cells were
prepared for microscopy by forming a small, rectangular agar
pad containing a 1% carbon source and 0.1% (w/v) Calcofluor

Whiteonamicroscopeslide.Conidiawerediluted1:1000 in ster-

ile water, inoculated onto the agar pad, and incubated until the

desiredgrowth timepoint. For incubation, slideswereplacedon

abent glass rod at thebottomof a Petri dish, and3mLof distilled

H2Owas added tomaintain humidity. After incubation, an adhe-

sive frame (Gene Frame, 1.5 × 1.6 cm, Thermo Fisher Scientific)

was placed around the agar pad to prevent desiccation, and a

coverslip was placed over the sample for imaging.

Fluorescence microscopy imaging was performed using

Nikon Eclipse Ti or Ti2 inverted microscopes with Photometrics

Prime 95B sCMOS camera, 100x Plan Apo oil objectives (NA

1.45, Nikon), and LED-based (Xylis X-Cite or Lumencor SOLA

365) fluorescent illumination systems. Microscopy images were

captured using the NIS-Elements AR 5.11.03 64-bit software. Fil-

ter cubes for Texas Red (to detect mCherry) and GFP (to detect

CellBrite 488) were used for isolated EV images, and filter cubes

for Texas Red and DAPI (to detect Calcofluor White) were used

for live-cell imaging. All filter cubes captured images with 33%

power and exposures of 200–400milliseconds.

Confocal microscopy

Confocal microscopy with live-cell imaging was performed

usingaZeissLSM980with36simultaneouschannels, equipped

with lasers specifically designed for Calcofluor White and

mCherry. Images were captured and processed using Zen Blue

(3.3). Overlays of all micrographs were created using ImageJ2

(v. 2.14.0/1.54f).

Transmission ElectronMicroscopy

Isolated EVs stored in 1X PBS were subjected to TEM imaging

using a JEM-2100 TEM (JEOL). For TEM analysis of hyphal

cross-sections, A. nidulans was grown in a 60 × 15 mm Petri

dish with a liquid minimal medium for 48 hours. The resulting

mycelial mat was cut into several pieces, approximately 1 cm3 ,

and placed into 2% buffered glutaraldehyde (pH 7.0) for tissue

fixation. The tissue samples were washed in buffer and then

fixed in 1% aqueous osmium tetroxide (OsO4). Themyceliawere

rewashed in buffer and dehydrated by increasing ethanol con-

centrations before being soaked in propylene oxide and placed

in a poly/bed 812 epoxy resin overnight. The tissues were then

embedded in an embedding medium and dried at 60◦C before

being sliced into thin sections with an ultramicrotome.
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