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ABSTRACT Aspergillus fumigatus is the primary mold pathogen in humans. It can cause
a wide range of diseases in humans, with high mortality rates in immunocompromised
patients. The first-line treatments for invasive A. fumigatus infections are the triazole antifun-
gals that inhibit Cyp51 lanosterol demethylase activity, blocking ergosterol biosynthesis.
However, triazole-resistant strains of A. fumigatus are increasingly encountered, leading
to increased mortality. The most common triazole resistance mechanisms in A. fumigatus
are alterations in the cyp51A gene or promoter. We tested the hypothesis that A. fumigatus
can acquire triazole resistance by horizontal gene transfer (HGT) of resistance-conferring
gene cyp51A. HGT has not been experimentally analyzed in filamentous fungi. Therefore,
we developed an HGT assay containing donor A. fumigatus strains carrying resistance-
conferring mutated cyp51A, either in its chromosomal locus or in a self-replicating plas-
mid, and recipient strains that were hygromycin resistant and triazole sensitive. Donor
and recipient A. fumigatus strains were cocultured and transferred to selective conditions,
and the recipient strain tested for transferred triazole resistance. We found that chromo-
somal transfer of triazole resistance required selection under both voriconazole and
hygromycin, resulting in diploid formation. Notably, plasmid-mediated transfer was also
activated by voriconazole or hypoxic stress alone, suggesting a possible route to HGT of
antifungal resistance in A. fumigatus, both in the environment and during host infection.
This study provides, for the first time, preliminary experimental evidence for HGT media-
ting antifungal resistance in a pathogenic fungus.

IMPORTANCE It is well known that bacteria can transfer antibiotic resistance from one
strain to another by horizontal gene transfer (HGT), leading to the current worldwide
crisis of rapidly emerging antibiotic-resistant bacteria. However, in fungi, HGT events have
only been indirectly documented by whole-genome sequencing. This study directly
examined fungal HGT of antibiotic resistance in a laboratory setting. We show that HGT of
antifungal triazole resistance occurs in the important human fungal pathogen Aspergillus
fumigatus. Importantly, we show a plasmid-mediated transfer of triazole resistance occurs
under conditions likely to prevail in the environment and in infected patients. This study
provides an experimental foundation for future work identifying the drivers and mecha-
nistic underpinnings of HGT in fungi.
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Horizontal gene transfer (HGT), also called “lateral gene transfer,” is the movement
of DNA from one organism to another that is not acquired through vertical inheri-

tance (1). HGT can occur between similar organisms or across domains of life.
HGT is well-established and widespread in prokaryotes, most notably involving the transfer

of genes participating in metabolism, pathogenicity, and antibiotic resistance. Prokaryotic HGT
primarily occurs through conjugation (DNA transfer via cell-cell contact), transformation
(cellular uptake of exogenous DNA), and transduction (virus-mediated DNA transfer) (2).
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Transferred DNA is generally in the form of linear or circular plasmids (self-replicating or
integrating), transposons, and bacteriophages.

HGT is also emerging as a small but noticeable contributor to eukaryotic genomes and in
particular microbial eukaryotes, such as phytoplankton, extremophiles, parasites, and fungi (1).

In fungi, most HGT events apparently involve bacterial donors: for example, acquisition of
bacterial glycosyl hydrolases by rumen fungi and incorporation of a bacterial proline racemase
and phenazine superfamily gene, PhzF, by Candida parapsilosis (3). Two of the six genes (BIO3
and BIO4) of the Saccharomyces cerevisiae biotin biosynthetic pathway are of bacterial origin
(4). Transfer of genetic material between filamentous fungi was also reported: in particular, the
apparent transfer of secondary metabolite gene clusters, including all 23 genes of the sterig-
matocystin (toxic secondary metabolite) pathway transferred from Aspergillus nidulans to
Podospora anserina (5), three genes of the ACE1 secondary metabolite cluster transferred from
Magnaporthe grisea to Aspergillus clavatus (6), and the fuminosin secondary metabolite cluster,
possibly transferred from a Sordariomycete species to Aspergillus niger (7). The mechanisms of
HGT in fungi are not clearly understood but may involve transfer by mycoviruses (8), plasmids
(9), transposons (10), and cell fusion followed by parasexual recombination (11–14). Fungal
HGT events, rather than being directly studied in a laboratory setting, are indirectly docu-
mented by whole-genome sequencing and identification of genes that are phylogenetic out-
liers originating from the genomes of other organisms (3, 5–7, 9).

Here, we experimentally tested if A. fumigatus, the primary invasive mold pathogen
in humans, can undergo chromosomal or plasmid-mediated HGT of voriconazole (VCZ)
resistance. VCZ, a triazole antifungal, inhibits fungal Erg11/Cyp51 activity and subse-
quent ergosterol biosynthesis and is the first-line therapy for invasive aspergillosis (15).
However, A. fumigatus is rapidly developing triazole resistance, resulting in increased
treatment failure and mortality (16). The most common triazole resistance mechanism
in A. fumigatus involves mutations in the cyp51A gene or promoter (15).

Previous studies indicate that HGT by cell fusion and diploid formation via the parasex-
ual cycle rarely occur in A. fumigatus under standard laboratory growth conditions but can
be forced by mixing auxotrophic haploid strains with different nutritional deficiencies
under complementing selection on agar (12). Notably, cell fusion can be induced by select-
ing prototrophic haploid strains with the triazole antifungal itraconazole, but whether this
results in HGT was not tested (14). A. fumigatus can apparently undergo parasexual cycling
in patients with chronic Aspergillus diseases, where it was shown that patient biopsy speci-
mens yielded heterokaryons that segregated into different homokaryons (17).

In this study, we tested the hypothesis that a range of extracellular stressors found in the
saprophytic or host-infected environments of A. fumigatus activate hyphal fusion and HGT of
cyp51A(TR46 Y121F T289A) including its TR46 promoter, termed here cyp51AR, which confers
triazole resistance. Our most important findings are that both plasmid-mediated and chro-
mosomal HGT of VCZ resistance can be induced in A. fumigatus. Notably, plasmid-mediated
HGT of cyp51AR is activated by VCZ or hypoxic stress alone, pointing to a possible route for
acquiring antifungal resistance by A. fumigatus during host infection.

RESULTS
Design and setup of A. fumigatus HGT. A. fumigatus lab and environmental strains

are haploid, generating unstable transient diploids only during the parasexual and sexual
cycles. We tested the ability of A. fumigatus strains to undergo HGT by either plasmid-
mediated or chromosomal transfer using two well-characterized but genetically distant
haploid strains isolated from infected patients: Af293 and CEA10/CEA17 (18). For plas-
mid-mediated HGT, we generated triazole-resistant donor strains Af293.1/pAMA-cyp51AR

and CEA17/pAMA-cyp51AR. These strains contain the self-replicating, high-copy-number, nu-
cleus-localized AMA-1 plasmid (pAMA) enclosing cyp51AR(Y121F T289A G448S) and TR46-
containing promoter (termed cyp51AR), that confers triazole resistance (19). Importantly, this
plasmid does not integrate into the genome or replace the endogenous cyp51A gene. For
chromosomal HGT, we generated triazole-resistant donor strains Af293-cyp51AR and akuBKU80-
cyp51AR, in which wild-type (WT) cyp51A was replaced by targeted integration with cyp51A
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(TR46 Y121F T289A), which confers triazole resistance (20). Triazole-sensitive hygromycin
(Hyg)-resistant recipient strains, Af293-hph and CEA10-hph, were generated by targeted
insertion of the hph hygromycin resistance cassette into the neutral SH1 domain (21).
Full details of strain construction and verification are provided in Tables S1 to S3 and Fig. S1
to S3 in the supplemental material. VCZ was tested by broth microdilution and point inocu-
lation on YAG agar plates (Fig. 1A). By broth microdilution, VCZ resistance (MIC, 64 mg/L)

FIG 1 Design and setup of A. fumigatus HGT. (A) Point inoculation of the strains used in this study on YAG agar plates containing
increasing concentrations of VCZ. Each droplet column (from left to right) contained 104, 103, 102, or 10 spores per 10-mL droplet.
(B) Experimental design of HGT on YAG agar plates. Equal numbers of conidia from a VCZ-resistant strain (donor) and Hyg-resistant
(recipient) strain were mixed and plated for 24 h at 37°C, and then agar cubes were excised from the coculture and plated under no/single/
double selection for 72 h at 37°C. Conidia were collected and plated under no selection/double selection for 48 h at 37°C. The result of a
positive HGT under VCZ1Hyg selection is displayed. (C) Experimental scheme of the HGT experiments carried out in this study. Both
plasmid-mediated and chromosomal HGT within and between each genetic background in the combinations outlined were performed.
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was found in strains Af293.1/pAMA-cyp51AR, CEA17/pAMA-cyp51AR, Af293-cyp51AR, and
akuBKU80-cyp51AR. Normal susceptibility (MIC, 0.25 to 0.5 mg/L) was found in the back-
ground strains AF293 and CEA10 and the recipient strains Af293-hph and CEA10-hph
(Table S4). Point inoculation verified these results (Fig. 1A).

We followed a scheme similar to that used for heterokaryon construction in Aspergillus
nidulans test for HGT (22) (Fig. 1B). Equal numbers of conidia from the triazole-resistant do-
nor and -sensitive recipient strains described above were mixed and plated onto YAG agar
plates and grown for 24 h at 37°C. One-centimeter agar cubes were then excised and placed
on selection/stress plates (containing neither VCZ nor Hyg [“none”], VCZ or Hyg alone, or
both) for 72 h at 37C to allow heterokaryon formation by hyphal fusion. To analyze if HGT
had occurred, we collected conidia from on and around the agar cubes and allowed them
to germinate on selection plates (none or VCZ1Hyg) for 48 h at 37°C (Fig. 1B). Growth on
VCZ1Hyg would indicate that the recipient strain (Af293-hph or CEA10-hph) had acquired
triazole resistance by HGT. We tested both plasmid-mediated and chromosomal HGT within
and between each genetic background in the combinations outlined in Fig. 1C.

Chromosomal HGT of VCZ resistance in A. fumigatus. We first tested chromosomal
HGT of VCZ resistance because previous studies had determined that diploid formation and
gene exchange via parasexual genetics can be forced by mixing auxotrophic strains with dif-
ferent nutritional deficiencies under complementing selection on agar (12). Furthermore,
recent work demonstrating that cell fusion between fluorescently tagged germlings is
induced by itraconazole or nitrogen starvation (14) led us to hypothesize that we could
induce hyphal fusion and subsequent chromosomal HGT of triazole resistance with a single
stressor. Chromosomal HGT assays were tested between the strains outlined in Fig. 1C, lower
panel. We examined double selection with VCZ (2 mg/mL) plus Hyg (345 mg/mL), and the
following single stressors: VCZ (2 mg/mL), Hyg (345 m/mL), itraconazole (1 to 2 mg/mL),
amphotericin B (0.25m/mL), caspofungin (0.062mg/mL), menadione (25mM), nitrogen star-
vation, hypoxia (1% O2), high temperature (50°C), starvation (agar alone), and acidity (pH
4.0). HGT of VCZ resistance only occurred between the isogenic strains akuBKU80-cyp51AR

and CEA10-hph under VCZ1Hyg selection and not under any of the single stressors listed
above (Fig. 2A). Double VCZ1Hyg selection resulted in 45 6 16 colonies/106 conidia col-
lected from a single block of agar (n = 3 independent experiments) displaying both VCZ
and Hyg resistance. Further analysis of three of these colonies confirmed that they were dip-
loid: the conidia they produced were significantly larger (Fig. 2B) and contained double the
DNA content, as measured by flow cytometry (Fig. 2C and D). In summary, we show that
chromosomal HGT of VCZ resistance occurs between isogenic A. fumigatus strains of the
CEA10 background and not the Af293 background through diploid formation but requires
strong double selection, as previously described (12).

Plasmid-mediated HGT of VCZ resistance occurs between A. fumigatus isogenic strains
and can occur under VCZ selection alone. Plasmid-mediated HGT assays were performed
between the strains outlined in Fig. 1C (top panel). HGT of VCZ resistance occurred between
the Af293.1/pAMA-cyp51AR donor and Af293-hph recipient strain under VCZ1Hyg selection
(Fig. 3A), resulting in 70 6 39 colonies/106 conidia plated (n = 3 independent experiments)
displaying both VCZ and Hyg resistance. Three colonies were analyzed by PCR and shown
to contain the recipient Af293-hph strain-specific locus for Hyg resistance in the SH1 do-
main, verifying that these colonies were the result of HGT through plasmid pAMA-cyp51AR

uptake and expression in the Af293-hph recipient strain, (Fig. 3B). We also isolated the
pAMA plasmids from the three recipient colonies and verified by restriction analysis that
they were identical to pAMA-cyp51AR in the donor strain (Fig. 3C). Similar experiments
between donor CEA17/pAMA-cyp51AR and recipient CEA10-hph strains revealed that HGT
took place under VCZ1Hyg selection as described above (234 6 63 colonies/106 conidia
plated), and more excitingly, under VCZ selection alone (108 6 52 colonies/106 conidia
plated) (n = 3 independent experiments), as might occur, conceivably, outside a laboratory
setting (Fig. 4A). As described above, we verified that these colonies contained the recipi-
ent CEA10-hph strain-specific locus (Fig. 4B) and the donor pAMA-cyp51AR plasmid in the
recipient strain (Fig. 4C). No HGT was observed between Af293.1/pAMA-cyp51AR and
CEA10-hph or CEA17/pAMA-cyp51AR and Af293-hph (data not shown).
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Plasmid-mediated HGT of VCZ resistance occurs in A. fumigatus under hypoxia.
We tested if various single stressors, including itraconazole (2 mg/mL), amphotericin B
(0.25 mg/mL), caspofungin (0.062 mg/mL), menadione (6.12 to 25 mM), nitrogen starvation,
hypoxia (1% O2), high temperature (50°C), acidity (pH 4.0), and starvation (agar medium)
induce plasmid-mediated HGT of VCZ resistance on their own. These experiments were simi-
lar to those described above. Results showed that HGT of VCZ resistance occurred under hy-
poxia between the Af293.1/pAMA-cyp51AR donor and Af293-hph recipient strain, albeit at
low efficiency—1 to 2 colonies/107 conidia (n = 3 independent experiments) (Fig. 5A). PCR
analysis confirmed that the resulting VCZ- and Hyg-resistant colonies contained the Af293-
hph strain-specific locus (Fig. 5B) and the donor pAMA-cyp51AR plasmid in the recipient
strain (Fig. 5C), indicating that hypoxic stress in YAG plates induced the transfer of the
pAMA-cyp51AR plasmid from the Af293.1/pAMA-cyp51AR donor to the Af293-hph recipient
strain. Interestingly, HGT was not induced in the CEA10-background strains under any of
these stresses, except for VCZ single stress.

DISCUSSION

As mentioned in the introduction, there is only indirect sequence-based evidence for the
existence of HGT in fungi. Direct experimental evidence that can lead to a mechanistic under-
standing of fungal HGT is lacking. To address this, we set up an experimental system to ana-
lyze HGT of triazole resistance in A. fumigatus.

A. fumigatus is the most common invasive mold pathogen in humans and is rapidly
developing resistance to triazoles, the front-line drugs for treating invasive aspergillosis
(15, 23). We tested for HGT of both chromosomal and plasmid-mediated triazole resist-
ance, using a mutated resistance-conferring allele of cyp51A(Y121F T289A G448S) and

FIG 2 HGT of chromosomal cyp51AR in the A. fumigatus CEA10 background. (A) Experimental outline and result demonstrating
HGT between akuBKU80-cyp51AR donor and CEA10-hph recipient strains under VCZ1Hyg selection. (B) Conidial diameter of
akuBKU80-cyp51AR and CEA10-hph parental strains and colonies 1 to 3 generated under VCZ1Hyg selection (****, P , 0.001). (C)
Propidium iodide nuclear staining (left; representative image from flow cytometry analysis) and (D) flow cytometry analysis (right)
of CEA10-hph parental strain (green line, mean intensity of 26,171 arbitrary units) and colony 1 (red line, mean intensity 53,212
arbitrary units), generated under VCZ1Hyg selection.
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FIG 3 HGT of the cyp51AR plasmid in the A. fumigatus Af293 background. (A) Experimental outline and result demonstrating HGT between Af293.1/pAMA-
cyp51AR donor and Af293-hph recipient strains under VCZ1Hyg selection. (B) PCR analysis of three colonies (1 to 3) growing under VCZ1Hyg selection
after HGT with hph-SH1-specific primer pairs HPH_2 and HPH_3 confirms that they are in the Af293-hph recipient strain background. (C) Plasmid rescue
and restriction analysis confirm that recipient colonies 1 to 3 contain pAMA-cyp51AR transferred from the Af293.1/pAMA-cyp51AR donor.
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FIG 4 HGT of the cyp51AR plasmid in the A. fumigatus CEA10 background under VCZ stress alone. (A) Experimental outline and result demonstrating
HGT between CEA17/pAMA-cyp51AR donor and CEA10-hph recipient strains under either VCZ or VCZ1Hyg selection. (B) PCR analysis of three VCZ

(Continued on next page)
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TR46-containing promoter, encoding lanosterol demethylase, the target of the triazole
antifungals. Our experimental system consisted of a haploid donor strain containing either
plasmid- or chromosome-located cyp51AR and a haploid recipient strain containing the
hygromycin selectable marker. We used two isogenic donor/recipient strain pairs, generated
in the Af293 and CEA10 backgrounds (18), to test if HGT also occurs between genetically dis-
tant A. fumigatus isolates.

We found that chromosomal transfer of triazole resistance occurs only when isogenic donor
and recipient haploid strains are placed under double selective pressure (Hyg and VRC, respec-
tively), resulting in diploid formation (Table 1). A. fumigatus diploids are mitotically unstable and
can eventually revert to haploids having both selectable markers (22). However, we found that
single selective pressure (Hyg/VRC/itraconazole/amphotericin B/caspofungin/heat/oxidative
stress/acidity/starvation//hypoxia/nitrogen starvation alone) was insufficient for diploid for-
mation (Table 1). This finding agrees with previous parasexual genetic studies (12, 22) and
suggests that chromosomal HGT is unlikely to occur outside a laboratory setting.

To test for plasmid-mediated HGT, we used the AMA-1 based plasmid pAMA-cyp51AR.
The AMA-1 plasmid, originally isolated from Aspergillus nidulans, is well characterized and
widely used (24). It is self-replicating, nonintegrating, nucleus localized, and maintained at
approximately 30 copies per nucleus (25). The AMA-1 plasmid is lost upon repeated passag-
ing in the absence of selection (25).

Our most notable result is that plasmid-mediated transfer of triazole resistance does not
only occur when donor and recipient strains are placed under Hyg1VRC double selection.
Transfer also occurs with single selection under VRC in the CEA10 background or hypoxia in

FIG 5 HGT of the cyp51AR plasmid in the A. fumigatus Af293 background under hypoxic stress alone. (A) Experimental outline and result demonstrating
HGT between Af293.1/pAMA-cyp51AR donor and Af293-hph recipient strains under hypoxic selection. (B) PCR analysis of three colonies (1 to 3) under VCZ1Hyg
selection after HGT with hph-SH1-specific primer pairs HPH_2 and HPH_3 confirms that they are in the Af293-hph recipient strain background. (C) Plasmid rescue
and restriction analysis confirm that recipient colonies 1 to 3 contain pAMA-cyp51AR transferred from the Af293.1/pAMA-cyp51AR donor.

FIG 4 Legend (Continued)
selection colonies (1 to 3) and three VCZ1Hyg selection colonies (4 to 6) with hph-SH1-specific primer pairs HPH_2 and HPH_3 confirms that they are
in the CEA10-hph recipient strain background. (C) Plasmid rescue and restriction analysis confirm that the recipient colonies contain pAMA-cyp51AR

transferred from the CEA17/pAMA-cyp51AR donor.
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the Af293 background. (Table 1). Sublethal concentrations of VRC and hypoxia can be found
in A. fumigatus-infected lungs and could conceivably drive the exchange of mobile resist-
ance elements between infecting strains. Hypoxic conditions also occur within compost
heaps where A. fumigatus predominates (26) and in estuarine and hypoxic aquatic environ-
ments from which the fungus has been isolated (27). Plasmid-mediated HGT was not
observed between the CEA10 and Af293 backgrounds, which suggests that these strains are
too genetically distant to exchange the resistance plasmid, most likely due to heterokaryon
(het) incompatibility (17). Future experiments will test if HGT occurs between more closely
related het-compatible strains of A. fumigatus.

We propose the following model to describe plasmid-mediated HGT in A. fumigatus.
Selective stress induces hyphal fusion between donor and recipient strains (14), resulting in
nuclear exchange and heterokaryon formation. Nuclear pore disassembly during mitosis of
donor nuclei allows plasmid release into the cytosol (28) and entry into mitotically active
nuclei of the recipient strain. These nuclei are maintained and replicate under selective pres-
sure. Some eventually form conidia containing both selectable markers, indicating that plas-
mid-mediated HGT occurred. To confirm this model further, we propose to fluorescently
stain the plasmid and image the HGT process between donor and recipient strains by time-
lapse fluorescence microscopy (29).

To determine the clinical relevance of the results indicating plasmid-mediated HGT, it
will be necessary to better understand naturally occurring plasmids in filamentous fungi.
Currently, while some plasmids have been described, most are mitochondrial and contain
genes encoding RNA or DNA polymerase. Their function remains unknown (30). Though
natural plasmids have not been found in the well-studied fungal genus Aspergillus, no sys-
tematic surveys to identify them have been undertaken.

While plasmid-mediated HGT was analyzed here, additional vectors such as transposons
(e.g., the Aspergillus impala transposon) or extragenomic particles (e.g., exosomes) need to
be examined (31). More stresses can be tested for HGT induction, including copper or iron li-
mitation and excess, nutrient and vitamin limitation, immune cell interaction, bacterial inter-
action, and in vivo stress, by coinfection experiments with the donor/recipient plasma strains
in an animal model of infection. This will point to new ways to study HGT in clinical settings.

MATERIALS ANDMETHODS
Media and strains. A. fumigatus strains were grown on YAG agar plates containing 0.5% yeast extract,

1% dextrose, 10 mM MgSO4, vitamin mixture, and trace elements, with 1.5% (wt/vol) agar at pH 7.0 at 37°C.
Af293.1 and CEA17, which lack the pyr4 gene and are thus unable to synthesize uracil and uridine, were grown
on YAG UU agar plates (YAG agar medium containing 1% uridine and 1% uracil) for transformation. Where
indicated, VCZ and/or hygromycin (Hyg) or other stressors were added to the medium. RPMI-MOPS (morpholi-
nepropanesulfonic acid) (Sigma RPMI cell culture medium with Biological Industries MOPS [0.165 M, pH 7]) liq-
uid medium was used for MIC determination (based on CLSI M38-A2 broth microdilution guidelines [32]).
Strains were harvested in 0.02% (vol/vol) Tween 20, resuspended in double-distilled water (DDW), and counted
with a hemocytometer. Minimal medium (MM) plates contained 30% NaNO3, 1 M KCl, 24.56% MgSO4�7H2O,
1% dextrose, 1 M KPO4, vitamin mixture and trace elements, with 1.5% (wt/vol) agar (pH 7.0).

Generation of strains. Generation of the AMA-1-based plasmid pAMA-cyp51AR and transformation into
A. fumigatus strains Af293 and CEA17 to generate strains Af293.1/pAMA-cyp51AR and CEA17/pAMA-cyp51AR,
are described in the supplemental material. Triazole-resistant strains (Af293-cyp51AR or akuBKU80-cyp51AR) and

TABLE 1 Results of HGT experiments performed in this study

Strains

HGT in:

VCZ Hyg VCZ+Hyg Hypoxia
Af293.1/pAMA-cyp51AR 1 Af293-hph 2 2 +b +
CEA17/pAMA-cyp51AR 1 CEA10-hph + 2 + 2
Af293.1/pAMA-cyp51AR 1 CEA10-hph 2 2 2 NDa

CEA17/pAMA-cyp51AR 1 Af293-hph 2 2 2 ND
Af293-cyp51AR 1 Af293-hph 2 2 2 ND
akuBKU80-cyp51AR 1 CEA10-hph 2 2 + 2
Af293-cyp51AR 1 CEA10-hph 2 2 2 ND
akuBKU80-cyp51AR 1 Af293-hph 2 2 2 ND
aND, not determined.
bSignificance of bold is to highlight positive ‘1’ results for easier viewing.
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recipient Hyg-resistant strains (Af293-hph or CEA10-hph) were generated by CRISPR-Cas9-mediated transforma-
tion and validation as described in the supplemental material.

HGT assay and analysis. A. fumigatus triazole-resistant donor strains (Af293-cyp51AR, akuBKU80-
cyp51AR, Af293.1/pAMA-cyp51AR, akuBKU80, and CEA17/pAMA-cyp51AR) and recipient Hyg-resistant strains
(Af293-hph or CEA10-hph) were grown on YAG agar for 48 h at 37°C. Conidia were harvested and counted.
Conidia (2 � 105) from a triazole-resistant strain and recipient Hyg-resistant strain were mixed and grown for
24 h at 37°C on YAG agar plates. Cubes of agar containing the mixture of growing hyphae from both strains
were cut out of these plates and placed on agar plates containing: YAG1VCZ (2 mg/mL VCZ), YAG1Hyg
(345 mg/mL Hyg), and YAG1VCZ1Hyg (2 mg/mL VCZ and 345 mg/mL Hyg). We also tested the following
stressors for HGT induction on YAG and MM plates: oxidative stress with menadione (6.25 to 25 mM), hypoxic
stress with 1% O2, high temperature (50°C), nitrogen starvation (MM without nitrate), starvation (agar alone),
acidity (pH 4.0), amphotericin B (0.25 mg/mL), caspofungin (0.062 mg/mL), and itraconazole (1 to 2 mg/mL).
After 72 h at 37°C or room temperature for hypoxic stress, conidia growing on the cubes or in their vicinity
were collected and plated (106 CFU) on YAG/YAG1VCZ1Hyg (2mg/mL VCZ and 345mg/mL Hyg) agar plates
for 48 h of incubation at 37°C. The colonies that survived on the VCZ1Hyg-supplemented plates were taken
as evidence for HGT between the strains and were subsequently passaged, single spore purified under double
selection, and tested by colony PCR and restriction analysis.

Antifungal susceptibility testing: MIC determination. MICs were obtained following the CLSI
M38-A2 broth microdilution guidelines for antifungal susceptibility testing (32). Briefly, the assay was
done with an inoculum suspension of 5 � 103 CFU per well in RPMI-MOPS medium. The MIC was determined
after 48 h of incubation at 37°C. (The MIC was determined from the first well that displayed complete growth
inhibition by microscopy).

Droplet growth inhibition assay. Freshly harvested conidia were serially diluted in sterile double-
distilled water (SDDW) plus 0.02% Tween to obtain defined concentrations of 106, 105, 104, and 103 CFU/mL.
Conidia were spotted in a volume of 10 mL on YAG plates under the specified stress-inducing agents.
Growth was documented after 48 h of incubation at 37°C.

Multispectral imaging flow cytometry (ImageStreamX) analysis. Conidia were fixed and stained
with propidium iodide (PI) and imaged by multispectral imaging flow cytometry (ImageStreamX mark II;
Amnis Corp., Seattle, WA). The laser setting was 561 nm = 7.5 mW. At least 104 focused images of single-
stained conidia were collected from each sample. Data were analyzed with the manufacturer’s image
analysis software (IDEAS 6.2; Amnis Corp.). Cells were gated for single cells using the area and aspect ra-
tio features and for focused cells by the Gradient RMS feature. The intensity of nuclear content stained
with PI was analyzed.
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