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ABSTRACT The fungus Mucor circinelloides undergoes yeast-mold dimorphism, a
developmental process associated with its capability as a human opportunistic
pathogen. Dimorphism is strongly influenced by carbon metabolism, and hence the
type of metabolism likely affects fungus virulence. We investigated the role of etha-
nol metabolism in M. circinelloides virulence. A mutant in the adh? gene (M5 strain)
exhibited higher virulence than the wild-type (R7B) and the complemented (M5/
PEUKA-adh1+) strains, which were nonvirulent when tested in a mouse infection
model. Cell-free culture supernatant (SS) from the M5 mutant showed increased
toxic effect on nematodes compared to that from R7B and M5/pEUKA-adh1™* strains.
The concentration of acetaldehyde excreted by strain M5 in the SS was higher than
that from R7B, which correlated with the acute toxic effect on nematodes. Remark-
ably, strain M5 showed higher resistance to H,O,, resistance to phagocytosis, and in-
vasiveness in mouse tissues and induced an enhanced systemic inflammatory re-
sponse compared with R7B. The mice infected with strain M5 under disulfiram
treatment exhibited only half the life expectancy of those infected with M5 alone,
suggesting that acetaldehyde produced by M. circinelloides contributes to the toxic
effect in mice. These results demonstrate that the failure in fermentative metabo-
lism, in the step of the production of ethanol in M. circinelloides, contributes to its
virulence, inducing a more severe tissue burden and inflammatory response in mice
as a consequence of acetaldehyde overproduction.

KEYWORDS Mucor circinelloides, fermentative metabolism, alcohol dehydrogenase,
acetaldehyde, ethanol, virulence, alcohol, mucoral, mucormycosis, oxidoreductases,
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ungal infections are a major threat to immunosuppressed patients (1) and contrib-

ute significantly to nosocomial infections in critical care units (2). Fungal infections
can be superficial or invasive, with invasive infections being a major cause of morbidity
and mortality in patients with cancer and immunosuppression (3). Mucormycoses are
among the fungal infections becoming the most common in the last decade, along
with invasive aspergillosis, which is in part a consequence of improved laboratory
diagnoses (4). Members of the genera Rhizopus, Rhizomucor, Mucor, and Absidia are the
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most frequent etiological agents isolated from patients with mucormycosis (5), which
yields an overall mortality of up to 90% when left untreated in susceptible populations
(6). Rhizopus and Mucor species cause the majority of mucormycosis, with mortality
rates of up to 50%, even in the presence of antifungal therapy (7). Neutropenia,
elevated blood serum iron concentration, and malignancies represent risks associated
with poor prognosis of mucormycosis (8).

Few virulence factors with well-known biochemical and molecular bases have been
described in Mucorales. In Mucor circinelloides, the size of the spores, which is modu-
lated by calcineurin, is a virulence factor, since mutations in the cnaA gene, encoding
the calcineurin subunit A, cause the production of spores that are larger and more
virulent than spores produced by the wild-type strain (9). Morphological transitions also
contribute to virulence during host infection by M. circinelloides. Under aerobic condi-
tions the wild-type strain develops abundant hyphae, whereas mutants in the cnbR
gene, which encodes the M. circinelloides calcineurin regulatory subunit B, produced
yeast cells and exhibited reduced virulence compared to the wild-type strain (9).
Mutation of genes encoding ADP-ribosylation factor 1 (Arf 1) and Arf 3 and Arf-like (Arl)
protein 1 led to the secretion of a harmful protein(s) that contributed to increasing the
pathogenesis of M. circinelloides (10, 11). Rhizopus oryzae uses the GRP78 surface
protein, which is overproduced during diabetic ketoacidosis, to cause endothelial cell
invasion and damage in mice (12). Spores of M. circinelloides produced on medium
supplemented with native blood serum are more resistant to H,0, and macrophage
phagocytosis and increase the virulence capacity compared to M. circinelloides spores
produced on medium supplemented with denatured blood serum or on medium alone
(13).

Other fungal pathogens utilize an extended repertoire of virulence factors, including
toxins (aflatoxins produced by some Aspergillus flavus strains), hydrolases (lipases,
proteases), and glycoproteins for host cell binding (14). In the most common human
fungal pathogen, Candida albicans, the ability to form biofilms constitutes a major
virulence factor (15). Two lines of study suggest a link between ethanol metabolism and
biofilm formation. Ethanol inhibits biofilm development; moreover, genetic alteration
of the alcohol dehydrogenase (Adh) enzyme increases the capacity of C. albicans to
form biofilms in which the ethanol level is low but the level of acetaldehyde is high (16).
In Aspergillus fumigatus, ethanol metabolism has been implicated in the adaptation to
hypoxia conditions during mouse infection. The alcC gene from A. fumigatus, encoding
an alcohol dehydrogenase, is highly expressed in the fungus infecting the lungs from
immunosuppressed mice. Moreover, alcC mutation results in reduced fungal presence
in tissues and increases the inflammatory response (17). In relation to M. circinelloides,
biochemical and genetic evidence indicates that the ADH1 enzyme is responsible for
ethanol production from acetaldehyde reduction and that adhl gene expression is
greater in yeast cells than mycelial cells (18, 19). M. circinelloides adh1 gene mutation
prevents growth under anaerobic conditions and leads to decreased ethanol produc-
tion and reduced capacity to grow in ethanol, confirming its role in fermentative and
oxidative metabolism (20).

Because Mucor dimorphism and carbon metabolism are strongly linked (20, 21), we
sought to determine the effects of ethanol metabolism on M. circinelloides virulence. To
this end, we tested the effect of the adh7— mutation on the virulence as well as the
inflammatory response in both mouse and nematode infection models.

RESULTS

adh1 gene mutation increases M. circinelloides virulence. M. circinelloides exhib-
its a dimorphic process, and the hyphal growth has been suggested to increase its
virulence (9). Our group observed that the M. circinelloides adh1 mutant (M5) is unable
to grow under anaerobic conditions and shows diminished ethanol production (20). To
determine the role of Adh1 in M. circinelloides virulence, we tested the effects of adh1
mutation in a survival assay using normal nonimmunodepressed BALB/c mice and the
nematode Caenorhabditis elegans as infection models.
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FIG 1 The adh1~ mutation increases virulence in M. circinelloides. (A) A total of 5 X 106 spores from each of the
different strains (M5, adh1— mutant; R7B, adh1 wild type; M5/pEUKA-adh1*, adh1 mutant complemented) were
inoculated using intraperitoneal administration in normal male BALB/c mice. Groups of 8 animals were treated with
the different strains. The animals were observed daily until their death. (B) For C. elegans infection assays, 24-well
flat-bottom plates were incubated with 10,000 spores and 20 nematodes per well in 1 ml of Lee medium; living
nematodes were monitored every 12 h. Three independent experiments were registered in each host model of
infection. The data were statistically analyzed using the Kaplan-Meier test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
When results were not considered significant, we did not provide an additional indication (P < 0.1).

Intraperitoneal injection of spores from wild-type (R7B), adh1~ (M5), and comple-
mented M5 mutant (M5/pEUKA-adh1*) strains clearly showed that M5 dramatically
increased M. circinelloides virulence compared to R7B or M5/pEUKA-adh1+. Strain M5
administration resulted in 82.14% lethality 2 days postinoculation, whereas all mice
inoculated with spores from R7B or M5/pEUKA-adh1~ survived throughout all assayed
periods (Fig. 1A). In correlation, nematode inoculation with spores from strain M5 led
to a significant increase in virulence compared to R7B or the M5/pEUKA-adh1+ spores
(Fig. 1B). This result indicated that the adhl mutation leads to increased fungal
virulence.

Mutation of adh1 affects M. circinelloides germination and growth during
aerobic development. It has been reported that an increase in germination correlates
with a higher virulence rate in M. circinelloides (11). Thus, we next addressed whether
enhanced strain M5 virulence is due to an increase in the germination and/or growth
rate. Strain M5 exhibited a significantly lower germination rate (Fig. 2A) and diminished
biomass production (growth) in minimal medium (Fig. 2B) compared to strains R7B and
M5/pEUKA-adh1+. These results indicated that virulence enhancement in M5 did not
correlate with an increase of germination or growth rate in the strain. Assessment of
hyphal morphology in mycelia growing under aerobic conditions did not reveal any
significant morphological change in the M5 mutant compared to the wild-type R7B
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FIG 2 The aerobic development of M. circinelloides is affected by mutation of the adh? gene. A total of 5 X 10°
spores per ml were inoculated into minimal (Lee) liquid medium supplemented with leucine at 28°C with constant
shaking. The germination rate (A) and growth (B) were registered at the indicated times for the three strains (M5,
adh1~ mutant; R7B, adh1 wild type; M5/pEUKA-adh1*, adhl mutant complemented). Four independent experi-
ments were performed under the same conditions. Significance testing was performed using the unpaired
Student’s t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. When results were not considered significant, we did not
provide an additional indication (P < 0.1).
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FIG 3 Mutation in the adh1 gene increases the invasiveness of M. circinelloides. A total of 5 X 10° spores
from each of the different strains of M. circinelloides (M5, adh1~ mutant; R7B, adh1 wild type; M5/pEUKA-
adh1*, adh1l mutant complemented with adhl wild type [WT]) were inoculated independently per
mouse. Following 48 h of incubation, animals were sacrificed and the organs were removed to be
observed (A). Asterisks indicate the presence of M. circinelloides hyphae in tissues subjected to Grocott
staining. Images were taken with X100 magnification under light microscopy. Bar = 200 um. (B)
Quantification of fungal load in the different mouse tissues by qPCR using tfc-1 from M. circinelloides. The
values shown in the ordinate of the graph correspond to the ratio of the tfc-1 gene signal detected in
the tissues by treatment with strain M5 or R7B. (C) We also analyzed the ratio of the tfc-7 gene from the
tissues infected with M5/pEUKA-adh1 or R7B. Mouse B-actin gene was used to validate the use of the
same amount of DNA from the different mouse tissues. Four independent experiments were performed
under the same conditions. Significance testing was performed using the unpaired Student’s t test. *,
P < 0.05; **, P < 0.01; ***, P < 0.001. When results were not considered significant, we did not provide
an additional indication (P < 0.1).

strain (see Fig. S1 in the supplemental material). M. circinelloides spore size has been
associated with virulence changes, with a larger spore size correlating with higher
virulence (22). However, spore size determination by flow cytometry and optical
microscopy showed that all three strains produced spores of equivalent size (Fig. S2).

Mutation of adh1 enhances mouse organ invasion by M. circinelloides. Fungal
cells’ infectivity largely depends on their capability of deep tissue invasion (23), that is,
being able to penetrate organs such as the lung, liver, spleen, and brain. The different
M. circinelloides strains were intraperitoneally inoculated to simulate acute sepsis in the
murine model, and all animals were sacrificed and the organs removed prior to natural
death. Fungal tissue invasion and burden were determined qualitatively with Grocott
staining of the tissue sections and quantitatively with real-time quantitative PCR (qPCR)
using the M. circinelloides tfc-1 gene (19). In general, the histological analysis revealed
that in all tissues studied, the presence of the fungus (dark color) was more evident in
the mouse tissues infected with strain M5 (Fig. 3A). Following infection with strain M5,
the organ with the highest signs of fungal burden was the liver, followed by the lungs,
whereas the brain and spleen demonstrated lower fungal presence (Fig. 3A). Using the
same amount of mouse genomic DNA isolated from the tissues of mice infected with
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the different M. circinelloides strains, fungal DNA was quantified using qPCR analysis
(Fig. S3), and the results obtained were consistent with the cytology, indicating that
after infection with M5, the liver and lungs from mice displayed ~80-fold higher fungal
load than that following R7B infection (Fig. 3B). M5 also yielded higher fungal content
in the brain and spleen, although this proportion was no more than 5-fold higher than
that of R7B. In general, these findings indicated that M5 has a higher capacity to invade
and colonize tissues than strains R7B and M5/pEUKA-adh1™, which did not markedly
differ in their capacity (Fig. 3C).

Trying to explain the increased capability of strain M5 to invade tissues, we evalu-
ated the capability of M. circinelloides strains to survive under oxidative stress, deter-
mining the ability of the spores to germinate on yeast-peptone-glucose (YPG) medium
after the addition of H,0,. The spores from strain M5 showed the highest levels of
resistance to H,0,, with ~64% of spores germinated, strain M5/pEUKA-adh1" showed
~54% of spores germinated, and the spores from the wild-type strain showed ~37%
germination compared to the control without H,O, (Fig. 4A). After obtaining this result,
we performed a phagocytosis assay with the spores from all the strains using the
murine macrophage cell line RAW 264.7. We observed spore germination in the
presence of the macrophages after 3h of interaction, and spores from strain M5
seemed to germinate faster than those from the other strains (Fig. 4B). To quantify the
spore germination, mRNA of pkaR1 was used to indirectly estimate the aerobic spore
germination (19). The mRNA levels of pkaR1 were determined by real-time quantitative
reverse transcription-PCR (qRT-PCR) after 1, 3, or 6 h of macrophage and spore inter-
action. The pkaR1 transcript levels after 1 h (~264 or ~118%), 3 h (~143 or ~42%), and
6 h (~122 or ~36%) were higher in the M5 strain than the wild-type or M5/pEUKA-
adh1+ strain (Fig. 4C). We quantified the number of spores that were digested by
macrophages after the interaction by qPCR using the tfc-7 gene levels (see Materials
and Methods). Our results showed that the lowest number of spores digested by the
macrophages after 6 h of interaction corresponded to strain M5 (94,054 spores di-
gested), followed by strain M5/pEUKA-adh1* (with 151,444 spores digested) and the
wild-type strain (160,000 spores digested); this means that the spores digested in the
mutant M5 correspond to only 60% and 65% of the spores digested in the wild-type
and M5/pEUKA-adh1™ strains, respectively (Fig. 4D). Additionally, we quantified the
CFU produced from spores that survive the digestion by the macrophage after 6 h of
interaction. Spores from the mutant M5 strain produced 36.6 or 42.6% more CFU after
the macrophage interaction than the wild-type or M5/pEUKA-adh 1~ strain, respectively
(Fig. 4E). These results indicate that the spores from the M5 mutant strain are less
susceptible to digestion by the macrophages than the spores from the wild-type or
M5/pEUKA-adh1 strain. Thus, these observations demonstrated that the genetic
alteration of M. circinelloides fermentative metabolism by loss of function of the ADH1
enzyme increased the survival of spores after oxidative stress exposure and caused in
the spores a greater resistance to the digestion by macrophages, which could explain
in part the increased ability to invade and colonize tissues.

The M. circinelloides adh1 gene mutation enhances the inflammatory response
in mouse tissues. As the invasion of mouse tissues by M. circinelloides could trigger
some response in the animal, it was of interest to determine whether there were
changes in the inflammatory response as a result of the presence of the fungus and if
such changes were differential between the M5, R7B, and complemented mutant
(M5/pEUKA-adh1%) strains of M. circinelloides. We utilized hematoxylin and eosin
staining to analyze the morphological changes occurring in mouse tissues after infec-
tion with the various strains. Animals that had not been infected showed normal tissue
appearance (Fig. 5A), whereas infection with the R7B or M5/pEUKA-adh1™ strain caused
mild inflammatory response in almost all tissues compared to tissues from noninfected
animals (Fig. 5A). However, the tissues from mice infected with strain M5 showed more
pronounced inflammation in brain and lungs. In the latter case, the alveolar structures
were disrupted and erythrocytes were observed in the lung tissue, suggesting severe
tissue damage. In addition, in mice infected with M5, the liver showed infiltration of
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FIG 4 Role of the adh1 mutation in the survival of M. circinelloides spores after H,O, damage or macrophage phagocytosis. (A) Spores
produced on YPG from the different strains were incubated with or without 4 mM H,O, and incubated at 28°C. The survival rate was
obtained after 24 h from the quotient of colonies from treatment versus no-treatment groups. (B) Germination of spores in the interaction
with macrophages was seen under direct observation by light microscopy (X40). Scale bar = 20 um. Arrows indicate germinating hyphae,
and arrowheads indicate swelling spores. (C) The pkaR7T mRNA levels were quantified using qRT-PCR 1, 3, and 6 h after the spores and
macrophages interacted. (D) Quantitation of killed spores by qPCR using tfc-1 after 6 h of incubation with mouse macrophages. A ACT
analysis was performed to compare the mRNA and gene levels between the samples. (E) Quantitation of CFU from spores after 6 h of
incubation with mouse macrophages. Figures show the average of three independent experiments. Significance testing was performed
using the unpaired Student's t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. When results were not considered significant, we did not
provide an additional indication (P < 0.1).

Kupfer cells and production of binucleated hepatocytes, indicating a more exacerbated
inflammatory response than that seen in the tissue from animals infected with strains
bearing functional ADH1 activity (Fig. 5A).

gRT-PCR analysis of some inflammatory responses (Mip2, II-13, and [I-6) in mice
infected with M. circinelloides strains confirmed the observations made using histolog-
ical analysis. The mice that were infected with strain M5 showed significantly higher
transcript levels of these inflammation markers than did those infected with strains
retaining functional ADH1 activity (Fig. 5B to D). Upregulated transcriptional activity of
II-1B and /I-6 correlated with significantly elevated protein expression of interleukin 13
(IL-1B) and IL-6 in mouse liver and lung tissues that were previously infected with the
mutant M5 strain (Fig. 6). These results indicate that the adh1 mutation in M. circinel-
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FIG 5 The adh1~ mutant strain M5 of M. circinelloides triggers an enhanced inflammation response in mice. Spores from the different strains of M. circinelloides
were inoculated in mice, and 48 h postinfection, the animals were sacrificed and the organs were removed for histological analysis using hematoxylin and eosin
(A). The arrows show the glial brain cells. Alveolar structures are enclosed in brackets. The stars show the erythrocytes in the spleen, and the triangles show
the hepatocyte morphology in the liver. Images were taken with X100 magnification under light microscopy. Bar = 200 um. mRNA quantification was
performed in the organs, and levels of (B) Mip2, (C), II-1B, and (D) /-6 were determined using qRT-PCR. Expression is relative to Mus musculus B-actin. Significance
testing was performed using the unpaired Student’s t test. *, P < 0.05; ** P < 0.01; ***, P < 0.001. When results were not considered significant, we did not

provide an additional indication (P < 0.1).

loides induces a more pronounced systemic inflammatory response that could contrib-
ute to the lethal effect in infected mice.

Toxic effect of cell-free supernatant from the M. circinelloides adh1 mutant. To
understand the basis of the enhanced tissue burden and inflammation conferred by the
adh1 mutation, we tested if toxicity is mediated by excreted or secreted products of
strain M5. To this end, cell-free culture medium (SS) from the different strains was
collected and assayed for its effects on C. elegans viability in incubation performed at
20°C. The SS from strain M5 grown for 12 h caused the most pronounced loss of
viability in C. elegans compared to strains R7B and M5/pEUKA-adh1* (Fig. 7A). M5-
derived SS preincubated at 37°C or 37°C with addition of protease (pronase E) prior to
nematode incubation similarly abolished the toxic effects on nematode viability (Fig. 7B
and Q). Moreover, the SS from all three strains incubated for 12 h at 25°C did not trigger
any toxic effect on the nematode (Fig. 7D). Taken together, these results indicate that
the M5 SS toxic effect is due to a thermolabile molecule of a nonprotein nature.
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FIG 6 The adh1— mutant strain M5 of M. circinelloides increased the protein expression of cytokines in mouse tissue. The cytokine
expression of (A) IL-18 and (B) IL-6 was determined using ELISA in liver and lung from mice previously infected for 48 h with the different
strains. Significance testing was performed using the unpaired Student’s t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. When results were
not considered significant, we did not provide an additional indication (P < 0.1).

Toxic effect of the M. circinelloides adh1 mutant is associated with excreted
acetaldehyde. Because the toxic secreted compounds from strain M5 are temperature
labile at 25°C as well as 37°C and because the adhT mutation impairs the synthesis of
ethanol from acetaldehyde (20), we reasoned that among the possible compounds
excreted in the culture medium of this strain, acetaldehyde best matches the charac-
teristic of evaporation (acetaldehyde evaporates at 21°C). Strikingly, the SS acetalde-
hyde concentrations for strains R7B and M5/pEUKA-adh1* were 0.5 and 15 mM,
respectively, whereas that of the M5 mutant strain was 47.5 mM (Fig. 8A). The SS from
the M5 mutant strain was incubated for 12 h at 25°C or 37°C to promote the possible
evaporation of acetaldehyde, and the concentration of acetaldehyde in the SS from
strain M5 showed significantly reduced levels after incubation at 25°C (18 mM) and 37°C
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FIG 7 Cell-free medium from cultures of the adh1— mutant strain M5 of M. circinelloides is toxic to Caenorhabditis
elegans. (A) Spores from the indicated strains were inoculated in Lee medium and grown under aerobic conditions
at 28°C with constant shaking for 12 h, and then the cultures were filtered using 2-um Millipore filters to obtain
the cell-free medium culture (SS), which then was incubated in the presence of C. elegans. (B) The SS from all the
strains were treated for 2 h at 37°C with pronase E or (C) at 37°C prior to incubation with the nematode. (D) The
SS from all the strains were treated for 12 h at 25°C. All the SS were incubated with the nematodes. A total of 20
nematodes were used per well and incubated at 20°C for 2 h. The results presented are the average of four independent
experiments. The data were statistically analyzed using the Kaplan-Meier test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
When results were not considered significant, we did not provide an additional indication (P < 0.1).
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FIG 8 Acetaldehyde accumulation and its toxic effect during spore germination in M. circinelloides adh1- and adh1+ strains.
(A) The acetaldehyde from cell-free medium culture (from 12 h of fungal growth) was quantified using a mass spectrom-
etry/flame ionization detector (MS-FID) method from different strains of M. circinelloides (M5, adh1— mutant; R7B, adh1 wild
type; M5/pEUKA-adh1+, adh1 mutant complemented). M5 cell-free medium culture was untreated (M5) or treated for 12 h
at 25°C (M5 25°C) or at 37°C (M5 37°C). (B) Spore germination in the presence of exogenous addition of acetaldehyde in
the various culture media. Four independent experiments were performed employing the same conditions. Significance
testing was performed using the unpaired Student’s t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. When results were not
considered significant, we did not provide an additional indication (P < 0.1).

(7 mM) (Fig. 8A). Further experiments showed that the exogenous addition of acetal-
dehyde to C. elegans at a concentration of 37.5 mM led to a 60% viability loss (Fig. S4),
indicating that this acetaldehyde concentration is toxic to C. elegans and explaining the
high toxicity of M5 SS. Notably, acetaldehyde at 37.5 mM did not affect the spore
germination rate of strain M5 at 6 h, although a 30% decrease of R7B spore germination
was observed (Fig. 8B). This result indicates that strain M5 is uniquely able to cope with
this acetaldehyde concentration, perhaps through its conversion to acetate.

In Saccharomyces cerevisiae, the ald2-encoded aldehyde dehydrogenase catalyzes
the conversion of acetaldehyde to acetate (20). ald2 mRNA quantitation from M.
circinelloides strains showed that the ald2 transcript level of R7B was 13.69-fold lower
than that of strain M5 (Fig. 9A); moreover, the accumulation of acetate was 3.6-fold
higher in strain M5 than strain R7B (Fig. 9B). These results suggest that the high
accumulation of acetaldehyde in the M5 mutant strain activates a detoxification
mechanism involving increased expression of the ald2 gene, resulting in a greater
tolerance to acetaldehyde in this strain.

Increased acetaldehyde production in the M5 adh1 gene mutant strain con-
tributes to its virulence in mice. In mammalian cells, acetaldehyde is metabolized to
acetate by aldehyde dehydrogenase (ALD) activity; accordingly, when disulfiram, a
competitive inhibitor of ALD activity, is used to control alcohol addiction, the resulting
unpleasant symptoms and toxicity are due to acetaldehyde accumulation (24).
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FIG 9 The adh1— mutant M5 from M. circinelloides detoxifies acetaldehyde through acetaldehyde dehydrogenase (ald2)
overexpression. (A) Quantitation of the transcript levels of the acetaldehyde dehydrogenase gene (ald2) from wild-type
(R7B) and adh1- mutant (M5) at 12 h of fungal growth. (B) Acetic acid levels were measured in the cell-free culture medium
at 12 h of growth. Four independent experiments were performed under the same conditions. Significance testing was
performed using the unpaired Student’s t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. When results were not considered
significant, we did not provide an additional indication (P < 0.1).
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FIG 10 Mouse ALD activity inhibition increases the virulence of the adh1— mutant M5 of M. circinelloides. Spores from the
different strains of M. circinelloides were inoculated independently per mouse. Mice were separated into two groups, which
were not treated (A) or treated (B) with disulfiram and inoculated with spores from the M. circinelloides strains (M5, adh1~
mutant; R7B, adh1 wild type; M5/pEUKA-adh1+, adh1 mutant complemented). A positive control was used (mice with
disulfiram treatment under the presence of ethanol at 10% ad libitum). Two independent experiments were performed
employing the same conditions using 8 mice under each condition tested. The data were statistically analyzed using the
Kaplan-Meier test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. When results were not considered significant, we did not provide

an additional indication (P < 0.1).

In the present study, disulfiram treatment was used in mice infected with the
different strains of M. circinelloides, with treatment 48 h prior to spore infection and
every 48 h postinfection. The administration of ethanol ad libitum did not generate
mouse deaths (Fig. 10A), in contrast to the death of all mice at day 5 when ethanol was
administered under disulfiram treatment (Fig. 10B). Remarkably, disulfiram treatment
increased the virulence of strain M5, as shown by a decreased time until lethality
compared to the result for mice that were infected with M5 alone (Fig. 10). In addition,
10% of the mice infected with R7B under disulfiram treatment were killed, in contrast
to the 100% survival of mice infected with R7B spores without disulfiram treatment,
suggesting that although much lower acetaldehyde is produced by mycelium from the
wild-type R7B strain than strain M5 (Fig. 8A), it could be accumulated by the inhibitory
effect of disulfiram on the ALD activity in strain R7B. This result suggests that the
acetaldehyde accumulation, resulting from the inhibition of mouse ALD activity, en-
hanced the virulence effect of M. circinelloides strain M5.

DISCUSSION

Several zygomycetous species belonging to the order Mucorales function as human
fungal pathogens to cause the lethal infection mucormycosis; these species include
Mucor spp., Rhizopus spp., Rhizomucor spp., Cunninghamella spp., and Apophysomyces
trapeziformis (25-27). In dimorphic species of Mucor, spore germination can lead to
either filamentous (mycelium) or spherical (yeast) cell production, depending on envi-
ronmental conditions (28, 29). The hyphal or the yeast phase of development can be
obtained both in the presence of oxygen and under anaerobic conditions, depending
on the carbon source and/or the presence of morphogenetic compounds. Develop-
ment of the yeast form requires hexoses and invariably correlates with fermentative
metabolism, whereas the hyphal phase can exhibit either oxidative or fermentative
metabolism, depending on culture conditions (30). However, the type of metabolism is
not a mandatory requirement for any of the Mucor dimorphism alternatives. Thus, as a
consequence of altered Mucor rouxii fermentative metabolism by mutation of the adh1
gene, the fungus loses its capacity to grow under anaerobic conditions. However, its
spores maintain the ability to differentiate toward the yeast phase when incubated
under aerobic conditions in the presence of phenethyl alcohol or to the hyphal phase
upon incubation under aerobic conditions in medium without phenethyl alcohol (30).
In M. circinelloides, the adhl gene is expressed in both hyphae and yeast cells,
producing a cytoplasmic enzyme that appears to account for the major fungal ADH
activity (18, 19). In addition, in M. circinelloides and M. rouxii the adh1 gene mutation
impairs growth under anaerobic conditions and negatively affects ethanol production
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in aerobic cultures but does not affect the yeast-hypha dimorphism in aerobic condi-
tions (20, 30). In recent years, specific signaling cascades, including the protein kinase
A (31-34) and calcineurin pathways (9), have been implicated in the modulation of
yeast-hyphal dimorphic transitions of M. circinelloides. Furthermore, it was shown
that the pathogenicity of the fungus was negatively impacted upon calcineurin
mutation (9).

In the present study, we show that alteration of the fermentative metabolism of M.
circinelloides by adh1 mutation exacerbates the pathogenic capacity of the fungus. In
particular, the lack of ADH1 activity in the M5 mutant strain led to a higher mortality
rate upon infection on mice or nematodes than that seen with the wild-type R7B and
the complemented mutant M5/pEUKA-adh1™ strains bearing functional ADH1 activity.
Our previous kinetic studies showed that the M. circinelloides ADH1 enzyme possesses
greater affinity for acetaldehyde than ethanol, revealing that in vivo, the main role of
this enzyme is to convert acetaldehyde to ethanol (18). Our observations indicated that
strain M5 produces higher acetaldehyde concentrations in the SS (45 mM) than do
strains R7B (0.5 mM) and M5/pEUKA-adh1* (15 mM), lending further support to the
fermentative function of the fungal ADH1 enzyme. This result also explains the higher
toxic effects on C. elegans viability when exposed to SS from M5 than when exposed to
SS from strains with functional ADH1 activity. Further observations supporting the
model that the high concentration of acetaldehyde in the M5 SS accounts for the
marked C. elegans loss of viability include (i) the decrease in the M. circinelloides
strain-mediated SS toxicity effect by its incubation at 25°C and 37°C, which triggers
acetaldehyde evaporation, and (ii) exogenous addition of acetaldehyde to C. elegans at
a concentration similar to that produced by the M5 mutant, which recapitulates the M5
SS toxic effect in nematode viability. Notably, M5 overexpresses the ald2 gene, which
could be an acetaldehyde-induced response, as previously described in S. cerevisiae
(35), aimed at acetaldehyde detoxification by its conversion to acetate.

Acetaldehyde is a highly toxic and carcinogenic product of alcohol fermentation and
metabolism in microorganisms (36). In the dimorphic pathogen C. albicans, the ability
to form biofilms constitutes a major virulence factor (37). Specifically, alcohol dehydro-
genase is downregulated in C. albicans biofilms, and ADH1 disruption significantly
enhances the ability of the fungus to form biofilms in which the production of ethanol
is low and that of acetaldehyde is high. Thus, it was concluded that ADH1 activity
restricts the ability of C. albicans to form biofilms in vitro and in vivo and that the protein
restricts biofilm formation through an ethanol-dependent mechanism (16). It was
shown that in the presence of b,L-2-hydroxyisocaproic acid, C. albicans restricts biofilm
formation and negatively affects the production of acetaldehyde from glucose; appar-
ently, the latter process may be due to the upregulation of genes responsible for
acetaldehyde catabolism (37, 38).

By using a chemotherapeutic murine model of invasive pulmonary aspergillosis and
a metabolomics approach, ethanol was detected in the lungs of mice infected with
Aspergillus fumigatus; it was demonstrated that during infection, the fungus is exposed
to oxygen-depleted microenvironments (17). An AalcC mutant (which has the alcohol
dehydrogenase-encoding gene alcC deleted) of A. fumigatus showed no growth defects
under hypoxic conditions and yielded wild-type levels of mortality in different murine
models. However, lung immunohistopathology and flow cytometry analyses revealed
an increase in the inflammatory response in mice infected with the AalcC mutant strain,
which corresponded to a reduction in fungal burden. It was concluded that in A.
fumigatus, a functional ADH1 contributes to fungal pathogenesis in the lung, to hypoxia
adaptation, and to growth (17).

The high degree of virulence of the M. circinelloides M5 adh1 mutant in mice or in
C. elegans demonstrates that altered fermentative metabolism, producing acetaldehyde
accumulation, confers a greater capacity of pathogenesis and does not appear to
negatively affect hypoxia adaptation during infection of mice, since the mutant M5 is
not affected in its ability to colonize the host. In a previous study, we observed that the
growth of the M5 mutant is drastically affected in in vitro cultures made under
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anaerobic or in self-anaerobic conditions (20). Thus, the normal colonization of mice by
the M5 mutant could indicate that nonfermentable carbon sources exist and could be
used for growth in the environment of the animal’s tissues and/or that hypoxia is not
very strict in these tissues. Our findings reveal a mechanistic difference between A.
fumigatus and M. circinelloides regarding the importance of the ADH1 enzyme in
connection with pathogenic potential: in the former fungus, a functional ADH1 is
required to sustain hypoxia adaptation and host colonization (18), whereas in M.
circinelloides, the aforementioned enzymatic activity is not required for adaptation to
hypoxia or for colonization of mice, and rather, the possession of a nonfunctional ADH1
increases the pathogenic potential of the fungus. Our results coincide in some aspects
with those obtained in C. albicans, mainly with the observation that a decrease in ADH
activity causes an increase in virulence. In Candida, this process is associated with an
increase in biofilm formation, which constitutes a major virulence factor (37). In our
observations, the mouse tissues (mainly liver and lungs) invaded by the M5 mutant
showed fungal growth accumulation, but we were unable to determine if these hyphae
were organized in biofilms. However, the fact that the SS from the three M. circinelloides
strains studied were able to cause mortality in C. elegans indicated that hyphae are not
the direct cause of damage to the nematode, but rather the acetaldehyde produced
and excreted by strain M5 is the cause.

Wild-type Candida strains can produce acetaldehyde from ethanol or glucose in in
vitro cultures (38). Our results show that in cultures grown in medium with glucose, the
wild-type M. circinelloides strain R7B does not produce significant amounts of acetal-
dehyde. This may explain R7B’s low degree of virulence compared to the M5 mutant
strain, which produces acetaldehyde under these conditions, and indicates a metabolic
difference between Candida and Mucor.

When cultured in vitro under aerobic conditions in the presence of glucose, the M.
circinelloides M5 mutant showed a 35% decrease in germination rate and produced
33% less biomass than R7B. As M. circinelloides produces high levels of ethanol under
aerobic conditions (18, 20), most likely such metabolism contributes to energy produc-
tion, possibly through the regeneration of NAD™, catalyzed by the ADH1 enzyme (18,
20). We propose that these detrimental effects could be the result of a lack of NAD*
regeneration through the ADH1 activity in the M5 mutant strain. Unexpectedly, despite
its reduced growth in cultures, the colonization of tissues by M5 was more extensive
than that observed with strains R7B and M5/pEUKA-adh1+. Probably, this is because
strain M5 is more resistant to macrophage digestion in mice, as we observed in
macrophage culture analysis.

In chronic lung inflammation in smokers (39) or heavy drinkers (40), acetaldehyde
acts as a toxic compound that drives the inflammatory tissue response. The infection of
mice with the AalcC mutant of A. fumigatus triggers an inflammatory response in their
bronchoalveolar fluids (17). In the present study, we observed a similar effect in
infections with the M. circinelloides M5 mutant, with an enhanced inflammatory re-
sponse in all mouse tissues analyzed compared to that following R7B or M5/pEUKA-
adh1+ infection. We propose that overproduction of acetaldehyde contributes signif-
icantly to the M5 mutant’s virulence and enhanced tissue burden in mice. Notably,
4.5 mM acetaldehyde inhibits phagocytosis and chemotaxis of monocytes and poly-
morphonuclear cells (41). This inhibitory effect may partially explain the enhanced
tissue colonization by the M5 mutant strain compared to that of strains with functional
ADHT1 activity.

Our results indicated that the infection of mice with M. circinelloides M5 induced a
systemic inflammatory response, even in brain tissue, suggesting a process of cell
degranulation and blood histamine release. To test this assumption, we assessed the
mRNA levels of three inflammatory response markers: (i) Mip2, whose mRNA expression
is influenced by the presence of histamine (42), (ii) /-18, which is an important
chemokine in the cell inflammatory response and apoptosis (43), and (iii) /-6, the
general response chemokine in inflammatory processes (44). These inflammatory re-
sponse markers were expressed at a higher level of transcript (Mip2, II-183, and /I-6) and
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protein (IL-18 and IL-6) in mouse tissues infected with the M5 mutant strain than those
infected with M. circinelloides strains with functional ADH1 activity, indicating that strain
M5 triggers a more pronounced inflammatory response.

In support of our model that acetaldehyde produced by M. circinelloides strain M5
is in part responsible for M5-associated pathology, treatment with the ALD inhibitor
disulfiram, which increases acetaldehyde accumulation, exacerbated M5 virulence.

Acetaldehyde is produced by a conserved metabolic pathway in diverse human
pathogens, including bacteria (Enterobacteria species), fungi (Ascomycetes: C. albicans,
Zygomycetes: Mucor species), and protozoa (Entamoeba species); most of these organ-
isms use fermentative metabolism during their infection process (45). To our knowl-
edge, this is the first report that links ethanol metabolism and virulence in an early-
diverging fungus. Furthermore, as M. circinelloides is a versatile fungus able to utilize
diverse nutrients and oxygen concentrations to colonize its environment, it would be
of considerable interest to identify a possible relationship between the prevalence and
virulence of Mucorales strains (not only exclusive for M. circinelloides) from clinical
origins and their characteristics in relation to ethanol metabolism.

MATERIALS AND METHODS

Strains and growth conditions. The M. circinelloides R7B (leuA~) strain was originally derived from
the (=) mating type M. circinelloides f. lusitanicus CBS 277.49 (46), M5 (leuA—, adh1~) is a spontaneous
adh1 mutant strain obtained by growth selection in allyl alcohol (20), and M5/pEUKA-adh1+ is an M5
strain carrying a self-replicative plasmid (pEUKA-7) harboring the wild-type adh1 gene from M. circinel-
loides R7B.

Spores were grown on yeast-peptone-glucose (YPG) medium containing 0.3% yeast extract, 1%
gelatin peptone, and 2% glucose and supplemented as necessary with 2% bacteriological agar at pH 4.5.
Minimum Lee medium was also employed, using 2% glucose, 0.5% sodium chloride, 0.25% potassium
dihydrogen phosphate, 0.20% magnesium sulfate, 0.20% ammonium sulfate, 0.005% leucine as neces-
sary, and 2% bacteriological agar supplemented when producing solid medium (adjusted pH 5.3).

Aerobic and self-anaerobic spore germination and growth quantification. Aerobic growth was
performed in a 250-ml flask with 25 ml YPG inoculated with 5 X 10> M. circinelloides spores per ml. Liquid
cultures were maintained at 28°C for 24 h with constant shaking at 150 rpm. Self-anaerobic spore
germination was performed using 125-ml flasks with 125 ml YPG medium; 5 X 10° M. circinelloides spores
per ml were incubated as described previously (47). The germination percentage was calculated for
aerobic or anaerobic conditions as germinules or budding yeasts counted in a total of 100 cells. To
determine biomass production, mycelia were collected from liquid cultures using filtration, and the dry
weight was determined.

To evaluate the oxidative stress, 100 spores from each of the different strains were treated or not
treated with 4 mM H,0, for 1 h at 4°C and spread on YPG plates and incubated for 24 h at 28°C.

Total genomic DNA isolation from mouse tissues. DNA from mouse tissues infected or not
infected with M. circinelloides strains was isolated as follows. Organs (brain, lung, spleen, and liver) were
removed from the mouse postinoculation; tissue lysis was performed using 50 mg from each organ.
Mouse tissue samples were transferred into a tube with MagNA Lyser green beads (Roche, Madison, WI,
USA) and precooled on ice. Denaturing binding buffer (200 wl) and proteinase K (10 mg/ml, 40 wl) from
the High Pure PCR template preparation kit (Roche) were added immediately before homogenization.
For cell disruption, tubes were placed in the MagNA Lyser instrument (Roche) and processed twice at
4,200 X g for 40 s. Samples were cooled on ice for 1 min between each processing step. Samples were
then centrifuged for 1 min at 15,000 X g (Eppendorf 5417), and the supernatants were used for DNA
isolation following the manufacturer’s protocol. Total genomic DNA was quantified using a Smart Spec
Plus spectrophotometer (Bio-Rad, Berkeley, CA, USA).

Total RNA isolation from mouse tissues or M. circinelloides. Biological samples from the different
M. circinelloides strains were collected 24 h after aerobic growth in YPG or Lee medium, filtered through
Whatman filter paper (Sigma, St. Louis, MO, USA), and washed with distilled water. Mouse tissues (brain,
lung, spleen, or liver) were also collected following M. circinelloides strain infection.

Approximately 50 mg of mycelia or mouse tissue samples was then transferred into a tube with
MagNA Lyser green beads (Roche) precooled on ice. Denaturing RLT buffer (700 wl) from the RNeasy
minikit (Qiagen, Venlo, The Netherlands) was added immediately before homogenization. For cell
disruption, tubes were placed in the MagNA Lyser instrument and processed twice at 6,500 rpm for 40 s
with cooling on ice for 1 min between each step. Then, samples were centrifuged for 1 min at 20,000 X g
(Eppendorf 5417), and the supernatants were used for RNA isolation following the RNeasy minikit
protocol (Qiagen). To eliminate DNA contamination, samples were treated with DNase | (Promega,
Madison, WI, USA) according to the manufacturer’s protocol. RNA samples were separated on nonde-
naturing 2% agarose gels stained with ethidium bromide, visualized using a Gel Doc XR+ imager
(Bio-Rad, Hercules, CA, USA), and quantified using a SmartSpec Plus spectrophotometer (Bio-Rad).

Oligonucleotide design and real-time quantitative reverse transcription-PCR (qRT-PCR). Prim-
ers and hydrolysis probes for the ald2 gene from M. circinelloides encoding the homolog to ALD2 from
Saccharomyces cerevisiae were used as reported previously (20), and the B-actin (Actp), interleukin 13
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(II-1B), interleukin 6 (lI-6), and murine macrophage inflammatory protein 2 (Mip2) genes from mice were
used as described before (13).

gRT-PCR was performed using the LightCycler 480 Il system (Roche Molecular Diagnostics, Pleasan-
ton, CA, USA) employing the SuperScript Ill Platinum one-step qRT-PCR reagent kit (Invitrogen, Carlsbad,
CA, USA). Each 25-ul reaction volume comprised 5 ul extracted total RNA template (50 ng), 0.5 ul enzyme
mix, 12.5 ul reaction mix (2X), 0.5 ul each 10-uM forward and reverse primer, 0.5 ul probe (5 uM), and
5.5 wlnuclease-free water. qRT-PCR was initiated with reverse transcription (50°C, 30 min) and initial
denaturation (95°C, 5 min), followed by 45 amplification cycles at 60°C for 30's, 72°C for 30's, and 95°C
for 15 s; fluorescence signals were collected at each 60°C stage. Appropriate positive, nontemplate, and
extraction controls were included in each test run.

Fungal load determination by real-time quantitative PCR from mouse tissues. The qPCR assay
was performed using the LightCycler 480 Il system with the Platinum quantitative PCR SuperMix-UDG kit
(Invitrogen). Reactions were as above for qRT-PCR but with 5 ul extracted total DNA template (500 ng).
gPCR was performed as indicated for qRT-PCR (without reverse transcriptase) and included the same
controls as those employed for qRT-PCR; fluorescence signals were collected at each 60°C stage at
530 nm.

qRT-PCR and qPCR amplification efficiency, relative expression level calculation, and data
analysis. To evaluate relative gene expression, a calculation for estimating the efficiency of a real-time
PCR assay for each studied gene is required. Here, estimation was performed using a calibration dilution
curve and slope calculation. A 5-fold dilution series (500 to 0.05 ng total RNA) was utilized as qRT-PCR
samples. Briefly, E was obtained from standard curves using the formula E = {[10 (—1/slope) — 1]/100}.
Relative expression levels were determined using the efficiency correction method, considering ampli-
fication efficiencies between target and reference genes (48). M. circinelloides tfc-1, which encodes a
subunit of the transcription factor TFIIC required for the RNA polymerase Il preinitiation complex
assembly, served as the reference gene in gRT-PCR analysis during dimorphism in M. circinelloides (19).

Caenorhabditis elegans killing assays. C. elegans Bristol N2 worms (49) were synchronized by
hypochlorite isolation of eggs from gravid adults, followed by hatching in S-basal medium (50). L1 larvae
were transferred onto nematode growth medium (50) plates seeded with the Escherichia coli OP50 strain
previously grown on the plates as a food source and incubated at 20°C for 4 to 5 days until reaching
young adult phase. Worms were rinsed from the plates and washed in S-basal medium. M. circinelloides
cultures were grown at 12 or 24h in YPG medium supplemented with leucine at 28°C and, after
centrifugation, the SS was recovered by filtration (Millipore 0.2-um filters; Billerica, MA, USA) for further
experiments. For each experiment, 10 to 20 worms were dispensed into each well of 24-well Costar plates
(Corning, Inc., Armonk, NY, USA). Then, worms were incubated with 1 ml SS or 10,000 spores from each
strain contained in a total volume of 1 ml Lee medium, and the plates were incubated for 48 h at 20°C
and scored for live worms at 6, 12, 24, and 48 h. For statistical purposes, three replicates per experiment
were performed. YPG and Lee medium served as negative controls. A worm was considered dead when
it no longer responded (moved) to a touch stimulus. Worms that died after sticking to the plate wall were
excluded from the analysis.

For all assays, fungal inoculum concentrations were confirmed by dilution plating and counting. We
conducted three independent assays for each worm group. The SS (1 ml) obtained from each M.
circinelloides strain was treated with 25 ul pronase (Sigma), equivalent to 5 units, and incubated for 2 h
at 37°C or heated at 90°C for 2 h prior to its use in the C. elegans killing assays.

Mouse virulence and disulfiram treatment. The protocol for the mouse virulence model followed
the recommendations of the Mexican Federal Regulations for the Use and Care of Animals (NOM-062-
Z00-1999) (SAGARPA 2001) (51).

To assess M. circinelloides strain virulence, groups of approximately 10- to 12-week-old male BALB/c
mice (CINVESTAV, Zacatenco, México) (20 g average weight) were used. At day 0, mice were inoculated
with spores from the different M. circinelloides strains in 200 ul total volume of sterile phosphate-buffered
saline containing 5 X 10> spores/dose administered intraperitoneally. Mouse survival was monitored
each day. At least three independent assays were conducted for each group.

An ALD activity inhibitor (disulfiram; Sigma) was administered to the mice prior to and during the
infection assay; each mouse was injected intraperitoneally with 300 mg/kg of body weight 48 h prior to
spore inoculation and at day 0 of infection, followed by dosing each 48 h during the infection period.
Mouse survival was monitored each 12 h after infection. Ethanol was administered by ingestion in
drinking water at a concentration of 10% (vol/vol) supplied ad libitum to groups of male mice with or
without disulfiram treatment.

Macrophage spore killing assay. Mouse monocyte/macrophage RAW 264.7 (TIB-71) was purchased
from the American Type Culture Collection (ATCC). Cells were maintained in Dulbecco modified Eagle
(DMEM) medium supplemented with 10% fetal bovine serum (FBS) (Sigma, USA), 100 U/ml penicillin
(Sigma, USA), and 100 wg/ml streptomycin (Sigma, USA) (basal medium) at 5% CO, and 37°C 24 h before
treatments.

Macrophages were seeded at 8 X 10> cells/well in DMEM basal medium (Gibco, Thermo Fisher
Scientific, USA) without antibiotics and incubated at 37°C in 6-well plates. After incubation overnight, the
basal medium in each well was replaced with fresh medium, and then the macrophages were cocultured
with 2 X 10° spores produced in YPG for 1 or 6 h. Afterwards, the culture medium and cells and spores
were separated by centrifugation at 1,000 X g for 10 min. The cell and spore pellet was recovered and
resuspended in 0.1 ml and separated into two tubes with 0.05 ml each. One tube was maintained at
—80°C until nucleic acid extraction was performed, and the other was diluted (1:50) and used to plate
200 of the initial spores to evaluate CFU in YPG solid medium. For the CFU assay, the control was the
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spores in DMEM basal medium without antibiotics. The CFU were quantified 24 h after incubation in the
presence of light at 28°C.

Preparation of tissue homogenate supernatants and ELISA. Spores from the different strains of
M. circinelloides were inoculated intraperitoneally in BALB/c mice, and 48 h postinfection the animals
were sacrificed and the organs were removed. Liver and lung organs were harvested, and the organs
were transferred to a 2.0-ml microcentrifuge tube containing 0.8 ml phosphate-buffered saline (PBS) and
protease inhibitor (cOmplete ultra tablets, mini, EDTA-free; Roche Diagnostics, Mannheim, Germany). The
organs were homogenized by a Potter-Elvehjem glass homogenizer, and the supernatants were collected
from the mixture following centrifugation at 10,000 X g for 10 min at 4°C and stored at —80°C prior to
analysis. The protein expression level of IL-18 and IL-6 in the liver and lungs was determined using
enzyme-linked immunosorbent assay (ELISA) following the manufacturer’s instructions (Sigma, USA).

Determination of abundance of DNA from spores of M. circinelloides using qPCR. The abun-
dance of spores of M. circinelloides from macrophage interaction was compared based on a spore
standard curve of M. circinelloides. Wild-type R7B spore concentrations between 1 X 102 and
1 X 107 ml~" by 10-fold serial dilutions were employed. Consequently, DNA was extracted to generate
a spore standard curve by qPCR by detection of the validated tfc-1 nuclear gene.

Histopathology. BALB/c mice were inoculated as described above and sacrificed at set time points
after M. circinelloides inoculation. Organs were removed and fixed in 10% phosphate-buffered formalin,
embedded in paraffin, sectioned at 5 um, and stained with hematoxylin and eosin or Gomori methen-
amine silver using standard histological techniques. Microscopic examinations of the stained tissues were
performed on a Leica M80/MSV266 instrument using a Leica DFC295 camera and the Leica Application
Suite version 3.8.5 imaging system (Leica Microsystems Inc., Buffalo Grove, IL, USA).

Acetaldehyde and acetic acid quantitation. Acetaldehyde quantitation was performed using gas
chromatography with a flame ionization detector on a 7890A series gas chromatograph (Agilent
Technologies, Palo Alto, CA, USA) equipped with a WAX column (30 m length by 0.25 mm inside diameter
[i.d.] by 0.25 um film thickness) (Phenomenex, Torrance, CA, USA). Nitrogen was run as a carrier gas at
a constant column flow rate of 0.7 ml/min. The temperature program was as follows: 40°C hold for 2 min,
5°C/min up to 60°C, 40°C up to 200°C for 0.5 min. The Split 20 injector was set at 200°C. Flame ionization
detector temperatures were set at 250°C with H,/airflow of 45/450 ml/210°C. Acetaldehyde was quan-
tified using a calibration curve.

Acetic acid quantitation was performed as follows. Sodium hydroxide (NaOH) 0.05 N was prepared
with cold water previously boiled for 3 min to eliminate dissolved CO,; this NaOH solution was
standardized with a 0.01 N HCI solution.

For preparation of each M. circinelloides supernatant sample, 100 ml previously boiled distilled water
was added to a 250-ml Erlenmeyer flask, adjusted to pH 8.2 with 0.05 N NaOH solution and a Sartorius
Professional PP-15 pH meter (Bohemia, NY, USA), and 5 ml supernatant was added. The solution was
placed in a burette for titration to pH 8.2. The 0.05 N NaOH volume (in ml) necessary to neutralize the
acid is directly proportional to the total acidity of acetic acid. The mathematical formula employed was:

TA% = 100 (Viigae X Nirare X citric acid Eqv. Wt.) - (Vg X 100)

where TA is total acidity, V. i the volume of NaOH titrate employed, N is the normality of the
NaOH used in the reaction, citric acid Eqv. Wt. is 60.05, and V, is the volume of sample. Using this
approach, the quantity of total acetic acid produced was determined (g/liter).

Statistical analysis. Significance testing was performed using the unpaired Student’s t test. *,
P < 0.05; **, P < 0.01; ***, P < 0.001. When results were not considered significant, we did not provide
an additional indication (P < 0.1).

titrate
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