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Mucor circinelloides is a dimorphic Zygomycete fungus that
produces ethanol under aerobic conditions in the presence of
glucose, which indicates that it is a Crabtree-positive fungus.
To determine the physiological role of the alcohol dehydro-
genase (ADH) activity elicited under these conditions, we ob-
tained and characterized an allyl alcohol-resistant mutant
that was defective in ADH activity, and examined the effect
of adh mutation on physiological parameters related to car-
bon and energy metabolism. Compared to the Adh" strain
R7B, the ADH-defective (Adh’) strain M5 was unable to grow
under anaerobic conditions, exhibited a considerable reduc-
tion in ethanol production in aerobic cultures when incubated
with glucose, had markedly reduced growth capacity in the
presence of oxygen when ethanol was the sole carbon source,
and exhibited very low levels of NAD"-dependent alcohol de-
hydrogenase activity in the cytosolic fraction. Further char-
acterization of the M5 strain showed that it contains a 10-bp
deletion that interrupts the coding region of the adhl gene.
Complementation with the wild-type allele adh1” by trans-
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formation of M5 remedied all the defects caused by the adhl
mutation. These findings indicate that in M. circinelloides,
the product of the adhl gene mediates the Crabtree effect,
and can act as either a fermentative or an oxidative enzyme,
depending on the nutritional conditions, thereby participa-
ting in the association between fermentative and oxidative
metabolism. It was found that the spores of M. circinelloides
possess low mRNA levels of the ethanol assimilation genes
(adl2 and acs2), which could explain their inability to grow
in the alcohol.

Keywords: Mucor circinelloides, ADH1 enzyme, Crabtree ef-
fect, fermentative and oxidative metabolism

Introduction

Zygomycetes are saprophytes that are ubiquitous in natural
environments, and contribute to the transformation of or-
ganic matter. In recent years, Zygomycetes have attracted
interest in various areas, such as biotechnology and the health
sector. These organisms have been studied and used to pro-
duce a wide range of metabolic products, including organic
acids, enzymes, fatty acids, and biofuels; furthermore, the bio-
mass of Zygomycetes contains proteins, lipids, amino acids,
chitin, and chitosan, and is considered useful for the produc-
tion of animal feed, human food, and chitosan (Ferreira et
al., 2013; Karimi and Zamani, 2013). Regarding their interest
to the health sector, some Zygomycetes have been described
as opportunistic pathogens in humans because they can cause
mucormycosis. The reported species include Absidia trape-
ziformis, Cunninghamella spp., Mucor spp., Rhizomucor spp.,
and Rhizopus spp. (Chayakulkeeree et al., 2006; Ibrahim and
Spellberg, 2006; Mendoza et al., 2015).

The yeast-hyphae dimorphism of some Mucor species has
been considered important for industrial applications such
as the production of heterologous proteins (Wolff and Arnau,
2002), or metabolites and fuel ethanol in large-scale fermen-
tation plants (Ferreira et al., 2013; Karimi and Zamani, 2013).
In aspects related to pathogenicity, for instance, the hyphae
of Mucor species have been associated with infected tissues
in humans (Khan et al., 2009), and in a murine mucormy-
cosis system (Lee et al., 2013).

Depending on the environmental conditions in which di-
morphic species of Mucor are cultivated, the germination
of spores produces vegetative hyphae cells (a mycelium) or
spherical budding cells (yeast) (Bartnicki-Garcia, 1963; Sy-
pherd et al., 1978); the production of a mycelium or yeast
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cells can occur under aerobic or anaerobic conditions, accor-
ding to the carbon source and/or the addition to the medium
of morphogenetic compounds. Mycelial cells are capable of
adopting an oxidative or fermentative metabolism, depend-
ing on the cultivation conditions. In contrast, the production
of yeast cells requires the presence of hexoses, and such cells
adopt a fermentative metabolism, producing high levels of
ethanol after growth under various conditions; yeast cells can
grow by anaerobiosis or aerobiosis in the presence of mor-
phogenetic compounds, such as dibutyryl cyclic-AMP, cer-
tain amino acids, and phenethyl alcohol (PEA) (Orlowski,
1991). Metabolic studies have shown that when Mucor cir-
cinelloides is incubated under aerobic conditions in the pre-
sence of glucose, it produces a mycelium that exhibits an
oxidative metabolism, although it also produces appreciable
levels of ethanol; these observations indicate that M. circi-
nelloides is a Crabtree-positive microorganism (McIntyre
et al., 2002). The ethanol produced by the fungus under these
conditions is consumed after the glucose has been exhausted.
However, yeast cells produced under anaerobic conditions
do not utilize ethanol because they require hexoses as a car-
bon source (Liibbehiisen et al., 2004).

In M. circinelloides, the mRNA of adhl gene is expressed
in spores (Valle-Maldonado et al., 2015), hyphae, and yeast
cells, and produces a cytoplasmic enzyme that appears to be
the major alcohol dehydrogenase (ADH) in the fungus; dur-
ing mycelial growth under aerobic conditions, the level of
expression of the adhl gene is correlated with the concentra-
tion of glucose in the culture medium (Rangel-Porras et al.,
2005). Kinetic characterization of purified ADHI suggests
that it mainly works as a fermentative enzyme and converts
acetaldehyde to ethanol in an NADH+H"-dependent reac-
tion (Rangel-Porras et al., 2005); furthermore, adhl mRNA
accumulates in higher levels in yeast cells than in hyphae or
spores (Valle-Maldonado et al., 2015). In the yeast Sacchar-
omyces cerevisiae, the fermentative enzyme ADHI1 partici-
pates in the production of ethanol, whereas the oxidative
enzyme ADH2-in conjunction with the enzymes aldehyde
dehydrogenase (ALD1/ALD2) and acetyl-CoA synthetase
(ACS2)-participates in the utilization of ethanol as a carbon
source (Wills, 1990; de Kok et al., 2012).

To determine the physiological function of the ADH1 en-
zyme in M. circinelloides, we obtained and characterized an
allyl alcohol-resistant mutant that was defective in ADH ac-
tivity; this mutant had an adhl gene with an altered open
reading frame (ORF), and produced a protein lacking the
NAD"-binding domain. It therefore produced a protein with
abolished ADH activity. This mutation was examined for its
effect on physiological parameters related to carbon and en-
ergy metabolism.

Materials and Methods

Fungal strains and cultivation conditions

We used the leucine-requiring Mucor circinelloides strain R7B
(ATCC90608; Roncero, 1984) as the wild-type reference
strain throughout this study; the M5 strain is a spontaneous
allyl alcohol-resistant (Ally') mutant derived from R7B (see
below). For the growth experiments, we used yeast-peptone-

glucose (YPG) complete medium (Bartnicki-Garcia and Nic-
kerson, 1962) and Lee’s minimal medium (LMM) (Lee et
al., 1975), modified as described by Acevedo-Aguilar et al.
(2006) and containing 0.25% KH,PO4, 0.20% MgSOs, 0.50%
(NH4)2S04, 0.5% NaCl, and glucose or ethanol at 2% as the
carbon source. When necessary, LMM was supplemented
with 20 mg/L leucine as a requirement for the auxotrophy
of R7B and its derivative M5. The strains were maintained,
and spores were obtained after growth in YPG medium as
described (Bartnicki-Garcia and Nickerson, 1962). To obtain
aerobic mycelia, we grew liquid cultures (600 ml) in 2-L
Erlenmeyer flasks containing YPG medium inoculated with
spores at a final cell density of 5 x 10°/ml, and incubated
them in a shaken water bath at 28°C for the indicated period.
In some experiments, we inoculated the cultures with swollen
spores; these cells were obtained by inoculating YPG me-
dium with intact spores and incubating the cultures under
aerobic conditions at 28°C for 4 h. The obtained cells were
centrifuged at 3,500 x g. The resulting pellets were thoroughly
washed by centrifugation in sterile distilled water, and then
transferred to a solid or liquid medium, as indicated. For
growth in the solid medium under anaerobic conditions, we
used LMM with 2% glucose, with or without leucine. After
inoculating the medium with spores of the indicated strains,
Petri dishes containing the inoculated medium were incu-
bated in an anaerobic jar using the GasPak system (Becton
Dickinson). Self-anaerobic growth was facilitated using 125-ml
flasks filled completely with culture medium and sealed with
rubber stoppers provided with a needle, to allow the exit of
excess of CO; (Salcedo-Hernandez and Ruiz Herrera, 1993).
Self-anaerobic cultures containing 125 ml of YPG medium
were inoculated with 1 x 10° spores/ml of M. circinelloides;
this condition causes the spores to grow and produce bud-
ding yeast cells, as previously described (Salcedo-Hernandez
and Ruiz-Herrera, 1993). The germination percentage under
aerobic or anaerobic conditions was calculated from the num-
ber of germinules or budding yeast cells in at least 100 cells.

For the transition experiments, swollen spores were incu-
bated in YPG medium for 4 h under aerobic conditions or
yeast cells in YPG medium for 12 h under self-anaerobic con-
ditions, and then centrifuged the obtained cells at 3,500 x g.
The harvested pellets were washed five times with 40 ml of
sterile distilled water, transferred to LMM containing glu-
cose or ethanol as the sole carbon source, and incubated at
28°C while shaking at 150 rpm.

Isolation and sequencing of genomic clones of the M5 adhl
gene

The sequencing strategy was based on the polymerase chain
reaction (PCR) amplification of fragments of the ORF of the
adhl gene from the M5 mutant strain using the following
oligonucleotides: adh-xhoF (5" CTC GAG ATG TCT GAA
GAA ACT TTC ACT GCC TGG G 3'); adh-notR (5" GCG
GCC GCG TTC ATG ACG ACA GCT CTG TAA CG 3');
adh31F (5' GAC AAC GCT ACC AAG GAC AAG ACC 3);
and adh32R (5" TTG TAG TGA GGC TCC ATT TGC TCT
3"). These oligonucleotides were designed based on the se-
quence from the adhl gene of the wild-type strain R7B as
described in our previous study (Rangel-Porras et al., 2005).
The oligonucleotides adh-xhoF and adh-notR correspond to
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regions at the 5" and 3" ends of the adhl gene, respectively,
and contain Xhol and Notl restriction sites (underlined in
the oligonucleotides sequences). Oligonucleotides adh31F
and adh32R amplify an internal fragment of the central re-
gion of the adhl gene. The nucleotide sequence of the ge-
nomic and cDNA versions of the wild-type R7B adhl gene
are available at GenBank under the Accession nos. AY702961
and AY702962, respectively. The nucleotide sequence of the
genomic version of the M5 mutant adhl gene is available
at GenBank under the accession number MH130382.

The amino acid sequence of the ADH1 protein predicted
from the sequenced adhl gene of the M5 mutant was aligned
with the corresponding ADH1 protein predicted by the adhl
gene of the wild-type R7B strain (Rangel-Porras et al., 2005)
using DNASTAR software.

Total RNA isolation and quantitative reverse transcription
polymerase chain reaction (QRT-PCR)

The biological samples of M. circinelloides were: 1) spores,
grown for 4 h under aerobic conditions to produce swollen
spores (SS), 2) spores grown under self anaerobic condi-
tions for 12 h to produce anaerobic swollen spores (ASS)
(these cells were produced by the mutant M5, which, un-
like the wild-type strain R7B, is unable to grow in the pres-
ence of low oxygen tension, which is why it fails to develop
and grow as yeast cells), 3) mycelium grown for 12 h (M),
and 5) yeast cells grown for 12 h (Y); in all cases, the growth
was performed in YPG medium. The cells were collected by
filtration (using Whatman No. 6 filter paper), and washed
with sterile distilled water. RNA was isolated as described
previously (Valle-Maldonado et al., 2015). M. circinelloides
gene-specific oligonucleotides and hydrolysis probes for ald2
(aldehyde dehydrogenase) and acs2 (acetyl-CoA synthetase)
genes were designed using biosearch technologies software
(http://www.biosearchtech.com) to ensure the specificity of
all detections during the qRT-PCR assays (Supplementary
data Table S1). The qRT-PCR assays, amplifications, and PCR
efficiency determinations; the relative expression level cal-
culations and the data analyses; and the use of hydrolysis
probes and primers for the adhl (alcohol dehydrogenase)
and tfcl (subunit of the transcription factor TFIIIC from
RNA polymerase III) genes, all were carried out according
to a previously described method (Valle-Maldonado et al.,
2015).

Northern blot analyses

Total RNA was extracted from aerobic mycelium of strains
R7B and M5 cultured in YPG medium for 13 h and Nor-
thern blot analysis was performed as described by Sambrook
et al. (1989); the incubation time selected was used because
under these conditions the wild-type strain R7B shows the
optimum level of ADH activity (Rangel-Porras et al., 2005).
The hybridization was performed using *’P-labelled DNA
probes, consisting of a 475 bp fragment of the adhl gene
cDNA or a 774 bp fragment of the leuA gene, both obtained
from R7B strain.

Construction of plasmid vector pPEUKA7/adhl and fungal
transformation

For the complementation experiments, the 1,044-bp DNA
fragment corresponding to the ORF of the adhl gene was
amplified by PCR using the wild-type R7B strain genomic
DNA (gDNA) and the oligonucleotides adh-xhoF and adh-
notR. The amplified product was directionally cloned into the
plasmid pEUKA 7.1 (Wolff and Arnau, 2002) using Xhol
and Notl restriction sites, thereby generating the plasmid
pEUKA7/adhl. In this vector, adhl gene expression is un-
der the control of the promoter and the transcriptional ter-
minator of the M. circinelloides gpdl gene. This construct
was introduced into protoplasts of the adhl-deficient mutant
strain M5. Leu" prototroph transformants were selected and
purified by monosporic isolation, as described previously
(Wolff and Arnau, 2002).

Preparation of cell-free extracts

Aerobic mycelia cells were disrupted in an MSK cell homo-
genizer (Braun) and the crude extract or the cytosolic frac-
tion (164,500 x g supernatant) was prepared according to a
previously described procedure (Rangel-Porras et al., 2005).

ADH activity assay

NAD" or NADP"-dependent ADH activity was determined
spectrophotometrically in crude extracts or in the cytosolic
fraction. All enzyme assays were conducted in a final vol-
ume of 2 ml, and the ADH activity was assayed in the oxi-
dative direction, according to the method described by Berg-
meyer (1983). The assays were performed in a reaction mix-
ture containing 50 mM Tris-HCI (pH 8.5), 1.9 mM NAD"
or NADP", cell-free extract (100-200 pg protein), and 0.8 M
ethanol. The reaction was started by adding ethanol, and a
reduction of NAD" or NADP" was monitored by the in-
crease in absorbance at 340 nm. One unit of enzyme activity
was defined as the amount required to reduce 1 umol of
NAD" or NADP' per min at 25°C. The specific ADH activity
was expressed as units (U) per mg of protein.

The NAD"-dependent ADH activity of the crude extracts
was also determined by zymography, which was performed
following electrophoresis on non-denaturing 10% polyacry-
lamide gels (Nikolova and Ward, 1991), as previously de-
scribed (Torres-Guzman et al., 1994). The image shown in
Fig. 8 comes from an electrophoretic separation in which
the crude extracts of the indicated strains were loaded in the
same gel, separated between them by an empty lane, to avoid
cross-contamination. ADH activity was revealed in the com-
plete gel and then the gel was photographed. The photogra-
phic image of the gel was cut to remove the empty lanes of
the gel; Fig. 8 shows the image of the lanes in which the sam-
ples of extracts of the strains were loaded.

Determination of the ethanol content of the culture

Mycelium biomass (1 g) obtained from cultures grown un-
der aerobic conditions in LMM with 2% glucose for 24 h
was transferred to the same medium, and incubated under
aerobic conditions. Subsequently, 1-ml samples were obtained
from the culture after 12, 24, and 48 h of incubation, fil-
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tered through 0.22-um filters, and used for determination
of ethanol content. The ethanol content in the supernatants
was determined by gas chromatography with a flame ioniza-
tion detector (GC-FID, Agilent Technologies 7890B) using
an Agilent J&W HP-Innowax 19091N-136 column (60 m x
250 pm x 0.25 um) with nitrogen as the mobile phase sup-
plied at a flow rate of 1 ml/min. We injected 0.5 pl of each
sample using an auto-sampler in split 20:1 mode at 240°C,
whereas for the flame ionization detector the temperature
was 260°C. The column temperature was held at 50°C for 2
min, increased to 240°C at 5°C/min, and held for 15 min.
Quantification was based on a calibration curve using etha-
nol as a standard and 2-pentanol as the internal standard
(both from Sigma-Aldrich) (Lopez-Alvarez et al., 2012).
The values shown in the results are the mean from three
independent experiments conducted with duplicate deter-
minations. The error bars represent standard deviations. The
one-way analysis of variance (ANOVA) post hoc Bonferroni
test was used to analyse the data regarding ethanol pro-
duction and the ADH activity levels in the cytosolic frac-
tion of the M. circinelloides strains. We carried out all the
tests using Statistica 11 software, and set a significance level
of 0.05 (indicated by letters in the figures) for the analyses.

Results

Isolation and characterization of a mutant deficient in ADH
activity

In a previous study, we observed marked expression of the
M. circinelloides adhl gene in cultures incubated under
aerobic conditions in a medium containing glucose (Rangel-
Porras et al., 2005). Therefore, these conditions were chosen
to select spontaneous mutants that were deficient in ADH
activity using allyl alcohol resistance. This procedure has
been used to elucidate the physiological role of adh gene-
encoded enzymes in microorganisms, plants, and animals
(Lutstorf and Megnet, 1968; Wills and Phelps, 1975; Freeling
and Bennett, 1985; Jacobs et al., 1988; Williamson et al., 1991;
Zheng et al., 2009). For this purpose, we incubated spores of
strain R7B under aerobic conditions in solid YPG medium
containing 2% glucose and supplemented with 100 mM allyl
alcohol (a sufficient concentration to inhibit the growth of
R7B spores). One resistant colony appeared after 7 days of
incubation, and the isolate was purified twice by single-spore
colony formation in the same selective medium used to pro-
duce the spores, which were able to grow in a medium con-
taining allyl alcohol. The strain was named M5.

The stability of the Ally" phenotype of the M5 mutant was
tested by performing three complete vegetative cycles un-
der non-selective conditions and inoculating the spores onto
plates containing solid YPG medium. The top row of Fig. 1
shows that M5 and R7B were able to grow similarly in YPG
medium when the cultures were incubated under aerobic
conditions. However, under similar incubation conditions
in YPG medium containing allyl alcohol, only the spores of
the mutant strain M5 and not those of strain R7B were able
to germinate and produce a mycelium (Fig. 1 middle row),
which illustrates the Ally" and Ally* phenotypes of M5 and
R7B, respectively. However, in cultures incubated in YPG

medium under hypoxic conditions, only the spores of strain
R7B and not those of M5 managed to germinate and pro-
duce a visible mycelium, which indicated that strain M5 is
unable to grow under conditions of low oxygen tension (Fig.
1 bottom row). We obtained similar results for liquid YPG
medium inoculated with spores and incubated under self-
anaerobic conditions, defined as those stablished due to the
displacement of oxygen from the cultures by the CO, pro-
duced during microbial metabolism. Under self-anaerobic
conditions the wild-type strain R7B generated budding yeasts,
as previously described (Salcedo-Hernandez and Ruiz Herrera,
1993), whereas the M5 mutant strain was unable to reach the
yeast phase and produced only swollen spores (Supplemen-
tary data Fig. S1A). At difference of spores, which are met-
abolically dormant, swollen spores constitute a later stage
in the spore germination process, characterized by isodia-
metric growth and by an active biosynthesis of macromole-
cules, formation of organelles and development of a new
cell wall (Bartnicki-Garcia et al., 1968; Orlowski and Sypherd,
1978); for that reason, from a metabolic point of view, swol-
len spores are considered fully active, as vegetative cells.
Furthermore, when we transferred yeast cells of the wild-
type strain R7B to LMM and incubated them under aerobic
conditions with either glucose or ethanol as the carbon source,
they exhibited high rates of transition to hyphae formation
(approximately 90% for glucose and 75% for ethanol) (Sup-
plementary data Fig. S1B). We carried out a complementa-
tion analysis of strain M5 to determine whether the alter-
ations exhibited by the M5 mutant including, allyl-alcohol
resistance under aerobic conditions and growth impairment
under anaerobic conditions, are due to the mutation in the
adhl gene. These complementation analysis were performed

R7B M5 M5/pEUKA-adh!

@

Acrobiosis
+ Allyl alcohol Acrobiosis

Anacrobiosis

Fig. 1. Plate growth of Mucor circinelloides strains under various culture
conditions. We inoculated plates of solid Lee’s minimal medium (LMM)
with or without allyl alcohol with spores of the strains, and incubated un-
der aerobic conditions. We also incubated other inoculated plates without
allyl alcohol under anaerobic conditions. In all cases, we photographed
the growth of the resulting colonies over 3 days of incubation. For the
growth of the wild-type R7B and M5 mutant strains, we supplemented
the medium with leucine, whereas we omitted leucine from the medium
used to grow complemented strain M5/pEUKA-adhl.
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MS/pEUKA-adh!

+ Glucose

+ Ethanol

Fig. 2. Plate growth of the Mucor circinelloides strains under aerobic con-
ditions in Lee’s minimal medium (LMM) with 2% glucose or ethanol as
the sole carbon source. We inoculated the cultures with spores (a,b,c and
g.h,i) or with swollen spores (d,e,f and j,k,1), and photographed the growth
of the colonies after 3 days of incubation. For the growth of the wild-type
R7B and M5 mutant strains, we supplemented the medium with leucine,
whereas we omitted leucine from the medium used to grow complemented
strain M5/pEUKA-adh]l.
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using protoplast transformation with the pEUKA-adhl con-
struct, which contains the adhl” allele from R7B under the
control of the promoter and transcriptional terminator of
the M. circinelloides gpdl gene. Selection for leucine proto-
trophy resulted in the M5-derived transformant M5/pEUKA-
adhl. Figure 1 shows that, as with strain R7B, the presence of
the wild-type adhl allele in the M5/pEUKA-adh1 transfor-
mant caused allyl alcohol-sensitivity in this strain because it
was unable to grow in medium containing allyl alcohol under
aerobic conditions (Fig. 1 middle row). Furthermore, similar
to the wild-type strain R7B, the transformant M5/pEUKA-
adhl was able to grow under conditions sustaining anaero-
biosis (Fig. 1 bottom row) and self-anaerobiosis (Supplemen-
tary data Fig. S1A), in which the mutant strain M5 was un-
able to grow.

In the next experiment, we compared the abilities of strains
R7B and M5 to grow under aerobic conditions in solid LMM
media with glucose or ethanol as the carbon source by in-
oculating the medium with spores or with swollen spores.
In the medium containing glucose, the spores (Fig. 2a) and
swollen spores (Fig. 2d) of strain R7B were able to grow and
produce mycelial colonies; we observed similar results for
the spores (Fig. 2b) and swollen spores (Fig. 2e) of the M5
mutant incubated in the same medium. In the LMM solid
medium containing ethanol as the carbon source, the spores
of the wild-type strain R7B (Fig. 2g) and those of the mutant
M5 (Fig. 2h) failed to produce mycelial colonies. Interes-
tingly, in the medium containing ethanol, the R7B swollen
spores (Fig. 2j) managed to grow and produce mycelial col-
onies, but those of M5 did not (Fig. 2k). The inability of the
M5 swollen spores to grow in medium containing ethanol
is specifically due to adhl mutation as demonstrated by the

LMM + ETHANOL

R7B

M5

MS5/pEUKA-adh1

Fig. 3. Spore germination of Mucor circinelloides in liquid Lee’s minimal medium (LMM) with glucose or ethanol as the sole carbon source. (A) Bars represent
the percentage of spores germinated independently of number or size per mother cell. The data are the mean + SD, and three independent experiments were
performed for each condition. The letters denote statistically significant differences (analysis of variance (ANOVA), Fisher, P < 0.05). (B) Morphology of
spores grown in the presence of glucose or ethanol as the sole carbon source after 12 h of incubation. The arrow heads indicate ungerminated spores; scale
bar = 10 um. For the growth of the wild-type R7B and M5 mutant strains, we supplemented the medium with leucine, whereas we omitted leucine from the

medium used to grow complemented strain M5/pEUKA-adh1.
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fact that the swollen spores of the complemented strain+
MS5/pEUKA-adhl were able to grow and produced mycelial
colonies, as readily as the R7B swollen spores, in medium
containing ethanol as the only carbon source (Fig. 2i).

To confirm these observations under different conditions,
we decided to grow the strains in liquid LMM containing
either glucose or ethanol, using intact spores or swollen spores
as inoculum and incubating the cultures under aerobic con-
ditions. Spores from the wild-type R7B, the mutant M5, as
well as those from the complemented M5/pEUKA-adh1 strain
were able to germinate at similar levels (> 80%) in medium
with glucose as the carbon source, whereas spores of these
three strains were unable to germinate when ethanol was the
carbon source (Fig. 3A and B). Moreover, when we trans-
ferred swollen spores from R7B, M5, and the complemented
M5/pEUKA-adhl to LMM containing either glucose or etha-
nol, they exhibited high germination rates of at least 90%
(Fig. 4A). However, the hyphae that emerged from the
swollen M5 spores incubated in LMM with ethanol were
much shorter (Fig. 4B) and narrower (Fig. 4D) than those
produced by R7B. These last two phenotypes were remedi-
ated by introduction of the adhl wild-type allele into the
M5 strain as length and thickness of the complemented
M5/pEUKA-adhl strain were comparable to those shown
by the R7B wild-type strain. These results may explain, in
part, why swollen M5 spores in solid LMM containing etha-
nol did not generate visible mycelial colonies to any appre-
ciable extent (Fig. 2k), in contrast to the wild-type strain R7B,
which shows robust colonies in this medium (Fig. 2j). In
general, the development of hyphae was less extensive in

r

2 M5/pEUKA-adh1

Fig. 4. Growth transition of Mucor circinelloides from swollen spores to aerobic mycelial growth
in Lee’s minimal medium (LMM) with glucose or ethanol as the sole carbon source. (A) Bars rep-
resent the percentage of primary hyphae per mother cell after the transfer of the swollen spores to
a LMM containing glucose or ethanol after 24 h of incubation. (B) Hyphal length registered for the

indicated growth media 24 h after transfer. (C) Hyphae thickness was quantified for the indicated

growth media 24 h after transfer. The letters denote statistically significant differences (analysis of

variance (ANOVA), Fisher, P < 0.05). (D) We used a light microscope (40 x) to examine the mor-
cd phology of swollen spores grown aerobically for 4 h in yeast-peptone-glucose (YPG), and of ger-
minated cells 24 h after transfer to media containing glucose or ethanol as the sole carbon source.
The arrow heads indicate the mother cells, and the asterisks mark the tips of the hyphae; scale bar
=10 um. For the growth of the wild-type R7B and M5 mutant strains, we supplemented the medium
with leucine, whereas we omitted leucine from the medium used to grow complemented strain
M5/pEUKA-adh1.
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Fig. 5. Ethanol production and growth rate in Mucor circinelloides strains
incubated in medium containing glucose under aerobic conditions. The
cultures were grown in Lee’s minimal medium (LMM) containing 2% glu-
cose under aerobic conditions; at the indicated incubation times, we col-
lected aliquots from the cultures to determine the ethanol concentration
by gas chromatography with a flame ionization detector (GC-FID) (top)
and growth (bottom), as described in the ‘Materials and Methods’ section.
Wild-type R7B (@), mutant M5 (©), and complemented mutant M5/
pEUKA-adhl (m).
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swollen cells grown in ethanol than those grown in glucose,
and the difference was particularly evident in the mutant
strain M5 (Fig. 4D). These observations indicate that under
the conditions tested, the vegetative cells, but not the spores
of M. circinelloides grow well in ethanol as the carbon source
and that this process requires a functional ADH1 enzyme.

Ethanol production of M5 mutant deficient in ADH activity

We sought to evaluate the involvement of ADHI in the pro-
duction of ethanol. To this end, the ethanol levels were mea-
sured in aerobic cultures of R7B and M5 grown for 48 h on
LMM with 2% glucose. The top panel of Fig. 5 shows that

(A)

in cultures of R7B, ethanol production increased starting at
12 h of incubation, and reached a production level of appro-
ximately 5 g/L ethanol at 48 h. However, in the M5 cul-
tures, the level of ethanol produced was very low (< 0.15 g/L)
at 12 h and markedly low thereafter (0.5 g/L). This difference
in ethanol production between R7B and M5 was statisti-
cally significant (P < 0.05). The presence of the wild-type
adhl’ gene in the complemented M5/pEUKA-adhl strain
partially restored ethanol production (Fig. 5 top panel).
Although there was a slight difference in the production
of biomass between the strains, being lower in M5, the dif-
ference in growth does not explain why the ethanol content

Mucc? 155180 TCATGCAGTT TTGGTTGTTG AGTGGTGTAC TAMACGTGTC TGCTTAGG-T CACGARATCA

TOCACS TOOCCATOOA CTTCTCTOCT

Mocei? 155149 ©
RB

ARG

CCAAGCCTCS TTACAGAGCT GTCOTCATGA ACTAMA

R7Baa ARKELGCDDYV LMOREEQMEP HYNTFTHILA T
MTITFS.KRRS RWN--HTTTH LLTSLPPR.S

R7Baa INEAFEFVRO ARKPRYRAVYM N
Mfaa TKLSNS. .KP SLVTELSSXT -

I FMLCDIPEVP LEGMSAFVMA GROLTIAGTF IGESPSVI

--VIPDKVDD

LT RSMM.RSSAV

LOFAAFKHNVR TWVNTFPMER
SREVE ISLPSTMSAP GSTPSLWRRS

Fig. 6. Sequence analysis of the Mucor circinelloides adhl gene. (A) DNA sequence alignment of the adhl open reading frame (ORF) from the wild-type
CBS277.49 strain (JGI genome Mucci_155149), the wild-type R7B strain (GenBank AY702961), and the M5 mutant strain (GenBank MH130382). A 10-bp
deletion in the adhl gene from the M5 mutant (boxed in the figure) is indicated. A seven-nucleotide difference is also indicated between the ORFs of the
adhl gene of strains R7B and M5, with respect to the sequence (Mucci2|155149) (gi 309952144|) of the genome of the reference strain M. circinelloides
CBS277.49 V2. (B) Amino acid sequence alignment between the adhl-encoded ADH enzyme from the wild-type R7B and M5 mutant strains. The ADH
N-terminal domain (31-147, IPR013154, solid line box), the ADH C-terminal domain (189-312, IPR013149, dashed line box), the ADH zinc-type con-
served site (64-78, IPR002328, solid underlined), and the NAD-binding domain conserved site (182-209, IPR029752, dashed underlined) are indicated.
The seven-nucleotide difference between the ORFs of the adhl gene of strains R7B and M5 with respect to the sequence (Mucci2|155149) (gi 309952144)
of the genome of the reference strain M. circinelloides CBS277.49 V2 is also indicated. All alignments were made using the ClustalW algorithm of the

DNASTAR software program.
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Table 1. NAD- and NADP-dependent alcohol dehydrogenase (ADH) acti-
vity in the cytosolic fraction® of aerobically grown mycelial cells of Mucor
circinelloides strains

ADH-specific activity (U/mg)

Strain Assay with NAD Assay with NADP
as cofactor as cofactor
R7B 13.5+1.4 0.015 £ 0.003
M5 0.04 £ 0.003 <0.001
M5/pEUKA-adhl 155+ 1.3 0.020 £ 0.003

“The cytosolic fraction for the determination of ADH activity was obtained from
mycelia developed in yeast-peptone-glucose medium in cultures incubated for 24 h
under aerobic conditions.

produced by the M5 mutant was 10-fold lower than that by
R7B strain (Fig. 5, bottom panel). These observations indi-
cate that the mutation present in M5 negatively affected the
ethanol production.

Biochemical characterization of the ADH-deficient strain M5

ADH enzymes can use NAD" and/or NADP" as a cofactor
(Reid and Fewson, 1994). In a previous study, we observed
that in the cytosolic fraction of R7B, the NAD"-dependent
ADH activity was approximately 750 times higher than the
NADP"-dependent ADH activity (Rangel-Porras ef al., 2005).
To determine if the mutation present in M5 affected the ac-
tivity of an enzyme dependent on NAD", NADP’, or both
cofactors, we determined the ADH activity in the cytosolic
fraction obtained from cell-free extracts of R7B and M5, and
performed the assays in the presence of ethanol as a substrate.
The results obtained (Table 1) show that in the extracts of
strain R7B, the ADH activity was approximately 900 times
higher when using NAD" as a cofactor (specific activity 13.5
U/mg) compared to NADP" (specific activity 0.015 U/mg).

In the cell-free extracts of M5, the NAD"-dependent ADH
activity was approximately 338 times lower (a specific acti-
vity of 0.04 U/mg) than the corresponding activity of R7B,
and the NADP"-dependent ADH activity was at least 15
times lower (specific activity < 0.001 U/mg) than the corre-
sponding activity in the cell-free extracts of R7B. The dif-
ference in NAD"- and NADP"-dependent ADH activity be-
tween R7B and M5 was statistically significant (P < 0.05).
Cell-free extracts of the complemented strain M5/pEUKA-
adhl exhibited levels of NAD'- and NADP'-dependent ADH
activity similar to those detected in the R7B strain (Table 1),
indicating the observed effects are indeed specific to adh1.

The expression and activity of the Adhl introduced into
the complemented strain M5/pEUKA-adhl was confirmed
by electrophoresis. The zymograms revealed that the elec-
trophoretic mobility of the ADH activity band of the trans-
formant M5/pEUKA-adhl was similar to that of the wild-
type strain R7B (Fig. 8) and not ADH activity was detected
in the M5 mutant strain. These results demonstrate that the
ADH enzyme present in the cytosolic fraction of M. circi-
nelloides is mainly NAD"-dependent, and that NADP" use
is very inefficient. Furthermore, our data support the model
that the activity of the ADH1 enzyme is dramatically affected
by the mutation present in the M5 mutant strain.

Analysis of the adhl gene in the Ally' M5 mutant

In a previous study using a reverse genetics approach (Rangel-
Porras et al., 2005), we cloned the gene encoding the ADH1
enzyme from the wild-type strain R7B (GenBank AY702961)
(Supplementary data Fig. S2A). We used the deduced amino
acid sequence of ADHI1 in an in silico search for paralogous
genes of the M. circinelloides CBS277.49 V2 genomic data-
base (https://genome.jgi.doe.gov/Mucci2/Mucci2.home.html).

A Adh1 Ald2 Acs2 Seriabis
ETHANOL ACETALDEHYDE ACETATE ACETYL-CO A mmmmm—ly yoxy Yy
TCA cycle
NAD  NADH NAD  NADH ATP Pyrophosphate
Coenzyme A AMP

(B)

adh1 relative
expression to tfec-1

(D)

asc? relative
expression to tfc-1

S S5M Y S 55 MASSS SS M_ Y

5§ SS5M Y S 55 MASSS S5 M Y
MS/IpEUKA-adht R7TB M5

SS5M Y S S5 MASSS S5 M Y

R7B Ms MS/pEUKA-adh1 R7B M5

MSIpEUKA/adh1

Fig. 7. Quantification of mRNA levels of genes encoding enzymes involved in ethanol consumption in spores and vegetative cells from Mucor circinelloides.
(A) Initial steps of ethanol metabolism in M. circinelloides for its use as a carbon source for growth, involving the participation of alcohol dehydrogenase 1
(Adh1), aldehyde dehydrogenase 2 (Ald2) and acetyl CoA synthetase (Acs2). Ethanol is consumed to produce acetyl-CoA, which finally could be used to
supply the glyoxylate or tricarboxylic acid cycles. We measured the mRNA levels by performing quantitative reverse transcription polymerase chain re-
action (QRT-PCR) on: (B) adhl, alcohol dehydrogenase 1; (C) ald2, aldehyde dehydrogenase 2; and (D) acs2, acetyl CoA synthetase. We carried out Ct
analyses to compare mRNA levels between spores (S), spores aerobically grown for 4 h (SS), mycelium grown under aerobic conditions for 12 h (M) and
yeast cells (Y) cultured for 12 h under conditions of self-anaerobiosis; all the cells were grown in yeast-peptone-glucose (YPG) medium. We performed
three independent experiments for each condition. The letters denote statistically significant differences (analysis of variance (ANOVA), Fisher, P < 0.05).
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R7B MS/pEUKA-adli] ADH Se

Fig. 8. Zymogram band pattern of ADH activity in cell-free extracts of the
Mucor circinelloides strains. We electrophoresed and stained crude extracts
obtained from aerobic mycelia grown in yeast-peptone-glucose (YPG)
medium for 18 h, as described in the ‘Materials and Methods’ section. The
upper part of each lane indicates the strain source of the extract or the
enzyme used for the ADH activity assay: wild-type R7B, mutant M5, com-
plemented strain M5/pEUKA-adhl, and commercial Saccharomyces cer-
evisiaee ADH enzyme (Sigma). Note that, as described in ‘Materials and Me-
thods’, all samples were analysed on the same gel, leaving an empty lane
between each sample to avoid sample contamination across contiguous
lanes. The empty lanes were excised-off and the gel strips containing sam-
ples were photographed.

We found 100% identity with a sequence (Mucci2|155149)
(gi 309952144|) corresponding to the adhl gene (Supple-
mentary data Fig. S2B), and 44-59% identity with six addi-
tional adh paralogous sequences (Mucci2|157439|, Mucci2
34200, Mucci2|90838|, Mucci2|140177|, Mucci2|120424],
and Mucci2|152844]).

The northern blot analysis of the expression of the adhl
gene in the aerobic mycelium of R7B and M5 incubated in
YPG medium revealed that a 1.15-kb transcript is produced
in both strains (Supplementary data Fig. S3). This obser-
vation refutes the notion that the mutation in M5 affects a
region or regulatory product involved in the transcription of
the adhl gene. The coding region of the adhl gene has been
sequenced to determine whether the sequence of adhl is
altered in the M5 strain. A PCR amplification strategy of
overlapping DNA fragments was followed by the use of oli-
gonucleotides adh-xhoF, adh-notR, adh31F, and adh32R,
which were designed based on the sequence of the adhl gene
of strain R7B (Rangel-Porras et al., 2005). As with the wild-
type adhl allele (Rangel-Porras et al., 2005), sequence analy-
sis of the M5 adhl allele revealed a non-continuous ORF re-
sulting from the presence of two small introns at positions
142-202 and 251-306 (Supplementary data Fig. S2C). The
alignment of the adhl allele in R7B and M5 revealed a dele-
tion of 10 bp at position 666 of the adhl gene ORF in the
mutant M5 (Fig. 6A). This alteration results in the deletion
of three amino acids and a frameshift, which leads to the for-
mation of a smaller predicted protein (243 amino acids with
an approximate molecular weight of 28 kDa) than that en-
coded by the wild-type adhl gene (348 amino acids with a
calculated molecular mass of 37 kDa) (Rangel-Porras et al.,
2005). Importantly, the predicted M5 ADH1 protein lacks the
cofactor (NAD'/NADP")-binding domain (Fig. 6B). These
sequence-deduced alterations in the M5 ADHI1 enzyme ac-
count for the defective physiological phenotype displayed
by the M5 mutant.

The enzymes ADH2, ALD2, and ACS2 are involved in the
utilization of ethanol as a carbon source in S. cerevisiae (Wills,
1990) (Fig. 7A). Using ALD2 and ASC2 as targets, we identi-
fied the corresponding homologues in the M. circinelloides
genome with the highest identity and similarity scores with
the respective yeast genes (Supplementary data Tables S2 and
S3). To ascertain whether the genes involved in ethanol con-
sumption are differentially expressed during the morpholo-
gical development of M. circinelloides, we designed specific
probes to determine the adhl, ald2, and acs2 mRNA levels
in spores or vegetative cells. In general, the levels of mRNA
of the adhl gene in the different morphological stages, in-
cluding spores, aerobic swollen spores and mycelium of the
strains R7B, M5, and M5/pEUKA-adhl are approximately
similar, being a little lower in the cells of the M5 mutant (Fig.
7B). These results agree with those from a previous study,
which found similar adhl mRNA levels in both spores and
in aerobic mycelium of the R7B strain (Valle-Maldonado et
al., 2015). However, the adhl mRNA levels were significantly
higher in the yeast phase of the R7B and M5/pEUKA-adh1
strains, and in the anaerobic swollen spores of the M5 mu-
tant strain (Fig. 7B). In these three strains the spores show
very low ald2 (Fig. 7C) and asc2 (Fig. 7D) mRNA levels, com-
pared with the stages of swollen spore and aerobic mycelium,
as well as in comparison with the yeast phase of R7B and
M5/pEUKA-adh1 strains and the anaerobic swollen spores
of the M5 mutant. These results suggest that the low expre-
ssion of the ald2 and asc2 genes in spores may result in the
spores’ inability to use ethanol as a carbon source. Finally,
our observations also indicate that the adhl mutation does
not noticeably affects the expression of the adhl, ald2, and
ascl genes in the morphogenetic stages tested in M5 strain.

Discussion

Previous studies have shown that under aerobic conditions
and in the presence of glucose, M. circinelloides produces sig-
nificant amounts of ethanol, which suggests that it is a Crab-
tree-positive microorganism (McIntyre et al., 2002). More-
over, the ethanol produced by the aerobic mycelium of M.
circinelloides is consumed after glucose depletion in the me-
dium, and the yeast cells produced under anaerobic condi-
tions cannot use ethanol owing to their requirement for he-
xoses as a carbon source (Liibbehiisen et al., 2004).

Alcohol dehydrogenases play an important role in the me-
tabolism of alcohols, and participate in the last steps of fer-
mentative metabolism or in the first steps of oxidative meta-
bolism (Reid and Fewson, 1994). In a previous study, we ob-
served that glucose positively regulates the production of the
ADHI enzyme at the transcriptional level in M. circinelloides.
Furthermore, the kinetic characterization of purified ADH1
indicates that it acts as a fermentative enzyme and reduces
acetaldehyde to ethanol (Rangel-Porras et al., 2005).

In the present study, we attempted to determine the phy-
siological function of ADHI in connection with its role in
the Crabtree effect and in ethanol metabolism in M. circi-
nelloides. We obtained and characterized the allyl alcohol-
resistant strain M5 for this purpose. Compared with the re-
ference strain R7B, in addition to allyl alcohol resistance,
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M5 exhibited deficiencies in several physiological parame-
ters related to carbon and energy metabolism: 1) an inability
to grow in a medium containing glucose in the absence of
oxygen; 2) a failure to utilize ethanol as a carbon source for
growth under aerobic conditions; and 3) a reduced ability
to produce ethanol from glucose under aerobic conditions.
In agreement with these characteristics, M5 exhibited dra-
matically reduced levels of NAD-dependent ADH activity
in the cytosolic fraction.

Sequence analysis of the adhl allele from M5 showed that
it contains a deletion of 10 bp at position 666 of the coding
sequence of the adhl gene. This sequence alteration causes
a deletion of three amino acids and a frameshift that results
in a modification of the downstream sequence, which leads
to the formation of a smaller predicted protein that lacks the
cofactor (NAD'/NADP")-binding domain. This alteration
affects the enzymatic activity of the ADHI1 protein and pro-
vides an explanation for the physiological alterations exhi-
bited by M5. The reintroduction of the wild-type allele adhI
into M5 allowed us to verify that in the resultant transfor-
mant (M5/pEUKA-adh1), the physiological and biochemical
characteristics of R7B were restored in the M5 background.
This observation indicates that the product of the M. circi-
nelloides adhl gene mediates the Crabtree effect in the fun-
gus, and functions as either a fermentative or an oxidative
enzyme, depending on the culture conditions.

The in silico analysis performed in this work indicated that
the M. circinelloides adhl gene (Rangel-Porras et al., 2005)
corresponds to sequence (Mucci2|155149) in the Mucor cir-
cinelloides CBS277.49 V2 genomic database, although the
existence of additional sequences encoding paralogous ADH
proteins with a significant degree of identity to the Adhl en-
zyme (i.e., Mucci2|152844, 59% identity; Mucci2|120424, 48%
identity; Mucci2|140177 and Mucci2|90838, 47% identity)
was noted. However, it seems that the physiological replace-
ment of the ADHI enzyme by another paralogous ADH en-
zyme is eliminated based on the pronounced phenotype of
the M5 mutant in relation to its complete inability to grow
under anaerobic conditions or to use ethanol as a carbon
source. This is corroborated by the absence of other bands
of ADH activity in the zymogram activity patterns of the
wild-type strain R7B and the M5 mutant. The altered phe-
notype of M5 indicates that ADHI is active in R7B from the
germination of the spores and in vegetative cells obtained
under aerobic or anaerobic conditions in the presence of glu-
cose, or under aerobic conditions in the presence of ethanol.

Our findings suggest that M. circinelloides spores are less
prone to assimilate ethanol as the sole carbon source than
vegetative cells, because the mRNA levels of genes involved
in the initial steps of ethanol metabolism for its use as a car-
bon source, such as ald2 and acs2, are notably lower in spores
than in vegetative cells. These findings explain why spores
grow poorly in ethanol as the only carbon source, both in solid
and liquid media. The observation that the germination of
swollen spores in LMM containing ethanol was practically
the same in M5, R7B, and in the complemented strain M5/
pEUKA-adh1, and that there was an obvious difference in
the degree of hyphae elongation between the M5 mutant and
the other strains that contained the adhl™ allele, could indi-
cate that ADH activity is required after the germination of

the spores, possibly in sustaining the growth of the hyphae.
A previous study revealed that the spores of the dimorphic
zygomycete M. racemosus contain pre-transcribed mRNA,
which is packed into the spores (Linz and Orlowski, 1982).
Thus, the finding in this work of the presence in the spores
of adhl, ald2, and acs2 mRNAs, may derive from packing
these mRNAs into the spores, rather than from transcription
in the spores. We find that the lack of ADH activity in the M5
mutant does not affect its development from spore to swol-
len spore and swollen spore to hypha, although the hyphae
formed fails to growth. These results support the interpreta-
tion that ADHI activity is not required for the breakdown
of the spore’s dormant state nor the passage to the swollen
cell stage and the polarization of growth to form hyphae, but
rather, ADH1 activity is required to support hyphal growth.

When the filamentous ascomycete Fusarium oxysporum is
grown in the presence of glucose, ethanol production is low
under aerobic conditions and high under anaerobic condi-
tions (Panagiotou et al., 2005; Corrales-Escobosa ef al., 2011),
which indicates that this fungus is a Crabtree-negative or-
ganism. Adhl participates in the production of ethanol in F.
oxysporum. Furthermore, ethanol is used as a carbon source
by conidia and mycelia, and Adhl participates in this capa-
city and is required for full expression of virulence by the
fungus (Corrales-Escobosa et al., 2011).

The ascomycete yeast Saccharomyces cerevisiae is a Crab-
tree-positive organism that, in the presence of oxygen and
a high concentration of glucose, uses glycolysis and fermen-
tation pathways to obtain energy for growth (Pronk et al.,
1996). In S. cerevisiae and other Crabtree-positive yeasts, glu-
cose is completely depleted when the ethanol concentration
reaches a maximum and begins to be utilized as a carbon
source, which constitutes a close connection between fermen-
tative and respiratory metabolism (Hagman et al., 2013). It
has been proposed that in S. cerevisiae, the duplication of the
genome-in particular the duplication of the ADH gene (to
generate ADH1 and ADH?2) and the duplication of hexose
transporter coding genes-constitutes the molecular back-
ground for the development of the Crabtree effect (Hagman
et al., 2013; Pfeiffer and Morley, 2014). In S. cerevisiae, ADH1
regenerates NAD and converts acetaldehyde into ethanol,
whereas ADH2 is responsible for the oxidation of ethanol
as one of the initial steps in the use of this alcohol as a carbon
source. Although ADH1p and ADH2p exhibit a high degree
of identity at the nucleotide level of the encoding genes and
amino acids, the difference in their physiological roles lies
in the regulation of their production according to the culture
conditions (de Smidt et al., 2008). Because there is no paralog
enzyme exhibiting a high degree of identity to the ADH1
protein in the M. circinelloides genome, our finding that
ADHI1 may act as either a fermentative or oxidative enzyme,
depending on the nutritional conditions, indicates the diffe-
rent characteristics of the elements involved in determining
the activity of ADH with regard to the connection between
fermentative and oxidative metabolism, and the operation of
the Crabtree effect in the fungus. A perspective of interest is
the determination of the role of paralogous ADHI enzymes
in ethanol metabolism, and their possible participation in
the connection between the two types of metabolism in M.
circinelloides.
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