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ABSTRACT
The IRC7 gene encodes a β-lyase enzyme critical for the release of volatile thiols during beer fermentation, contributing to aroma
development in fermented beverages. In this study, 15 Saccharomyces cerevisiae ale brewing strains were analyzed to investigate
IRC7 allelic diversity and its functional implications. Using a nested PCR approach combined with sequencing, three genotypes
were identifed: IRC7L/IRC7L, IRC7L/IRC7S, and IRC7S/IRC7S. Allelic segregation in two sporulation-competent heterozygous
strains was achieved through spore dissection and haplo-selfng, enabling the generation of homozygous monosporic derivatives.
In total, 18 IRC7 sequences were characterized, including 15 IRC7L alleles carrying diferent combinations of 9 amino acid
substitutions and 3 truncated IRC7S variants. Two substitutions previously associated with reduced enzymatic activity, G101D and
T185A, were frequently detected in IRC7L alleles. Protein stability predictions indicated a destabilizing efect of these mutations,
and sequence similarity analysis highlighted substantial variability among closely related IRC7L variants. In vitro β-lyase activity
assays performed using three model substrates (L-cysteine, S-ethyl-L-cysteine, and S-methyl-L-cysteine) showed that strains
carrying IRC7L generally exhibited higher enzymatic activity, while the presence of the IRC7S allele or the T185A substitution in
IRC7L allele was associated with reduced activity in a substrate-dependent manner. Monosporic derivatives confrmed that the
IRC7S allele markedly impairs β-lyase activity and that T185A negatively afects activity toward S-methyl-L-cysteine. Overall, these
fndings expand the current knowledge of IRC7 genetic and functional diversity in brewing strains and its implications for favor
development. The results provided a basis for implementing genotype-informed yeast selection, whereas the mating-competent
monosporic derivatives carrying IRC7L allele generated in this study represent valuable resources for future breeding strategies
aimed at optimizing thiol release and aroma complexity in beer.

1 | Introduction

Beer is the third most consumed beverage in the world after
water and tea, and consumer demand for novel beers with an
expanded aromatic profle is steadily increasing [1]. Within the

brewing industry, the rapid expansion of the craft beer sector has
promoted the exploration of diverse beer styles and the adoption
of innovative production strategies aimed at enhancing sensory
complexity [2]. Central to these developments is the role of yeast,
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which not only converts fermentable sugars into ethanol during
fermentation but also contributes decisively to the aroma and
favor of the fnal product.

Saccharomyces cerevisiae ale strains are major producers of
favor-active secondary metabolites, including higher alcohols
and esters such as 2-phenylethanol, isoamyl acetate, and ethyl
hexanoate, which arise as byproducts of alcoholic fermentation
[3–5]. Beyond de novo synthesis of these compounds, yeasts also
modulate beer aroma through the biotransformation of non-
volatile precursors derived from malt and hops. Among them,
polyfunctional thiols are of particular importance due to their
extremely low sensory thresholds and their ability to impart
desirable fruity, citrus, tropical fruit, or black- and white-currant
notes to beer and other fermented beverages [6–8].

Polyfunctional thiols are present predominantly as odorless
cysteine- or glutathione-bound precursors in malted barley and
hops [9]. During fermentation, yeast cells uptake cysteinylated
conjugates through the Gap1 permease, while glutathionylated
forms are transported through the Opt1 transporter. One in-
ternalized, these conjugates are enzymatically cleaved to release
volatile, aroma-active thiols [10, 11]. In Saccharomyces cerevisiae,
at least three genes (IRC7, STR3, and CYS3) encode cysteine-S-
conjugate-lyase enzymes capable of breaking carbon–sulfur
bonds and releasing volatile sulfur compounds [1, 11]. STR3 and
CYS3 encode a peroxisomal cystathionine β-lyase (EC 4.4.1.13)
and a cytoplasmic cystathionine γ-lyase (EC 4.4.1.1), respectively,
which have been shown to contribute onlymarginally to the thiol
release [12–14]. In contrast, IRC7 gene encodes a cytosolic
cystathionine β-lyase (EC 4.4.1.8) of approximately 400 amino
acids that functions as a homotetramer and represents the major
determinant of thiol release from cysteinylated precursors. This
enzyme is responsible for the liberation of key aroma compounds
such as 4-mercapto-4-methylpentan-2-one (4-MMP) and 3-
mercaptohexan-1-ol (3-MH) [12, 13, 15]. Deletion of IRC7
resulted in signifcant reductions in both 4-MMP (∼96%) and 3-
MH (∼40%), largely independent of the initial cysteinylated
precursor availability [12, 13, 15–17]. These thiols impart char-
acteristic grapefruit-like and passionfruit-like notes that are
highly valued in fermented beverages [16, 18, 19].

Extensive genetic diversity within the IRC7 locus has been
documented in wine yeast populations and has been shown to
underlie strain-dependent variability in thiol-releasing capacity
[20]. A well-characterized polymorphism consists of a 38-bp
deletion that introduces a premature stop codon, shortening
the protein length from 400 to 340 amino acids [19, 21, 22]. This
truncated form, referred to as IRC7S, encodes a nonfunctional β-
C-S lyase, in contrast to the fully active enzyme encoded by the
full-length IRC7L allele. Wine strains carrying IRC7S exhibit
signifcantly reduced production of 3-MH and 4-MMP compared
with strains carrying IRC7L when grown in synthetic grape juice
medium [19]. Additional point mutations may co-occur within
both IRC7S and IRC7L alleles and further contribute to the wide
variability in the β-lyase activity observed across wine yeast
population. Among them, the A553G nucleotide substitution
causes a threonine-to-alanine change at position 185 (T185A),
which disrupts the binding site of pyridoxal 5′-phosphate co-
factor and signifcantly impairs β-lyase activity [19]. In addition
to sequence polymorphisms, changes in IRC7 copy number have

been associated with diferences in thiol release, with increased
gene dosage correlating with enhanced β-lyase activity [23].

Because Irc7 activity generates intracellular accumulation of
pyruvate-, ammonium-, and sulfur-containing metabolites, IRC7
gene expression is tightly regulated by the nitrogen catabolite
repression (NCR) pathway, which prioritizes the utilization of
preferred nitrogen sources [24]. Under nitrogen-rich conditions,
genes involved in the assimilation of secondary nitrogen sources
are repressed, whereas their expression is derepressed upon
depletion of preferred nitrogen compounds [25]. Within this
regulatory pathway, URE2 acts as a key repressor of IRC7
transcription and mutations afecting URE2 or related regulatory
genes result in derepression of IRC7 expression and enhanced
thiol release [26, 27].

Recent population-level studies have revealed that the IRC7S
allele in homozygous state is prevalent in wine yeast populations
and positively linked to several advantageous phenotypes, in-
cluding oxidative stress resistance, copper tolerance, and im-
proved growth performance in grape must [17, 21]. Specifcally,
unfunctional IRC7S gene increases intracellular cysteine avail-
ability, favoring the synthesis of glutathione, an important an-
tioxidant that enhances yeast ftness under enological stress
conditions [19]. Furthermore, IRC7 expression is downregulated
in high copper concentrations, a condition frequently encoun-
tered in grape juice, likely due to its involvement in cysteine
homeostasis [28]. Together, these fndings suggest that IRC7S

may represent a signal of domestication within the wine yeasts,
favoring traits benefcial for winemaking, despite its reduced
aroma contribution.

In contrast to wine yeasts, comparatively little is known about
IRC7 allelic diversity and its functional consequences in brewing
yeasts. Although recent studies have begun to address this topic
[9, 21, 23], comprehensive biochemical and genetic analyses
remain limited. Therefore, this study aims to characterize the
genotypic and phenotypic diversity of IRC7 in 15 industrial S.
cerevisiae ale brewing strains. Specifcally, IRC7 allelic variation
was investigated, β-lyase activity was quantifed in vitro using
three model substrates, and genotype–phenotype correlations
were evaluated to elucidate the contribution of IRC7 variants to
the production of brewing-relevant aroma compounds.

2 | Materials and Methods

2.1 | Strains and Culture Conditions

Fifteen industrial S. cerevisiae ale brewing strains provided by
AEB Brewing (Brescia, Italy) were included in this study (Ta-
ble 1). Strains were routinely cultivated on YPD medium (1%
yeast extract, 2%, peptone 2% dextrose), supplemented with 2%
agar when required, at 27°C for 24 h and conserved at 4°C for the
duration of experiments. For long-term storage, isolates were
preserved at �80°C containing 25% (v/v) glycerol as a cryopro-
tectant. Sporulation efciency and spore viability were assessed
according to the methods described in [29].

2.2 | IRC7 Gene Characterization

Genomic DNA from yeast strains was extracted according to
Hofman and Winston [30]. Characterization of IRC7 gene was
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performed using the primer sets described by Roncoroni et al.
[15]. Primers were detailed in Supporting Table S1. Specifcally,
full-length PCR amplifcation of IRC7 gene was carried out with
the primer pair PF7/PR8. To detect the presence of the truncated
gene version IRC7S, a nested PCR assay was performed using the
internal primer pair PF2/PR2. For both PCR assays, S. cerevisiae
strain US-05 (Fermentis, Lesafre, France), which carries the long
variant of the IRC7 gene (IRC7L) (GCA_019155645.1), was used
as a positive control. All PCR reactions performed were carried
out with Phusion High-Fidelity DNA Polymerase (Cat. No.
F530S, Thermo Scientifc, Waltham, USA), following the man-
ufacturer’s instruction. PCR amplicons were resolved by elec-
trophoresis on a 1.8% (w/v) agarose gel stained with ethidium
bromide (5 μg/mL). The GeneRuler 100 bp Plus DNA Ladder
(Cat. No. SM0321 Thermo Scientifc, Waltham, USA) or the
GeneRuler 100 bp DNA Ladder (Cat. No. SM0241 Thermo Sci-
entifc, Waltham, USA) was used as a molecular size marker.
DNA fragments were visualized under UV transillumination,
and gel images were captured using a Gel Doc imaging system
(Bio-Rad, Hercules, CA, USA).

2.3 | Tetrad Dissection and Cloning Procedure

For sporulating heterozygous IRC7L/IRC7S strains, segregation
of the two allelic variants was assessed through tetrad dissection
followed by the generation of monosporic cultures (MSCs), as
previously described [31]. Briefy, heterozygous IRC7L/IRC7S

yeasts were grown on YPD plates at 28°C for 24 h and sub-
sequently transferred on acetate agar medium (1% sodium ac-
etate, 2% agar) to induce sporulation. After incubation at 27°C for
4–6 days, asci were collected and treated with 0.2 mg/mL of
Zymolyase 20T (Seikagaku Corporation, Japan) for 15min at
room temperature to partially digest the ascus cell wall. The
resulting asci suspension was streaked onto YPDA plates, and
tetrad dissection was performed using a micromanipulator
(Singer Instruments, Somerset, UK). Plates were incubated at 28°

C for 48 h to allow MSC colony formation. All MSCs were
subjected to at least one round of purifcation prior to subsequent
analyses.

For nonsporulating strains, full-length PCR amplicons were
cloned into the pJET plasmid using the CloneJET PCR Cloning
kit (Cat. No. K1231, Thermo Scientifc, Waltham, MA, USA),
following the manufacturer’s instructions. The resulting plasmid
was used to transform Escherichia coli DH10B chemically
competent cells (Cat. No. EC0113, Thermo Scientifc, Waltham,
MA, USA). Transformed colonies were selected on Luria-Bertani
medium supplemented with 100 μg/mL of ampicillin. Plasmid
DNA was extracted using the GeneJET Plasmid Miniprep Kit
(Cat. No. K0502, Thermo Scientifc, Waltham, MA, USA),
according to the manufacturer’s protocol.

2.4 | MAT Genotyping

MAT genotyping was carried out on brewing strains and their
MSCs using the primers described by Huxley et al. [32]. Strains
BY4742 (MATα) and BY4743 (MATa/MATα) were purchased
from Euroscarf and used as internal controls. PCRmixtures were
performed with DreamTaq Green DNA Polymerase (Cat. No.
EP0712, Thermo Scientifc, Waltham, MA, USA), and primers
are detailed in Supporting Table S1.

2.5 | Phylogenetic and Statistical Analysis

Direct Sanger sequencing of full-length PCR amplicons was
performed using both PF7 and PR8 primers. For amplicons
cloned into the pJET plasmid, sequencing was carried out using
the pJET_Fw and pJET_Rv primers (Supporting Table S1).
Contig sequences were merged using the program SeqMan
(DNASTAR, Madison, WI, USA), and poor-quality ends were
edited manually to remove primers. The multiple sequence
alignment of the deduced Irc7 amino acid sequences was
computed using MUSCLE [33]. When required, the alignments

TABLE 1 | Saccharomyces cerevisiae ale brewing strains used in this study and their associated phenotypic and genetic features.

Strain code % Sporulation % Spore viability MAT genotype IRC7 genotype
ale1 — NA MATa/MATα IRC7S/IRC7L

ale2 48 0 MATa/MATα IRC7L/IRC7L

ale3 — NA MATa/MATα IRC7L/IRC7L

ale4 46.3 39 MATa/MATα IRC7L/IRC7L

ale5 — NA MATa/MATα IRC7L/IRC7L

ale6 — NA MATa/MATα IRC7L/IRC7L

ale7 24.7 0 MATa/MATα IRC7L/IRC7L

ale8 50 46 MATa/MATα IRC7S/IRC7S

ale9 — NA MATa/MATα IRC7L/IRC7L

ale10 — NA MATa/MATα IRC7L/IRC7L

ale11 27.3 52.9 MATa/MATα IRC7S/IRC7L

ale12 48 0 MATa/MATα IRC7L/IRC7L

ale13 — NA MATa/MATα IRC7L/IRC7L

ale14 87 37 MATa/MATα IRC7S/IRC7L

ale15 — NA MATa/MATα IRC7L/IRC7L

Note: IRC7S denotes the short IRC7 allele, whereas IRC7L denotes the long IRC7 allele, as established by the nested PCR assay.
Abbreviation: NA, not applicable.
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were visualized with Jalview v2.11.2.5 [34]. The phylogenetic tree
was constructed using the maximum likelihood method and
Whelan–Goldman WAG model [35] of amino acid substitution.
Irc7 amino acid sequences from strains AWRI1631
(EDZ72363.1), YJM789 (EDN59205.1), S288C (NP_116714.1),
and VL3 (EGA87043.1) were retrieved from NCBI database
(accessed in January 2025).

All the phylogenetic analyses were carried out using MEGA 11
software program [36]. Sequences were deposited in the Gen-
Bank database under accession numbers PV876887–PV876904.

2.6 | Molecular Modeling Analysis

Prior to structural modeling, the frequencies of amino acid
substitutions were calculated to assess both the overall mutation
rates and the prevalence of individual mutations across the
analyzed yeast strains. A predictive functional assessment was
subsequently performed to estimate the potential impact of each
amino acid substitution on Irc7 function. Changes in protein
stability associated with each mutation were then predicted by
calculating the variation in Gibbs free energy (ΔΔG) using the I-
Mutant2.0 tool from the BioFold platform (https://folding.
biofold.org/i-mutant/i-mutant2.0.html). In this framework,
negative ΔΔG values indicate a destabilizing efect on protein
structure, whereas positive ΔΔG values suggest increased sta-
bility [37]. All ΔΔG predictions were based on the primary amino
acid sequence of the Irc7 protein. The algorithm evaluated
protein stability under constant conditions of temperature (25°C)
and pH (7.0).

2.7 | Biochemical and Phenotypic Assays

The specifc enzymatic activity of each strain was determined
spectrophotometrically using L-cysteine (Cat. No. 1028380100),
S-ethyl-L-cysteine (Cat. No. S361615), and S-methyl-L-cysteine
(Cat. No. M6626) as substrates (all from Sigma-Aldrich St. Louis,
MO, USA), following the protocol described by Cordente et al.
[19], with minor modifcations.

Briefy, yeast strains were precultured in 20mL of YPD medium
at 26°C for 24 h under shaking conditions (150 rpm). Following
incubation, a volume corresponding to 1 × 108 CFU was
centrifuged at 4000 × g for 5min, under refrigerated conditions.
The resulting cell pellet was washed with sterile distilled water,
prior to mechanical lysis. Cells were resuspended in 198 μL of
breaking bufer (100 mM Tris–Cl, pH 6.8, containing 2% v/v
Triton X-100), supplemented with 100mM phenyl-
methylsulfonyl fuoride (PMSF) (Cat. No. P7626, Sigma-Aldrich
St. Louis, MO, USA). Approximately 50 μL of sterile acid–washed
glass beads (425–600 μm) (Cat. No. G8772, Sigma-Aldrich St.
Louis, MO, USA) were added, and samples were subjected to four
cycles of vortexing for 4 min at 4°C, alternating with 4min on ice,
to ensure efcient cell disruption and release of intracellular and
membrane-bound proteins, including the Irc7 enzyme.

Following the lysis, samples were centrifuged at 8000 × g for
5 min at 4°C to recover the crude cell extract. Aliquots of the
supernatant (lysate) were collected and stored on ice.

Protein concentrations were assessed using the Bradford protein
assay [38]. Absorbance was measured at 595 nm with a micro-
plate reader (Multiskan, Thermo Scientifc, USA), and values
were determined by comparison to a calibration curve generated

from serial dilutions of bovine serum albumin (Cat. No. A941,
Sigma-Aldrich St. Louis, MO, USA).

Tomeasure β-lyase enzymatic activity, a volume of 50 μL of lysate
sample was added to 950 μL of reactionmixture containing 1mM
of substrate, 20 μM pyridoxal 5′-phosphate (Cat. No. 82870,
Sigma-Aldrich St. Louis, MO, USA), 16.6 mM phosphate bufer,
and 0.83mM EDTA (pH 7). After a 60min incubation at ambient
temperature, the reaction mixture was supplemented with 2 μL
of L-lactate dehydrogenase (LDH; EC 1.1.1.27; Cat. No. L2625,
Sigma-Aldrich St. Louis, MO, USA) and 100 μL of a 3 mMNADH
solution (Cat. No. 10128023001, Sigma-Aldrich St. Louis, MO,
USA). The enzymatic conversion of pyruvate to lactate by LDH
consumes NADH, which is oxidized to NADþ. The decrease in
absorbance at 340 nm was measured at t= 0min and t= 30min
to quantify NADH consumption. This decrease is stoichiomet-
rically related to the amount of pyruvate formed and, therefore,
refects the β-lyase activity.

Data were expressed as the specifc enzymatic activity (mU/mg)
and calculated according to the following equation:

specific activity(U/mg) =
ΔA × Vtot × Dilution factor

ε × l × t × [Protein]
, (1)

where ΔA= change in absorbance at 340 nm between t= 0 and
t= 30; Vtotal = total reaction volume (in mL); dilution factor = if
the sample was diluted before the assay; ε=molar extinction
coefcient (in M−1 cm−1) of the product or substrate; l= path
length of the cuvette (usually 1 cm); t= time (in minutes) over
which ΔA is measured; and [protein] = concentration of the total
protein in the assay (mg/mL).

The capability to release aromatic thiol compounds was also
assessed microbiologically by plating 10-fold dilutions of cell
suspensions on BiGGY (Bismuth Glucose Glycine Yeast) agar
medium [39].

2.8 | Statistical Analyses

All assays were performed in triplicate, and statistical analyses
were carried out with GraphPad Prism v10 (GraphPad Software,
San Diego, CA, USA). Diferences in β-lyase activity among
individual strains were assessed using one-way ANOVA
(p ≤ 0.05). Diferences in β-lyase activity among the four IRC7
genotypes were evaluated using the nonparametric Krus-
kal–Wallis test. Where signifcant diferences were observed
(p ≤ 0.05), groupwise comparisons were subsequently analyzed
with the Mann–Whitney U test. Nonparametric tests were ap-
plied for genotype-based comparisons due to unequal group sizes
and non-normal data distribution.

3 | Results and Discussion

3.1 | Screening for Short and Long IRC7 Allelic
Variants

Although in S. cerevisiae the STR3 and CYS3 genes encode
carbon–sulfur β-lyase enzymes and have been positively linked to
thiol formation [12, 14], the IRC7 gene is considered the primary
responsible for the release of themajor polyfunctional thiols such
as 4-MMP and 3-MH. According to Belda et al. [17], the gene
coding for this protein can be present in a longer form or a short
form, depending on the strain and only the long allelic variant
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IRC7L encodes a fully active enzyme. Consequently, a nested
PCR approach was employed to amplify the full-length IRC7
gene in 15 S. cerevisiae commercial ale brewing strains. This assay
enabled discrimination between the IRC7S, carrying the 38 bp-
long indel, and the IRC7L allelic variant, as previously described
[15, 19].

Full-length PCR amplifcation was successfully obtained for all
15 strains analyzed, yielding PCR amplicons of approximately
2000 bp (Supporting Figure S1, panel A). Subsequent nested-PCR
using the internal primer PF2 and PR2 enabled the diferenti-
ation of brewing strains into three genotypic categories (Table 1).
Three strains (ale11, ale1, and ale14) were tentatively identifed
as IRC7L/IRC7S heterozygotes, based on the presence of two PCR
amplicons of approximately 432 and 394 bp (Supporting
Figure S1, panel B). One strain (ale8) displayed a single amplicon
of app. 394 bp and was identifed as homozygous IRC7S/IRC7S.
The remaining 11 strains displayed a single 432 bp-long band and
were classifed as homozygous IRC7L/IRC7L (Supporting
Figure S1, panel B).

Direct sequencing of PCR amplicons was successfully obtained
for both IRC7L/IRC7L and IRC7S/IRC7S homozygous strains,
whereas it failed for the heterozygous IRC7L/IRC7S strains
(ale11, ale1, and ale14), as expected due to overlapping allelic
sequences. Notably, the predominance of the IRC7L allele in
homozygosity among the brewing strains contrasts sharply with
observations in wine yeast populations, in which the functional
IRC7L allele has been reported at a much lower frequency in the
homozygous state (approximately 5%–15%) [21].

3.2 | Segregation of Long and Short Variants in
Heterozygous IRC7L/IRC7S Brewing Strains

In an efort to segregate the IRC7S and IRC7L allelic variants
present in heterozygous strains, we generated their homozygous
derivatives by exploiting meiosis and haplo-selfng (Figure 1(a)).
Haplo-selfng refers to the ability of homothallic haploid yeasts to
mate their frst daughter cell bymating-type switching, leading to
diploid derivatives, which are homozygous at all loci except the
mating type (MAT) locus [40, 41]. This approach requires het-
erozygous strains to undergo sporulation under carbon source
starvation and to produce viable spores. Accordingly, sporulation
efciency and meiotic spore viability were frst evaluated for the
three heterozygous strains (Table 1). Strains ale11 and ale14
successfully sporulated and underwent meiosis under carbon-
starved conditions, producing a viable progeny with efciencies
of 52.9% and 37%, respectively, and were therefore suitable
candidates for allele segregation via spore dissection. In contrast,
strain ale1 was able to sporulate but failed to produce viable
spores (Table 1).

For strain ale11, 22 asci were dissected, and 7 viable MSCs were
recovered and screened using the IRC7-targeting nested-PCR
approach described above. Only MSCs carrying the IRC7L al-
lele were obtained, whereas no MSCs harboring IRC7S were
recovered. In contrast, for strain ale14, MSCs containing either
the long or short IRC7 allelic variant were successfully isolated
(Figure 1(b)).

To assess whether MSCs of strain ale11 and ale14 had undergone
haplo-selfng, selected MSCs were genotyped for mating type. As

shown in Figure 2, MSCs from both parental strains displayed
either MATa/MATα or MATa profle. This result suggests that
the original parental strains ale11 and ale14 may be HO/ho
heterozygotes, such that the gametes inheriting the ho allele are
heterothallic and lack the ability to switch mating type.
Depending upon the ploidy of the parental strains, MSCs har-
boring MATa genotype could represent haploids derived from
diploid parents or MATa/MATa diploids derived from tetraploid
parents. In both cases, MATa MSCs carrying a single functional
IRC7L allele are of particular interest, as they are mating-
competent and may be directly exploited in future yeast
breeding programs.

For strain ale1, which was unable to sporulate (Table 1), an
alternative approach was employed to separate the IRC7 allelic
variants. The IRC7 amplicon was cloned into E. coli-competent
cells, and individual clones were screened using the nested PCR
described above. Clone_06 yielded a nested PCR fragment of
394 bp, corresponding to the IRC7S variant, whereas clone_07
yielded a nested PCR amplicon of 432 bp, corresponding to the
IRC7L variant (Supporting Figure S2). Based on the PCR product
size, clone_06 and clone_07 were selected for subsequent se-
quencing. Alignment of the deduced amino acid sequences
showed that clone_06 harbored the truncated IRC7S allele, while
clone_07 carried the full-length IRC7L allele (Supporting
Figure S3), thereby validating the successful cloning of both
allelic variants.

3.3 | Sequencing, Molecular Modeling, and
Phylogenetic Analysis

Globally, 18 IRC7 sequences were obtained in this study: 13
directly from brewing strains, 3 through the constitution of
MSCs, and 2 through a cloning strategy. Translation of these
sequences yielded 18 deduced Irc7 amino acid variants, three of
which carried the premature codon stop responsible for the
truncated form of Irc7S protein. In addition to the truncating
mutation, nine further amino acid substitutions were identifed
among the long Irc7 variants (Table 2), highlighting a substantial
level of sequence diversity within the brewing-associated
S. cerevisiae strains considered in this study.

To investigate the potential impact of missense mutations on Irc7
protein stability and function, changes in ΔΔG were predicted
using I-Mutant 2.0. Negative ΔΔG values indicate a decrease in
protein stability, while positive values suggest enhanced stability.
For this analysis, the protein sequence of the YJM789 strain was
used as the reference, as it carries the long Irc7 variant without
the T185A substitution and is therefore considered to represent
the most catalytically active form of the enzyme (Table 3). In
most cases, the predicted ΔΔG values were consistent with the
expected functional efects. For instance, the mutation G101D
and T185A provided the negative ΔΔG and were predicted to be
deleterious consistently with previous studies [19, 21].

For S27T, which has been predicted to be functionally neutral,
the negative ΔΔG may result from the diferent steric hindrance
introduced by threonine compared to that of serine (Table 3).
Similarly, the reduced stability predicted for the F55L sub-
stitution could be plausibly attributed to the replacement of the
bulky benzene ring of phenylalanine with the smaller aliphatic
side chain of leucine, potentially afecting local protein packing
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FIGURE 1 | Genotyping of IRC7 allelic variants in monosporic cultures (MSCs) obtained from sporulating-competent, heterozygous IRC7L/IRC7S

brewing strains. (a) Schematic workfow showing the isolation of MSCs from heterozygous strains capable of sporulation. The procedure includes
sporulation induction, tetrad dissection via micromanipulation, and isolation of single-spore colonies for subsequent genotyping. The panel was
generated using BioRender (https://www.Biorender.com, accessed on June 8, 2025). (b) Nested PCR analysis of the heterozygous strain ale11, showing
a double band indicative of the IRC7L/IRC7S genotype, and the MSC ale11.4A, which displays a single band indicative of IRC7L allele. Strains ale8 and
ale10 were used as IRC7S/IRC7S and IRC7L/IRC7L homozygous controls. (c) Nested PCR analysis of the heterozygous strain ale14, exhibiting a double
band indicative of the IRC7L/IRC7S genotype, along with MSCs ale14.3C (IRC7L), ale14.4A (IRC7L), and ale14.7B (IRC7S). Abbreviations: M, DNA
ladder used as a molecular size marker; fragment length is in bp.
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FIGURE 2 | MAT locus genotyping of monosporic clones (MSCs) obtained from the heterozygous IRC7L/IRC7S brewing strains ale11 (a) and ale14
(b). MSCs of parental strain ale 11 carried only IRC7L, whereas MSCs of parental strain ale14 carried either IRC7L or IRC7S allele. S. cerevisiae BY4741
(MATα) and BY4743 (MATa/MATα) were used as controls. M, DNA ladder used as a molecular size marker; fragments length is in bp.
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(Table 2). These observations suggest that even mutations pre-
dicted to be neutral at the functional level may contribute cu-
mulatively to structural variability in Irc7 proteins.

The most frequent deleterious substitution was T185A, which
was identifed in 12 out of 18 deduced Irc7 proteins (Figure 3).
The second most frequent deleterious mutation was G101D,
which was exclusively observed in strains carrying the IRC7L

allele. This mutation has been reported to severely impair Irc7
activity in wine yeasts [19]. Notably, strain ale9, initially clas-
sifed as homozygous IRC7L/IRC7L, displayed a heterozygous
nucleotide position, which resulted in G101D substitution (Ta-
ble 2). This fnding indicates that ale9 harbors two distinct IRC7L

alleles, one of which carries the G101D change (IRC7L,G101D),
further increasing the allelic complexity observed among
brewing ale strains.

Interestingly, none of the truncated Irc7S proteins carried either
the T185A or the G101D mutation, suggesting that the combi-
nation of a premature stop codon with either of these two
mutations may have been subject to counterselection (Table 2).
The only point mutation identifed in the deduced Irc7S variants
was P146A, which was detected in the cloned IRC7S allele of the
heterozygous strain ale1. This substitution was predicted to be
functionally neutral by i-Mutant (Table 3). Notably, position 146
has also been reported as a mutational hotspot in wine yeast
strains, where the P146R substitution is frequently observed [19].

Phylogenetic analysis of the 15 Irc7 long protein variants revealed
the presence of three main groupings, although branch support
was generally low, indicating limited phylogenetic resolution.
One grouping comprised strains carrying the potentially dele-
terious T185A mutation, whereas the second one included the
strains lacking the T185A substitution. The third grouping
consisted of strains harboring T185A in combination with ad-
ditional mutations, including the deleterious G101D and the
neutral A356V substitutions. Given the weak bootstrapping
support, there was no robust phylogenetic separation among
these groupings, which should not be interpreted as well-
resolved evolutionary lineages. Nevertheless, the analysis un-
derscores the high degree of sequence variability among IRC7L
proteins, as most brewing strains exhibited unique combinations
of point mutations (Figure 4(a)). This diversity suggests ongoing
diversifcation at the sequence level, which may contribute to
strain-specifc diferences in the β-lyase enzymatic activity.

When considering only the mutations experimentally validated
as deleterious by Cordente et al. [19], namely, T185A substitution
and the truncating deletion responsible for the Irc7 short form, 10
theoretical genotypic combinations can be defned. However,
only four combinations were observed among 15 ale brewing
strains considered in this study: IRC7L_T/IRC7L_T, IRC7L_A/
IRC7L_A, IRC7S_T/IRC7S_T, and IRC7L_A/IRC7S_T
(Figure 4(b)). Notably, the IRC7S allele was consistently

TABLE 2 | Summary of amino acid changes identifed in the 18 Irc7 variants across 15 brewing Saccharomyces cerevisiae strains.

Strain Genotype
Amino acid positions

27 49 55 77 101 146 185 341 348 356
ale1_clone06 IRC7S S E F G G A T X NA NA
ale1_clone07 IRC7L S E L G G P A Y V A
ale2 IRC7L S E F G D P A Y V A
ale3 IRC7L S E F G G P T Y L A
ale4 IRC7L S E F G G P T Y V A
ale5 IRC7L S Q F G G P A Y V A
ale6 IRC7L S E F G G P T Y L A
ale7 IRC7L S E F G D P A Y V V
ale8 IRC7S S E F G G P T X NA NA
ale9_var1 IRC7L S E F G G P A Y V V
ale9_var2 IRC7L S E F G D P A Y V V
ale10 IRC7L S E F G G P T Y V A
ale11_4B IRC7L T E F G G P A Y V A
ale12 IRC7L S E F S D P A Y V A
ale13 IRC7L S E F G G P A Y V A
ale14_4A IRC7L S E F G G P A Y V A
ale14_7B IRC7S S E F G G P T X NA NA
ale15 IRC7L S E F G D P A Y V V
VL3 IRC7L S E F G G P A Y V A
YJM789 IRC7L S E F G G P T Y V A
S288c IRC7S S E F G G P T X NA NA
AWRI1631 IRC7S S E F G G P A X NA NA

Note: Irc7 proteins from VL3, YJM789, S288c, and AWRI1631 were retrieved from GenBank and used as references. “X” indicates the introduction of a stop codon.
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associated with threonine at position 185, in agreement with
previous fndings in wine yeast strains [19]. In contrast to wine
yeasts, where IRC7S allele is highly abundant [21], IRC7L ge-
notype was the most frequently detected in the brewing strains
analyzed in this study. This fnding aligns with previous reports
by Michel et al. [9] and Krogerus et al. [23], which identifed
IRC7L as the predominant genotype in S. cerevisiae beer strains.
The contrasting prevalence of IRC7 alleles in wine and beer
yeasts suggests niche-specifc diferences in selective pressures
associated with fermentation environments and substrate
availability. In brewing contexts, the presence of a fully func-
tional Irc7 enzyme may confer a selective advantage by en-
hancing the release of volatile thiols from hop-derived
cysteinylated and glutathionylated precursors, thereby contrib-
uting to desirable aroma complexity. In contrast, in wine fer-
mentation, the low-functioning Irc7S variant leads to elevated
intracellular cysteine levels, supporting oxidative stress re-
sistance [21, 42] and the biosynthesis of cysteine-rich copper

metallothioneins such as Cup1, which confer copper tolerance
[43]. Under these conditions, the truncated IRC7S allele may be
selectively maintained. This trait may be less relevant under
brewing conditions, potentially explaining the lower frequency of
IRC7S allele in brewing strains. Together, these fndings suggest
that brewing-associated S. cerevisiae strains are genetically
enriched in the functional IRC7L allele, supporting its relevance
in aroma-driven beer fermentation processes.

3.4 | Assessment of β-Lyase Activity in Brewing
Strains

To investigate the relationships between the IRC7 genotypic
diversity and its phenotypic expression, a preliminary assessment
of β-lyase activity was performed using BiGGY indicator agar.
This medium has been widely employed for the H2S production
screening in yeast [44] and has more recently been proposed as
a proxy for identifying yeasts overexpressing IRC7L gene [39].
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FIGURE 3 | Partial alignment of 18 Irc7 deduced amino acid sequences obtained from 15 brewing strains. For brevity, the fgure depicts only 94
amino acid residues from position 96 to position 190. Irc7 amino acid sequences of reference strains VL3, AWRI1631, S288c, and YJM789 were retrieved
from the NCBI GenBank database. The alignment has been carried out with MUSCLE [33] and has been visualized and edited using JalView [34].
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FIGURE 4 | Phylogenetic analysis Irc7L variants and relative abundance distribution of four IRC7 genotypes in brewing strains. (a) Phylogenetic tree
showing the relationship of 15 Irc7L protein sequences among the strains analyzed. Irc7L reference proteins of strains VL3 and YJM789 were used as
references. The phylogeny was inferred usingmaximum likelihoodmethod andWAGmodel of amino acid substitutions [35]. Bootstrapping was carried
out using 100 replicates, and values > 50% are indicated on the nodes. (b) Pie chart illustrates the relative abundance of four diferent genotypes within
the analyzed pool of 15 S. cerevisiae ale brewing strains.
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Brewing strains were therefore evaluated for H2S production by
comparing colony coloration on BiGGY agar. Notably, intensely
dark or reddish colonies were typically observed in most strains
with the IRC7L/IRC7L genotype, regardless of the presence of the
T185A substitution (Supporting Figure S4). Some inconsistent
results were found for strains ale6, ale12, ale13, and ale15, as well
as for an MSC of ale 14 (ale14.4A), which did not grow in BiGGY
agar medium despite carrying the IRC7L allele. These results
suggested that growth and color development on BiGGY agar are
infuenced by additional strain-specifc physiological factors and
should be interpreted cautiously when used as a proxy for β-lyase
activity.

To obtain a more quantitative evaluation of β-lyase activity,
in vitro enzymatic assays were subsequently performed using
three model substrates: L-cysteine, S-ethyl-cysteine, and S-
methyl-L-cysteine. When L-cysteine was employed as the sub-
strate, the highest enzymatic activity was detected in strain ale7,
followed by ale3, ale5, and ale8 (Figure 5(a)). Interestingly, ale8
carries the IRC7S allele with a T at position 185, which would
typically be associated with low β-lyase activity. This observation
aligns with a previous work [22], in which a brewing strain
harboring IRC7S exhibited unexpectedly high activity in vitro L-
cysteine-based assays. Together, these observations support the
notion that additional enzymes, such as Str3 and Cys3, may
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FIGURE 5 | β-Lyase activities of 15 S. cerevisiae ale brewing strains measured using (a) L-cysteine (L-Cys), (b) S-ethyl-L-cysteine (S-ethyl-Cys), and
(c) S-methyl-L-cysteine S-methyl-Cys) as substrates. Data are expressed as specifc enzymatic activity (mU/mg). Values represent the mean of at least
three biological replicates; error bars, when visible, indicate standard deviations. Statistical diferences were assessed by one-way ANOVA (p < 0.05).
Diferent uppercase letters above the bars indicate statistically signifcant diferences. Box colors correspond to the IRC7 genotype of each strain. Graphs
were generated using GraphPad Prism v.10 (GraphPad Software, San Diego, CA, USA).
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contribute to cysteine-S-conjugate-lyase activity in S. cerevisiae,
particularly when simple sulfur-containing substrates are used
[45]. In wine yeasts, Irc7 accounts for the majority of β-lyase
activity toward cysteinylated thiol precursors (often > 70%–90%
depending on the substrate), whereas Str3 and Cys3 display
lower catalytic efciency and narrower substrate specifcity,
contributing more substantially to activity against simple sub-
strates such as L-cysteine rather than hop- or grape-derived
conjugates [8, 15].

Because S-ethyl- and S-methyl-cysteine are structurally more
similar to cysteinylated precursors naturally present in malt and
hops, these substrates were also employed to better approximate
brewing-relevant conditions. Strain ale4 and ale15 exhibited the
highest specifc enzymatic activity against S-ethyl-cysteine
(Figure 5(b)), whereas strain ale4 showed the highest ef-
ciency toward S-methyl-L-cysteine, followed by strain ale3
(Figure 5(c)). Notably, both ale4 and ale3 carried T at position 185
in their IRC7L proteins, suggesting that the presence of threonine
at this position may favor β-lyase activity toward certain sulfur-
containing substrates.

A comparative analysis of β-lyase activity across multiple sub-
strates was carried out by grouping strains according to the four
previously defned genotypes (Figure 6). Overall, heterozygous
IRC7L/IRC7S strains displayed signifcantly reduced β-lyase ac-
tivity compared to IRC7L/IRC7L homozygotes, indicating a neg-
ative efect of the truncated allele (Figure 6). When L-cysteine
was used as the substrate, heterozygous strains with the
IRC7S_T/IRC7L_A genotype exhibited signifcantly lower spe-
cifc enzymatic activity compared to IRC7L/IRC7L homozygous
strains, regardless of the presence of T185A. This funding

suggested that T185A substitution does not impair enzymatic
activity against L-cysteine (Figure 6(a)).

In contrast, when S-ethyl-L-cysteine served as the substrate,
a marked reduction in β-lyase activity was detected in strains
carrying at least one IRC7S allele compared to IRC7L/IRC7L
homozygous strains (Figure 6(b)). For this substrate, the pres-
ence of the T85Amutation did not signifcantly afect the enzyme
activity. However, assays using S-methyl-L-cysteine showed that
strains with IRC7L_T/IRC7L_T genotype exhibited the highest β-
lyase activity, surpassing that of strains with IRC7L_A/IRC7L_A
genotype (Figure 6(c)). This observation indicates that the T185A
substitution can impair β-lyase function in a substrate-depending
manner.

Globally, these fndings support that both the truncated Irc7S and
the T185A substitution negatively infuence the β-lyase activity,
with the presence of the short allele exerting the most pro-
nounced impact. Importantly, the extent of functional impair-
ment was substrate-dependent, underscoring the complexity of
genotype–phenotype relationships in sulfur metabolism. These
results were consistent with those previously reported [22] and
highlight the importance of considering both allele composition
and substrate specifcity when evaluating thiol-releasing po-
tential in brewing yeasts. While the in vitro assays employed here
provide valuable mechanistic insight into the functional impact
of IRC7 genetic variation, the extent to which these diferences
translate into volatile thiol release under brewing conditions
remains to be validated at the fermentation level as additional
external factors such as wort density, oxygen supplementation,
nitrogen level, and maturation time have recently been dem-
onstrated to afect the actual release of these thiols [46–48].
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FIGURE 6 | Specifc β-lyase activities (expressed as mU/mg) of 15 S. cerevisiae ale brewing strains evaluated using (a) L-cysteine (L-Cys), (b) S-ethyl-
L-cysteine (S-ethyl-Cys), and (c) S-methyl-L-cysteine (S-methyl-Cys). Strains were categorized according to their IRC7 genotypes: IRC7L_T/IRC7L_T,
IRC7L_A/IRC7L_A, IRC7S_T/IRC7S_T, and IRC7L_A/IRC7S_T. The red dotted line indicates the median, whereas black dotted lines represent the frst
and third quartiles. Statistical comparisons among genotypes were performed using the Kruskal–Wallis test (p ≤ 0.05). Statistical signifcance is
indicated as: ∗, p ≤ 0.05; ∗∗, p ≤ 0.01; ∗∗∗, p ≤ 0.001; ∗∗∗∗, p ≤ 0.0001. Graphs were generated using GraphPad Prism v.10 (San Diego, CA, USA).
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Furthermore, the variability in β-lyase activity observed among
strains sharing the same IRC7 genotype and tested on identical
substrates suggests that additional regulatory or genetic factors
may contribute to enzymatic diversity. Among these, Str3- and
Cys3-mediated activities are likely to play a key role. Str3 has
been demonstrated to release polyfunctional thiols from cysteine
conjugates [8], while Cys3 releases 2-furfurylthiol from its cys-
teine conjugate [49] Although these enzymes generally display
lower catalytic efciency and narrower substrate specifcity than
Irc7, their contribution may partially obscure direct genoty-
pe–phenotype relationships based solely on IRC7 allelic status. In
addition, strain-dependent diferences in IRC7 expression levels,
potentially driven by variation in the NCR pathway regulation
and in other regulatory elements, may further infuence β-lyase
activity [26, 27]. Elucidation of the relative contribution of these
additional β-lyases and regulatory mechanisms will require
targeted gene expression and fermentation-based studies, which
will be the focus of future investigations.

3.5 | Assessment of β-Lyase Activity inMonosporic
Derivatives

To evaluate the functional impact of individual IRC7 alleles in an
isogenic background, β-lyase activity of MSCs derived from
heterozygous strains ale14 and ale11 was determined using the
three previously described substrates. Specifcally, MATa MSCs
ale14.4A and ale14.7B, derived from ale14, harbored the
IRC7L_A and IRC7S variants, respectively, while ale11.4B,
a putative MATa haploid strain derived from ale11, carried only
the IRC7L variant.

For the ale14-derived MSCs, β-lyase activity assays revealed no
signifcant diferences in activity between the cultures when L-
cysteine was used as the substrate (Figure 7(a)). This result likely
refects the relatively low specifcity of L-cysteine for Irc7
compared to more structurally relevant substrates, as previously
observed, and suggests that additional β-lyase enzymes may
contribute under these conditions. In contrast, when S-ethyl-L-
cysteine was used, ale14.4A (IRC7L_A) displayed increased en-
zymatic activity relative to the heterozygous parental strain,
whereas ale14.7B exhibited a marked reduction in activity,
consistent with the presence of the truncated IRC7S variant
(Figure 7(a)). These fndings indicate that segregation of the
functional IRC7L allele can partially restore β-lyase activity to-
ward S-ethyl-L-cysteine in an otherwise heterozygous genetic
background.

When S-methyl-L-cysteine was used as the substrate, both MSC
derivatives displayed lower β-lyase activity than the parental
heterozygous strain, irrespective of the IRC7 variant present. This
observation suggests that β-lyase activity toward this substrate
may be infuenced by additional genetic or regulatory factors that
are disrupted or altered following sporulation. Overall, ale14.7B
exhibited the lowest enzymatic activity across all three sub-
strates, followed by the parental ale14 strain and ale14.4A
(Figure 7(a)), further supporting the strong negative impact of
the IRC7S allele on β-lyase function.

Finally, the MSC ale11.4B, carrying the IRC7L_A variant, dis-
played a signifcant increase in β-lyase activity against L-cysteine
and S-ethyl-L cysteine compared to the heterozygous
IRC7L/IRC7S parental strain ale11 (Figure 7(b)). This increase is
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FIGURE 7 | Specifc β-lyase activities (mU/mg) of the heterozygous IRC7L/IRC7S strains ale14 (a) and ale11 (b) and their MSC derivatives assessed
using L-cysteine (L-Cys), S-ethyl-L-cysteine (S-Ethyl_L-Cys), and S-methyl-L-cysteine (S-Methyl-L-Cys). Values represent the mean of at least three
biological replicates, while error bars indicate standard deviations. Statistical diference was evaluated by one-way ANOVA (p ≤ 0.05) and is indicated
as: ∗, p ≤ 0.05; ∗∗, p ≤ 0.01; ∗∗∗, p ≤ 0.001; ∗∗∗∗, p ≤ 0.0001. Graphs were generated using GraphPad Prism v.10 (San Diego, CA, USA).
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likely to refect the removal of the truncated IRC7S allele and the
resulting exclusive expression of the functional IRC7L variant. In
contrast, no signifcant diferences betweenMSCale11.4B and ale
11 were observed against S-methyl-L cysteine (Figure 6(c)).

4 | Conclusions

This study provides a comparative genotypic and phenotypic
characterization of IRC7 allelic variants across 15 industrial
S. cerevisiae ale beer strains, ofering new insights into the di-
versity and functional relevance of the IRC7 gene in the brewing
context. In contrast to wine yeasts, where the low-functioning
IRC7S allele is prevalent, the majority of brewing strains ex-
amined here carried the full-length IRC7L allele, suggesting the
action of niche-specifc selective pressures likely shaped by
fermentation conditions and substrate availability.

Sequencing and phylogenetic analyses revealed high allelic diversity
among IRC7L variants, with multiple strains carrying unique
combinations of amino acid substitutions, including mutations
previously associated with reduced enzymatic activity, such as
T185A and G101D. Computational stability predictions and bio-
chemical in vitro assays confrmed that these substitutions difer-
entially impact β-lyase activity in a substrate-dependent mode,
thereby modulating the relative thiol-releasing potential relevant to
brewing applications. Although fermentation-level validation of
thiol production will be addressed in future studies, the present
work clearly demonstrated that the T185A substitution in IRC7L
afected β-lyase activity toward S-methyl-L-cysteine but not toward
L-cysteine or S-ethyl-L-cysteine, whereas the truncated IRC7S allele
is generally associated with reduced enzymatic activity across
substrates.

Through spore dissection and haplo-selfng, we successfully
segregated IRC7 alleles in heterozygous strains, generating
mating-competent MSCs that represent valuable tools for future
strain development programs based on breeding. Notably, MSCs
carrying only the functional IRC7L allele showed increased β-
lyase activity compared to their heterozygous parental strains,
further supporting the role of IRC7L in volatile thiol release.

Overall, this study underscores the functional diversity of IRC7
alleles in brewing yeasts and highlights the potential of genotype-
informed selection to enhance thiol-derived aroma production in
beer. Moreover, the framework established here provides
a foundation for future studies integrating detailed kinetic
characterization with fermentation-based validation, enabling
a more quantitative understanding of how IRC7 genetic variation
translates into aroma outcomes under brewing conditions.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. (Supporting Information)

Table S1. Primers used in this study.

Figure S1. Genotyping of IRC7S and IRC7L alleles in 15 S. cerevisiae ale
brewing strains. (A) Full-length PCR assay of IRC7 genes using the
primers PF7 and PR8. (B) Nested PCR assay using the internal primers
PF2 and PR2. S. cerevisiae strain US-05 was used as positive IRC7L/IRC7L
control. Abbreviations: M, DNA ladder used as a molecular size marker.
The length of the molecular size marker is in bp.

Figure S2. Cloning of IRC7S and IRC7L alleles from the heterozygous
strain ale1. Nested PCR analysis of E. coli DH10B clones obtained after
transformation with IRC7 PCR amplicons from strain ale1 yielded nested
PCR fragments either of 394 bp, corresponding to the IRC7S variant, or
432 bp, corresponding to the IRC7L variant. Clones selected for sub-
sequent Sanger sequencing are highlighted in red. Strains ale8 and ale9,
homozygous for IRC7S and IRC7L, respectively, were included as con-
trols. Abbreviations: M, DNA ladder used as a molecular size marker;
fragment sizes are indicated in base pairs (bp).

Figure S3. Alignment of long and short allele protein sequences deduced
from IRC7 PCR amplicons of strain ale1 cloned into pJET1.2 plasmid. The
short allele (clone_06) exhibits the premature codon stop, resulting in
a truncated Irc7 protein, whereas the long allele (clone_07) encodes
a full-length protein of 400 amino acids. Protein sequence alignment was
performed using MUSCLE [1], and the resulting alignment was visu-
alized with JalView [2].

Figure S4. Growth of 15 S. cerevisiae ale brewing strains and their de-
rivatives MSCs on BiGGY agar evaluated by drop test. Serial dilutions are
indicated on the bottom. Production of H2S results in a color shift of
colonies from white/creamy on YPDA control medium to dark red or
brown on BiGGY agar.
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