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Yeast metabolism plays a key role in the synthesis of bioactive compounds in fermented foods and beverages.
Among these, aromatic amino acid-derived compounds (AADCs) such as tryptophol, 2-phenylethanol, and
tyrosol, along with indolic compounds like melatonin, serotonin, and 3-indoleacetic acid, contribute to the
quality and stability of wine. This study aimed to enhance the production of these compounds in Saccharomyces
cerevisiae through adaptive laboratory evolution (ALE) using white light as a selective pressure. The hypothesis

was that oxidative stress induced by light would stimulate non-enzymatic antioxidant responses, increasing the
synthesis of indolic compounds. A wine yeast strain was subjected to ALE, and the evolved strain was analyzed
for genotypic, phenotypic, and metabolomic changes. Results showed significant genomic and transcriptomic
differences, leading to a marked increase in AADC production. These findings highlight this approach as a
promising non-GMO strategy for improving yeast strains in the food industry.

1. Introduction

The presence of bioactive molecules in fermented foods and bever-
ages is closely associated with microbial metabolism, with yeasts
standing out as major contributors to the synthesis of these health-
promoting compounds (Marhuenda et al., 2016; Rodriguez-Naranjo
et al., 2011; Vilela, 2019). Among them, aromatic amino acid-derived
compounds (AADCs), such as tryptophol (TOL), 2-phenylethanol
(2 PE), and tyrosol, as well as indolic compounds derived from trypto-
phan (Trp), including melatonin (Mel), serotonin, and 3-indoleacetic
acid (3IAA), are particularly relevant because they contribute to the
quality and stability of fermented beverages such as wine (Cordente
et al., 2019; Fernandez-Cruz et al., 2016). In this context, the develop-
ment of yeast strains capable of increasing the concentration of these
compounds in the final product is of great interest to the wine and other
food industries. The antioxidant, antimicrobial, preservative, and
health-promoting properties associated with the presence of bioactive
AADCs, are highly valued in fermented products. To this end, we
recently designed a consortium of different Saccharomyces species that
significantly enhances the content of bioactive tryptophan-derived
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compounds during wine fermentation (Planells-Carcel et al., 2024).

An alternative to the selection of naturally high AADC-producing
yeast strains is their genetic improvement for use in beverage produc-
tion. However, the generation of yeast strains with these desirable traits
faces two major challenges. First, the effective and precise metabolic
engineering of yeast to increase the production of a specific metabolite
requires a comprehensive understanding of its biosynthetic pathway,
including the involved precursors, cofactors, genes, enzymes, synthesis
conditions, as well as potential bottlenecks and metabolic leakage
points. Although significant progress has been made in recent years in
elucidating AADC metabolism (Muniz-Calvo et al., 2019; Planells-Cércel
et al., 2025), key aspects remain unresolved for some of the most
bioactive and industrially relevant compounds, such as melatonin, se-
rotonin, and hydroxytyrosol (HT), in yeast. Secondly, even when
detailed knowledge of the biosynthetic process is available, the rational
design of yeast strains for use in the food industry is severely restricted
by European legislation, particularly Regulation (EC) No 1829/2003
concerning genetically modified organisms (GMOs).

The quest for genetically improving industrial yeast strains without
the commercial and regulatory constraints of being considered a GMO
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gave rise to a series of methods to achieve genetic diversity to get to the
desired phenotypical traits. These approaches include random muta-
genesis, intra- and interspecific hybridization and adaptive laboratory
evolution (ALE), also referred as directed evolution (Gonzalez and
Morales, 2022). Among them, ALE has been successfully conducted to
improve yeast tolerance to freeze-thaw, salt, acetic acid, temperature
and ethanol in industrial yeast strains (Aarnio et al., 1991; Garcia-Rios
et al., 2022; Matsutani et al., 1992; Novo et al., 2014; Takagi et al.,
1997). This approach is based on the natural genetic and phenotypic
diversity of yeast, that is iteratively subjected to a selective pressure
through multiple generations that allows population to fix genetic and
phenotypic traits that are different from the initial parental strain. When
improving traits such as ethanol tolerance and the others above
mentioned, a relatively straight-forward experimental design is often
used, but in some cases indirect selection strategies are needed, e.g. the
use of a selective pressure such as osmotic stress to select strains with
higher glycerol production (Tilloy & Ortiz-julien, 2014). In this work a
novel directed evolution experiment was conducted using a Saccharo-
myces cerevisiae strain, isolated from a winery environment, and
employing a very particular selective pressure, such as white light.

It has been reported that visible light exerts a significant impact on
yeast metabolism by damaging cytochromes and promoting the gener-
ation of reactive oxygen species (ROS), thereby triggering an oxidative
stress response (Robertson et al., 2013). This response is initiated by a
peroxisomal oxidase that converts light exposure into a hydrogen
peroxide (H203) signal. The signal is sensed by the peroxiredoxin Tsal
and subsequently relayed to thioredoxin (Bodvard et al., 2017).
Furthermore, although direct evidence of white light-induced muta-
genesis in yeast remains limited, early studies by Webb & Malina (1967)
demonstrated that visible light increased mutation rates in Escherichia
coli to levels more than 18-fold higher than spontaneous rates, with
mutation frequency positively correlated with irradiance. Bioactive
AADCs such as HT and especially Trp-derived ones such as serotonin,
tryptamine and Mel, among others, have an antioxidant effect on yeast
at different levels, acting as free-radical scavengers but also by inducing
expression of oxidative response genes (Bisquert et al., 2018; Vazquez
et al., 2017). Taking Mel as a model of a potent antioxidant indolic
compound and its relation to light stimuli in higher organisms and its UV
protection effect in yeast cells (Bisquert et al., 2018), a physical
ROS-generating selective pressure, such as white light, was employed in
an ALE experiment. The proposed hypothesis was that the primary re-
sponses of cells to oxidative stress would be challenged in a directed
evolution context when generating a photooxidation by illuminating the
growth vessel with a white light LED lamp, which covered mainly
photosynthetically active radiation (PAR) wavelengths ranging from
400 to 700 nm. Among these primary oxidative stress defense systems,
the increase of non-enzymatic forms of antioxidant response such as the
synthesis of melatonin or other indolic and phenolic compounds was
therefore a possible and expectable outcome.

In this study, a commercial wine yeast strain was subjected to
adaptive laboratory evolution (ALE) using white light as a selective
pressure during successive batch cultures. In parallel, the same strain
was cultivated under identical conditions in the absence of white light,
serving as a control. Genotypic and phenotypic differences between the
light-evolved and control strains were systematically evaluated. To this
end, comparative analyses of whole-genome sequences, intracellular
and extracellular metabolomic profiles, and transcriptomic responses
were performed. This comprehensive analysis established extensive
genomic modifications as an adaptive advantage against white light and
described the interesting co-occurrence of the relative increased pro-
duction of bioactive AADCs in the evolved strain, altered transcriptional
activity involving AADCs pathways and specific point mutations in
involved genes. Furthermore, the potential of white light as a severe
selective pressure, and even as a mutagen to be used in future de-
velopments of new strains from a non-GMO approach was revealed.
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2. Materials and methods
2.1. Yeast and growth media

A Saccharomyces cerevisiae strain was first isolated in 2019 from a
winery fermentation tank (Bodegas Murviedro; Requena, SPAIN) at the
end of an industrial fermentation of “Bobal” grapes must, genotyped
using mitochondrial DNA, as described in Querol et al. (1992), and
codified as B28. For preculture growth, yeast extract peptone dextrose
(YPD) medium containing yeast extract 10 g L', bacteriological
peptone 20 g L™ and glucose g-L ™! was used. A synthetic minimal media
(SMM) was employed for the evolution experiment, containing 7.5 g L™}
glucose, 5 g L1 (NH4)2S04, 3 g L™ KHyPO4, 0.5 g L™ MgSOy4, 1 mLL ™!
vitamins solution, 1 mL L7} oligo-elements solution, and pH was
adjusted to 6 with NaOH. Vitamins solution contained 2 g L7!
myo-inositol, 0.15 g L™} calcium pantothenate, 0.025 g L™! thiamine
hydrochloride, 0.2 g L™! nicotinic acid, 0.025 g L™} pyridoxine and
0.3 mg L~! biotin. Oligo-elements solution contained 4 g L™! MnSOy -
H,0, 4 gL' ZnS0O, - 7 H,0,1 g L' CuSOy4 - 5Hy0,1 g L 1 KI, 0.4 g L™}
CoCl, - 6 Hy0, 1 g L™ H3BO3 and 1 g L™ (NH4)¢Mo07024.

Growth assays using 96-well plates were performed using SD
(20 g L! glucose, 1.7 g L™! yeast nitrogen base (YNB) without amino
acids and (NH4)2SO4 (Difco) and 5 g L1 (NH4)2S04), SC (20 g L1
glucose, 1.7 g L ™! yeast nitrogen base (YNB) without amino acids and
(NH4)2S04 (Difco), 5 g L! (NH4)2SO4and 2 g L7'sc complete drop-out
(Formedium)), and YPG (10 g L! yeast extract, 20 g L! peptone, and
30 mL of glycerol).

Fermenting ability of the evolved and the control strain was assessed
using synthetic must (SM) derived from Riou et al. (1989) to mimic a
wine fermentation. SM composition consisted of sugars (100 g L~}
glucose and 100 g L ™! fructose), organic acids (citric acid, malic acid and
tartaric acid), mineral salts (0.75 g Lt KH3PO4, 0.5 g Lt K2SOy4,
0.25 g L1 MgS0O4 - 7 H,0, 0.15 g L™ CaCl, - 2 H,0, 0.20 g L~} NaCl and
0.46 g L! NH4Cl), 13.09 mL L~ amino acids from stock (1.5 g L1
tyrosine, 13.4 g L Trp, 2.5 ¢ L7! isoleucine, 3.4 g L aspartic acid,
9.2 g ™! glutamic acid, 28.3 g L ™! arginine, 3.7 g L ™! leucine, 5.8 g L™}
threonine, 1.4 g L™! glycine, 38.4 g L™! glutamine, 11.2 g L' alanine,
34¢g L' valine, 2.4 g L~ methionine, 2.9 g Lt phenylalanine, 6 g Lt
serine, 2.6 g L ! histidine, 1.3 gL lysine, 1.5 g L ™! cysteine, 46.1 gL ™!
proline), 10 mL L~! vitamins solution and 1 mL L~ oligo-elements so-
lution. pH was adjusted to 3.3 with NaOH. The control strain (B28
cultivated in absence of light) and its evolved version in presence of light
(EVO) were inoculated in 80 mL of SM and grown in fermentation flasks
capped with airlock valves, incubated at 28 °C with 200 rpm orbital
shaking, and the weight loss was monitored until stabilization.

2.2. Adaptive laboratory evolution under white light stress

B28 strain was subjected to ALE using white light as a selective
pressure. The light source was a white LED lamp covering PAR wave-
lengths from 400 to 700 nm. In parallel, B28 was also cultivated under
identical conditions in the absence of white light (hereafter referred as
“CONTROL").

Batch cultures were grown at 28 °C in two 0.5 L reactors (MiniBio,
Applikon Biotechnology) with a working volume of 0.4 L of SMM media.
The culture temperature was controlled using a temperature probe
connected to a Peltier cryostat. The stirrer was set at 300 rpm. Both
bioreactors were initially inoculated with approximately
2 x 10° cells:-mL ™! of B28 strain from a preculture previously grown
overnight in YPD medium. One of the bioreactors was illuminated with a
white JARO led lamp (Brennenstuhl®, Tiibingen, Germany) at an initial
irradiance of 317 pmol m 257}, positioned 16 cm from the vessel, a
distance at which a clear effect on yeast growth was observed. The
control bioreactor was set to the same growth conditions except for the
light stimulus. The bioreactors were depleted of ~90 % of the spent
media and refilled with fresh media when cultures reached the
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stationary phase. Optical density measured at 600 nm (ODggy) was
registered at the beginning and end of each batch to estimate the number
of generations (g) according to g = (log(finalOD)-log(initialOD))/log(2).
Selective pressure produced a growth defect on the stressed population
at the initial dose (317 pmol m~2.s1), forcing it to grow at a slower pace
than the non-challenged population. The pressure was increased grad-
ually across the different batches, as the cells duplication time shortened
due to their adaptation, until irradiance reached 3377 pmol m 2.s7?,
which corresponded to a distance of 4 cm from the vessel, while still
allowing cell growth. After approximately 170 generations the evolution
experiment was concluded. Cells from both vessels were collected,
plated and three independent colonies per vessel were grown and
glycerinated. One colony from each vessel was selected for whole-
genome sequencing. For transcriptomic and metabolomic analyses,
three independent colonies from each vessel were used, representing
independent derivatives of the evolved and control populations,
respectively.

2.3. Growth curve analysis

All the presented growth curves were obtained from growth on 96-
well microtiter plates. Each well was filled with 250 pL of the
different media and condition and an initial ODggg of 0.1 was used to
inoculate them from previously grown overnight precultures. Growth
curves were monitored by recording the increase of the ODggo. The
microtiter plates were incubated in SPECTROstar Nano® microplate
reader (BGM Labtech, Offenburg, Germany) at 28, 20 or 12 °C with
500 rpm double-orbital shaking. The ODggg of each well was measured
every 30 min until the growth reached the stationary phase. The growth
parameters of each strain under different media/condition can be
calculated by directly fitting ODgoo measurements versus time to the
Gompertz equation proposed by Zwietering et al. (1990), which has the
following expression:

llmuxxe) N
—e D x(A—t)+1
y=Dxe (

Where y = In (OD¢/ODy), ODy is the initial OD and OD; is the OD at time
t; D = In (ODco/ODg) is the OD value reached with ODoco as the
asymptotic maximum, pmax is the maximum specific growth rate (h™h,
and ) is the lag phase period. R software (v4.1.3) was used to fit growth
data to Gompertz equation and infer growth parameters.

The area under the curve (AUC), which represents the three main
growth parameters: lag phase, jimax and maximum population (yield),
was calculated using Origin Pro 2019.

2.4. Intracellular reactive oxygen species (ROS) measuring by flow
cytometry

After an overnight growth in a rich YPD medium, the intracellular
ROS levels of the freshly inoculated yeast cells were measured as
described in Ballester-Tomas et al. (2015). Briefly, grown cell cultures of
both CONTROL and EVO strains were centrifuged and resuspended to
ODgoo = 0.25 in sterile PBS. Then dihydrorhodamine 123 (DHR 123,
Sigma) was added at 5 pg mL ™" of cell culture from a 2.5 mg mL ™! stock
solution in ethanol. Cells were incubated in darkness for 90 min at 28 °C.
Then cells were collected, washed, resuspended in PBS and analyzed
using a flow cytometer MACSQuant® Analyzer (Miltenyi Biotec,
Madrid, Spain). The settings were adjusted using negative (DHR 123-un-
treated cells) and positive (stressed with 4 mmol Lt H50- for 60 min
and DHR 123-stained cells) controls. Data were expressed as the per-
centage of cells that show DHR 123-positive staining where 10000 cells
were measured in each run.
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2.5. Genomic DNA extraction

Yeast genomic DNA was extracted from 1 to 5 mL cultures grown
normally in YPD according to the method described in Querol et al.
(1992). Briefly, cells from grown precultures were pelleted and
washed twice with sterile water, then resuspended in 0.5 mL of Buffer 1
(0.9 mol L™ sorbitol, 0.1 mol L' EDTA pH 7.5) and 30 pL of Zimolyase
(amsbio) were added for a mild mixing and incubation at 37 °C for
30 min. Spheroplasts were centrifuged 3 min at 15000 x g and resus-
pended in Buffer 2 (50 mM Tris pH 7.4, 20 mM EDTA). Then 13 pL of
100 g L~! SDS were added and incubated during 5 min at 65 °C. After
incubation, 200 pL of 5 mol L™} potassium acetate were added, mildly
mixed by inversion and kept on ice for 10 min. After this, tubes were
centrifuged at 4 °C for 15 min at 15000 x g to remove the SDS by
precipitation. The supernatants were transferred to new tubes and
0.7 mL of isopropanol were added prior to a brief 10 min incubation at
room temperature. After incubation, tubes were centrifuged at 4 °C for
15 min at 15000 x g and supernatants were discarded. Pellets were then
washed with 0.5 mL of 70 % ethanol. After centrifugation for 3 min
15000 x g supernatants were eliminated and pellets were dried under
vacuum and re-suspended in TE (10 mmol L~! Tris, 1 mmol L~ EDTA,
pH 8.0) or Milli-Q water.

2.6. Genome sequencing and analysis of the parental and evolved strain

The CONTROL strain and the evolved strain EVO, were sequenced.
DNA Libraries were generated using Illumina Truseq Nano DNA library
Preparation following manufacturer's recommendations. Libraries were
sequenced on an MiSeq instrument and 15M 2 x 250 pb pair-end reads
generated. Raw sequencing reads in FASTQ format were subjected to
initial quality control and preprocessing. First, fastp v0.23.2 (Chen et al.,
2018) was used for adapter removal and filtering of low-quality reads.
Processed data quality was then assessed using FastQC v0.11.9
(Andrews, 2010), generating individual quality reports.

All sequence samples were aligned against reference strain genome
$288C with bowtie2, and deletions and insertions were assessed with
CNVnator. Sequencing reads from each strain were mapped against the
reference assembly of the original strain. Variant calling was performed
using Breseq, to identify sequence changes based on these alignments.
Subsequently, gdtools was used to annotate the detected mutations,
determining whether they occur in intergenic or coding regions, iden-
tifying the affected gene, and predicting the impact on the coding
sequence.

Additionally, all mutations were compared across the different
strains using gdtools, to identify mutations unique to specific evolved
strains. This comparative approach allowed for the filtering of hetero-
zygous mutations already present in the ancestral strain. This enabled
the distinction between pre-existing heterozygosity and mutations that
emerged during the evolution process. A filtered table containing the
mutations details was generated (Supplementary material).

2.7. RNA extraction

To study global gene expression under melatonin synthesis condi-
tions, preinocula of CONTROL and EVO were grown overnight in syn-
thetic minimal media (SMM) from three independent colonies of each
strain and inoculated in 250 mL shake flasks containing 100 mL of fresh
medium (SMM) to an initial ODggo of 0.15 and incubated at 28 °C with
150 rpm orbital shaking. Strain EVO was also grown in parallel under
light stress, at an irradiance between 2306 and 3077 pmol m~2s~1. A
total of three different sample groups were generated: CONTROL, EVO
and LIGHT (EVO strain grown under light stress). Strain CONTROL did
not grow under light conditions. Each sample was centrifuged and cell
pellets were frozen using liquid nitrogen and then stored at —80 °C until
subsequent RNA extraction and intracellular content preparation for
metabolomic analysis. Supernatant was also collected for metabolome
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analysis under these experimental conditions.

To extract RNA, cell pellets were resuspended in 0.4 mL of LETS
buffer (0.1 mol L™! LiCl, 0.01 mol L™ EDTA, pH 8.0, 0.01 mol L™! Tris-
HCl, pH 7.4, and 2 g L ™! SDS) and added to 2 mL screw tubes containing
0.4 mL of phenol (pH 4.5)-chloroform (5:1) and 0.3 mL of glass beads.
Then cells were ruptured with a Tehtnica MillMix 20 homogenizer
(Tehtnica, Slovenia). Supernatants were treated with phenol-chloro-
form (5:1) and chloroform-isoamyl alcohol (24:1) to extract RNA. RNA
was precipitated at —20 °C overnight two times, first by adding 2.5 vol of
96 % ethanol and 0.1 volume of 5 mol L™! LiCl, and secondly by adding
2.5 vol of 96 % ethanol and 0.1 volume of 3 mol L™! sodium acetate.
RNA was reconstituted in RNase-free MilliQ water and quantified in a
NanoDrop spectrophotometer (Thermo Scientific, United States).

2.8. RNA sequencing (RNAseq)

RNA sequencing was performed by the SCSIE (University of Valen-
cia). Briefly, RNA quality was determined with a Bioanalyzer 2100
(Agilent) and concentration measured with a Qubit®2.0 (Life Technol-
ogies, USA), yielding RNA integrity numbers (RIN) between 9.4 and 9.7,
thus indicating nearly intact RNA, and concentrations ranged between
400 and 900 ng mL ! across all samples. TruSeq® stranded mRNA Kit
(Ilumina, USA) was used to prepare the libraries for RNA-Seq following
the manufacturer's protocol and they were sequenced on an Illumina
HiSeq 2500 with 2x75-bp paired-end reads. Adapters from raw reads
were trimmed with trimmomatic. FastQC was used to assess read quality
and adapter content, then reads were mapped using S288c reference
genome with Bowtie2 and counts tables were obtained with htseq-count.
The gene expression abundance was normalized by log2-CPM (counts
per million, corrected for the different library sizes, expressed in a log2
scale) using edgeR (v3.36.0). limma package (v3.50.3) was used to esti-
mate log2-CPM mean variance, establish the different contrasts of hy-
pothesis and an empirical Bayes moderation of the standard errors was
applied to increase statistical power of differentially expressed genes
(DEGs). Significance (p < 0.05) was accounted on the corrected p-value
obtained from the tests applied by eBayes module (limma package).
Whole statistical computing was run on R software (v4.1.3).

Enrichment of GO terms and gene clustering was analyzed based on
the identified DEGs using STRING v12.0 database (http://www.stri
ng-db.org). Specific gene functions and biological pathways were an-
notated according to SGD (http://www.yeastgenome.org) and UniProt
(http://www.uniprot.org).

2.9. Metabolomic analysis

EVO and CONTROL strains were grown in SMM at 28 °C and con-
stant shaking under the same conditions in the dark. In parallel, three
more replicates of EVO strain were grown, but challenged with constant
white illumination (LIGHT). Lamp was again set to exert
3377 pmol m~2s ! of PAR radiation to the shake flasks for 72 h,
CONTROL strain could not grow under these conditions. Supernatants
and cells (to a final ODggg = 40) were collected and pellets were washed
twice with deionized water, resuspended in 700 pL of phosphate buff-
ered saline (PBS), and transferred to 2 mL tubes containing 0.3 pL of
0.5 mm glass beads (Sigma Aldrich). Then cells were ruptured by
applying three shaking cycles at 30 s™! for 30 s in a Tehtnica MillMix 20
homogenizer (Tehtnica, Slovenia), centrifuged at 10000 x g for 10 min
and all supernatants were kept at —20 °C until analysis. Samples were
thawed at room temperature, vortexed for 15 s and centrifuged at 10000
x g for 15 min at 4 °C. 100 pL of samples were placed into 1.5 mL
Eppendorf tubes and mixed with 60 pL of H,0 and 60 pL of a HCOOH
solution (0.1 % v/v) in CH3CN. Samples were mixed (vortex, 15 s) and
transferred to a 96-well plate for UPLC-MSMS analysis. Sample analysis
was carried out in an Agilent 1290 Infinity UPLC chromatograph using a
UPLC BEH C18 column (100 x 2.1 mm, 1.7 pm, Waters, Wexford,
Ireland). Autosampler and column temperatures were set to 4 and 40 °C,
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respectively, and the injection volume was 4 pL. Gradient elution was
performed at a flow rate of 400 L min " as follows: initial conditions of
98 % of mobile phase A (HyO (0.1 % v/v HCOOH)) were kept for
0.5 min, followed by a linear gradient from 2 to 25 % of mobile phase B
(CH3CN (0.1 % v/v HCOOH)) in 3.0 min and from 25 to 98 % B in
4.5 min. Conditions of 98 % B were held for 1 min; then, a 0.25 min
gradient was used to return to the initial conditions, which were held for
2.0 min.

All solvents were of LC-MS grade and were purchased from Scharlau
(Barcelona, Spain). Ultrapure water was generated with a Milli-Q water
purification system (Merck Millipore, Darmstadt, Germany).

Formic acid (>95 %) was obtained from Sigma-Aldrich Quimica SA.
Full-scan MS data from 100 to 1700 m/z with a scan frequency of 5 Hz
were collected on an iFunnel quadrupole time-of-flight (QTOF) Agilent
6550 spectrometer (Agilent Technologies, CA, USA) in the TOF MS
mode. The following electrospray ionization parameters were selected

in positive and negative modes: gas T, 200 °C; drying gas, 14 L min™%;

nebulizer, 35 psig; sheath gas T, 350 °C; sheath gas flow, 11 L min L.
Automated UPLC-ESI(+/—)-QqTOF (MS/MS) analysis of the QC was
carried out by data dependent acquisition (DDA) to support compound
identification using 20 V as collision energy. Metabolite identification
was based on MS (isotopic profile) and MS/MS spectral matching,
following the criteria described by Ten-Doménech et al. (2020),
including m/z tolerance (30 ppm) and retention time tolerance
(0.1 min) between experimental and reference spectra to ensure an ac-
curate annotation. The MS/MS spectral match for metabolites of interest
are detailed in Fig. S1. System conditioning and data clean-up was
carried out as described in Martinez-Sena et al. (2019).

Peak table generation was carried out using XCMS software. The
centWave method was used for peak detection with the following pa-
rameters: mass accuracy: 20 ppm, peak width: (5,25), snthresh: 12,
prefilter: (5,5000). Overlapping peaks were considered as distinct when
the minimum difference in m/z was 7.5 mDa. wMean function was used
to calculate the intensity weighted m/z values of each feature. Mexican
hat-filtered raw data with enhanced peak-shaped features was used to
establish peak limits used for integration. Grouping before and after RT
correction was carried out using the nearest method and 9 s as rtCheck
argument. Finally, missing data points were filled by reintegrating the
raw data files in the regions of the missing peaks using the fillPeaks
method. XCMS data for each sample and UPLC-MS feature were used to
extract the peak area, retention time (RT) and peak widths.

Blank samples were used to perform the data clean-up. Biological
samples qualified as “informative” UPLC-MS features when their mini-
mum signal exceeded at least three times the maximum signal from the
blanks. Due to the limited number of analyzed samples, QCs were
injected at the beginning and end of the sequence, but no within-batch
effect correction was required (Sanchez-Illana et al., 2018). Analytical
results from extracellular matrix were normalized by cell density.

Samples were additionally analyzed using a targeted quantitative
UPLC-MSMS method as described in Lario et al. (2017). Briefly, an
Acquity HSS T3 C18 (100 x 2.1 mm, 1.8 pm) column was used with H20
(0.1 % v/v HCOOH) (A) and (0.1 % v/v HCOOH) CH3CN (B) as mobile
phases. Gradient elution started with phase B held at 2 % from 0 to
0.5 min followed by a linear increase to 45 % 5 min. Then phase B to
90 % in 0.2 min following a fast return to initial conditions between 5.7
and 6 min. With a column re-equilibration of 1.5 min. Injection volume,
flow rate and column temperature were set at 3 pL, 550 pL/min and
55 °C, respectively. Samples were held at 6 °C during analysis. Elec-
trospray ionization was carried out using the following conditions:
capillary 2.9 kV, cone 25 V, source temperature 120 °C, desolvation
temperature 395 °C, N2 cone and desolvation gas flow rates were 150
and 800 L/h, respectively. The list of quantified analytes and their pa-
rameters are detailed in Table S.1.


http://www.string-db.org
http://www.string-db.org
http://www.yeastgenome.org
http://www.uniprot.org
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3. Results and discussion
3.1. Evolution under light-induced stress

A strong resistance against a challenging environment and oxidative
stress was expected from the original wine strain due to its origin and the
fact that it previously endured an entire industrial fermentation process
without being completely displaced across the winemaking process, but
it is interesting to note that the growth of B28 was severely affected by
light, even at the initial irradiance of 317 pmol m~2.s~ L. Therefore, the
radiation was initially applied in intervals of 17 h to allow the cells to
partially recover in darkness and eventually reach the stationary phase.
After 170 generations, the EVO strain was able to grow under an irra-
diance 10 times higher than the initial level. This contrasted with the
fact that the CONTROL strain, which was cultured for the same number
of generations under light-free conditions, was completely unable to
grow under these conditions of light exposure. This indicated that the
EVO strain would be able to adapt to the strong selective pressure of
white light irradiation due to its genetic differences from the CONTROL
strain. As a track of the progress across the experiment, the generations
occurring in each batch and the radiation dose received in each batch
were recorded (Fig. 1). The great effect exerted by this chosen selective
pressure underscores its potential as a severe stressor. During the evo-
lution experiment, the level of irradiance was gradually increased to a
maximum of 3377 pmol m~2-s7! as the growth under the stress condi-
tion became similar to that of the non-stressed control, which was
growing in parallel in a non-irradiated bioreactor. As observed in early
stages of ALE, cells enduring ~70 mol of photons per square meter
duplicated three to five times during a batch while in final stages they
duplicated four to five times but endured ~290 mol m 2 of accumulated
radiation (Fig. 1).

3.2. Phenotypic traits resulting from ALE

A clear resistance to white light achieved throughout ALE allowed
EVO strain to grow under radiation conditions that are incompatible
with cell growth for the parental B28 or for the CONTROL strain. This
study aims to further explore phenotypic differential traits, particularly
those related to the EVO metabolic profile compared to the CONTROL
strain, as well as any other traits affecting growth parameters, oxidative
stress resistance and fermentative performance. Light-induced stress is
known to produce an increase of intracellular ROS that can affect growth
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Fig. 1. Evolution process of B28 strain across multiple generations is shown by
the number of duplications occurring in a batch (red triangles) in relation to the
stress severity, shown as accumulated PAR radiation in the same batch. Irra-
diance describes the amount of energy received per unit of time. To better
reflect the total dose received by the bioreactor, the time of each batch was
taken into account when calculating the accumulated photosynthetically active
radiation (PAR) (blue bars). (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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but also the expression of genes involved in oxidative stress response
(Bodvard et al., 2017; Robertson et al., 2013).

To assess the growth performance under oxidative stress, CONTROL
and EVO strains were grown in 96-well plates under different media and
conditions. When the strains were grown using the same medium and
temperature as those used in the directed evolution batches, EVO strain
performed similar to the CONTROL strain, but with a significant delay,
as observed in the growth curves (Fig. 2A) and indirectly reflected in the
area under the curve (AUC) parameter (Fig. 2C). Contrary to what was
expected, an improvement in EVO growth compared to CONTROL was
not observed when cells were challenged with 3 mM of hydrogen
peroxide to increase oxidative stress (Fig. 2B). In fact, EVO strain
showed a greater sensitivity to HoO, and reflected it as a very pro-
nounced delay in growth when compared to the control strain. With the
aim of partially delimiting the causes of the slower growth in EVO strain,
intracellular ROS levels were measured by determining the abundance
of DHR123-positive cells in non-stressed cultures using a flow cytome-
ter. Surprisingly EVO strain exhibited a significantly higher proportion
of DHR123-positive cells than CONTROL under the same condition
without stress (Fig. 2D). These differences in the default intracellular
ROS levels could explain the slower growth for EVO strain, as evolved
cells are coping with a basal oxidative stress that control strain cells do
not have, and the situation is exacerbated when they are challenged with
more oxidative stress in the growth medium. These results appear to
disagree with an expected adaptation to oxidative stress after the evo-
lution experiment, although white light resulted a severe growth-
impairing stress for parental strain and despite its known effect on
generating ROS, the evolved strain did not seem more resistant to
oxidative stress but more sensitive. It is noteworthy to point out this
slower growth occurred consistently throughout other performed
growth assays, i.e. different media such as SD, SC and YPG, and different
temperatures such as 28, 20 and 12 °C (data not shown), nonetheless
further growth tests under different stresses could help establishing a
possible adaptive advantage of EVO strain regarding growth perfor-
mance, in addition to the fitness it has demonstrated under light
exposure.

A potential use of the EVO strain for wine fermentation was assessed
by testing its fermenting ability on synthetic must (SM). While SM does
not fully replicate the chemical complexity and microbiological in-
teractions present in natural grape must, it provides a highly controlled
and reproducible environment to evaluate the intrinsic fermentative
capacity of a strain (Viana et al., 2014), and the use of airlock valves
allowed the semi-anaerobic conditions typically encountered during
wine fermentation by allowing CO5 release while preventing oxygen
ingress. Although EVO strain completed the fermentation more slowly
than the CONTROL strain (Fig. S2), it was still able to fully consume the
available sugars and reach the end of fermentation. This showed its
fermentative ability remained competent, opening a potential future
application for wine production.

Besides the effects described as a result of light-induced ALE, curious
visual traits were observed in EVO strain cultures when grown in SMM
under light stress conditions. Such differences encompass a visible
brown pigmentation of the cells when grown under light stress and an
incipient cell aggregation in liquid culture (Fig. S3). These two pheno-
typical traits were only exhibited after growth under light-induced stress
and the pigmentation seemed to be retained by the cells. SMM without
cells was irradiated in parallel and no change of color was observed,
remaining transparent.

3.3. Metabolomic analysis

Given the clear phenotypical traits regarding growth performance,
cell aggregation, pigmentation and redox state that EVO strain pre-
sented in comparison to the CONTROL strain, a metabolomic analysis of
both strains was conducted, and both intracellular and extracellular
fractions were analyzed. Both strains were grown in darkness, and
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Fig. 2. Growth curves of CONTROL and EVO strains were obtained from growth in SMM at 28 °C (A) and under the same conditions but challenged with H202 (B).
AUC was calculated at a time where all curves reached stationary phase, being 18 h for unstressed cultures, and 48 h for cultures challenged with H202 (C).
Intracellular ROS in CONTROL and EVO under no stress condition represented as % of positive-stained cells (D). All results show median values from biological
triplicates where error bars represent standard deviation. Asterisks denote significance level from Student's t-test pairwise comparisons (p < 0.001 (***), p <

0.01 (**)).

additionally EVO strain was grown under white light. This experimental
setup yielded three different sample groups, CONTROL, EVO and EVO
grown under white light stress (henceforth “LIGHT”) and both super-
natant and intracellular extract were further analyzed. An untargeted
metabolome analysis was performed using a reversed-phase UPLC-ESI
(+/-)-QqTOF-MS/MS while a targeted UPLC-MSMS analysis of indolic
compounds was additionally conducted for a better metabolomic
coverage. Initial data preprocessing from the analysis of the extracel-
lular matrix enabled the identification of a total of 3958 features. Pair-
wise comparisons between extracted compounds and fragments were
made between the three sample sets, and the comparison between
CONTROL and EVO showed more differential metabolites than any
other, yielding 1009 differential features from which 934 are unique
from this comparison (Fig. 3). These results indicate EVO strain was
deeply modified through the ALE process and resulted in an altered
metabolic state by default in the evolved strain that manifests in a
distinct metabolome. Although the differences in growth between the
EVO and CONTROL strains across various media are not very pro-
nounced, each strain displays a clearly distinct exometabolome after
growing unchallenged due to these differences. The number of differ-
ential metabolites is statistically lower when comparing supernatants
from EVO and LIGHT samples, revealing an apparent similar metab-
olomic composition with only 36 exclusive differential metabolites
(Fig. 3). Conversely, the comparison between CONTROL and EVO yiel-
ded more differential metabolites than comparison between CONTROL
and LIGHT, when at least a similar difference was expected between
them. This apparent contradiction might be caused by the metabolic
state of LIGHT samples, as such stress is provoking active chemical
breakdown of metabolites by light photons but also potentially affecting
enzymatic activities, transporters and gene expression. These combined
effects may add excessive variation in metabolites concentrations across
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Fig. 3. Upset plot from extracellular UPLC-MS features from the untargeted
metabolomic analysis showing the numbers of differential metabolites derived
from each comparison and the different intersections between them. 3958
features were analyzed and significant differences in the comparisons in each
test have been determined by a t-test for unequal variances with a p-value cutoff
of 0.05.

replicates, rendering a low significance for most of them in the pairwise
comparison, so they can't be accounted in the analysis. This fact chal-
lenges the inference on the similarity between EVO and LIGHT using
only this data, so a more comprehensive analysis, using transcriptomic
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and genomic data is recommended for that purpose.

The analysis of the endometabolome revealed distinct profiles
among the sample groups as shown by a Partial Least Squares
Discriminant Analysis (PLSDA) model, in which the group of indoles and
derivatives, and carboxylic acids and derivatives were of special rele-
vance for the discrimination, among others (Fig. 54).

To better understand the biological relevance of the vast number of
differential metabolites and their abundance in the different sample
groups, a mummichog functional analysis was performed to predict those
metabolic pathways that are primarily involved in such differences. In
such test differential features were clustered into functional categories
as described in Li et al. (2013). Among the differential metabolites in the
comparison between CONTROL and EVO metabolomes, a clear repre-
sentation of “tryptophan metabolism” was observed in both extracel-
lular and intracellular fractions, but also in the exometabolomic
comparison between EVO and LIGHT (Fig. 4). Tryptophan metabolism
was not the only overrepresented cluster shaping the new aromatic
amino acid compound profile in the evolved strain,
phenylalanine-related compounds were also enriched in the EVO strain
compared to the CONTROL, especially at intracellular level (Fig. 4).
Glutathione, arginine, and proline-related metabolites were also differ-
entially detected in EVO strain compared to the CONTROL, which in-
dicates evolved cells are by default producing a higher proportion of
molecules with a bioactive potential that play an important role in the
non-enzymatic stress response in yeast (Auesukaree, 2017). Metabolites
related to tryptophan and glutathione were mainly enriched in the
extracellular matrix, while those related to the metabolism of phenyl-
alanine, arginine and proline gained more presence intracellularly.
Nonetheless, when challenged with white light, EVO strain showed an
enrichment of all these categories even in the extracellular matrix.

After observing a differential overrepresentation of tryptophan-
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related metabolites and other functional clusters that can be related to
the synthesis of antioxidant bioactive molecules in the evolved strain,
the focus was set on what specific metabolites of those involved in ar-
omatic amino acid pathways varied between sample groups.

The EVO strain grown in darkness showed a higher concentration of
aromatic amino acids (AAA) when compared to the control strain, such
as tyrosine, phenylalanine and Trp, and some related metabolites such
as kynurenic acid, anthranilate, tyramine and 5-hydroxytryptophol also
presented a comparatively higher abundance (Fig. 5 and Table S2).
These amino acids are precursors of antioxidant molecules with the
potential of modulating gene expression or even scavenge free-radicals,
therefore a higher basal concentration of AAAs can presumably predis-
pose evolved cells to cope with an upcoming photo-oxidative stress at
different levels.

Despite EVO showed a clearly altered metabolomic profile, the most
conspicuous differences involving aromatic amino acids metabolism
were triggered by light-induced stress, involving a larger number of
related metabolites and larger differences in signal intensity when
studying the comparison between sample group LIGHT and EVO (Fig. 5
and Table S3). All the above-mentioned metabolites and additional de-
rivatives and intermediates possess bioactive properties and their rela-
tive abundance were different orders of magnitude increased in the
evolved strain, especially as a response to light, such as 5-hydroxytryp-
tophan, indole acetaldehyde, 5-hydroxyindoleacetic acid, coumar-
oylserotonin or indole-5,6-quinone (Fig. 5 and Tables S2 and S3).

It is interesting to note that despite the presence 5-hydroxytrypto-
phan has been previously reported in S. cerevisiae, its synthesis is un-
likely related to the hydroxylation of L-Trp, being the carboxylation of
serotonin a feasible spontaneous reaction instead (Muniz-Calvo et al.,
2019). Similarly, no described mechanisms explain the presence of
5-hydroxyindoleacetic acid or coumaroylserotonin, although both are
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metabolically related to serotonin. Compounds from the untargeted
analysis, although identified using isotopic profile and MS/MS spectral
matching in a high-accuracy method (Ten-Doménech et al., 2020), need
to be carefully considered as putative, as no validation using a pure
analytical standard has been carried out for them. The mere inferred
occurrence of tyramine and indole-5,6-quinone as result of yeast meta-
bolism is, to date, unprecedented. Indole-5,6-quinone is a known pre-
cursor of melanin and, in mammals, it is synthesized from tyrosine by
hydroxylation to dihydroxyphenylalanine (DOPA) and subsequent
oxidation to dopaquinone. Then it is cyclized to dopachrome and
oxidized to indol-5,6-quinone, one of the monomers involved in the
eumelanin structure. As it has been recently described, this compound
by itself possesses hallmark properties of eumelanin such as a broadband
wavelength absorption between 200 and 1000 nm and antioxidant
properties, among others (Wang et al., 2023). The ability to produce
indole-5,6-quinone as a response to a light stress is a potential adaptive
advantage that could explain the capacity of EVO strain to grow under
such radiation intensities where CONTROL strain is not able to grow and
opens a possible interpretation to the observed pigmentation of cells, as
indole-5,6-quinone can be further oxidized and polymerized to form
bigger and more stable structures and crystals with optical properties
similar to melanin.

Other bioactive indolic compounds derived from the metabolism of
serotonin, such as 5-hydroxyindoleacetic acid or coumaroylserotonin
are reported to possess a potent antioxidant capacity (Lazari et al., 2017;
Mercolini et al., 2012) and the ability to synthesize them can confer
yeast cells an adaptive advantage against oxidative stress. The increase
of all these metabolites in response to white light suggests a possible
metabolic rerouting involving amine decarboxylases and mono-
oxygenases that still remain unknown in yeast. Nevertheless, under
white light conditions and, therefore, high ROS levels, spontaneous
oxidation of some metabolites may also occur in a non-enzymatic
manner favoring the formation of compounds such as 5-hydroxyindole-
acetic acid, indole acetaldehyde and indole-5,6-quinone, and thus
constituting a passive stress response rather than an active metabolic
rerouting.

These results showed that the EVO strain has a distinct profile of
bioactive aromatic amino acid-derived compounds as a result of the
evolutionary process under white light stress. These metabolomic dif-
ferences are exacerbated when the cells are challenged with white light,

and an increase in these compounds, and specifically indoles, is detec-
ted. This supports a relation between the synthesis of indoles and pro-
tection against white light-induced stress as it was similarly reported
previously for the indolic compound melatonin and its protective effect
against UV in yeast (Bisquert et al., 2018).

Outside of the aromatic amino acids metabolism, glutathione rela-
tive concentration was halved in the evolved strain compared to CON-
TROL when both were grown in darkness, suggesting a trade-off
between AADC and glutathione synthesis. The lower basal abundance of
this ROS-detoxifying molecule in the evolved strain when grown in
darkness also agrees with the observed higher intracellular ROS levels
determined by flow cytometry (Fig. 2D). For the LIGHT sample group,
this tendency is completely reverted. The evolved strain increased the
concentration of glutathione, but also of AADCs as seen above, which
suggests a light-triggered regulatory switch resulting in a coordinated
non-enzymatic stress response.

3.4. Genetic traits of evolved strain

In order to determine the extent of the genetic changes produced
during white light exposure in the ALE of the EVO strain compared to the
CONTROL strain, and to propose possible hypothesis regarding the un-
derlying causes of the new metabolic profile, the genomes of the CON-
TROL and EVO strains were sequenced, and the sequence
polymorphisms resulting from the white light stress ALE process were
extracted. Copy number variation (CNV) was established for both strains
using S288c genome as a reference, and duplications and deletions were
established for both CONTROL and EVO strains. The largest structural
differences between both strains are an extensively duplicated region of
approximately 60 % of chromosome VII in EVO strain that is not present
in CONTROL and large duplications in chromosomes I, III and VI of
CONTROL that occur exclusively in this strain (Fig. S5). Chromosomal
gain and loss, as well as large rearrangements are common mechanisms
of adaptation to stresses and new environments in yeast, but the bio-
logical consequences of these big structural changes must be evaluated
together with the study of the phenotypes and gene expression analysis
(Chang et al., 2013; Mangado et al., 2018). The evolution experiment
resulted in significant structural changes, as mentioned above, and that
also extends to point mutations across the whole genome. A total of 2471
single nucleotide polymorphisms (SNP) were identified in EVO strain



R. Bisquert et al.

compared to CONTROL strain, affecting over 800 open reading frames
(ORFs). The occurrence of these SNP's is spread across all chromosomes,
1277 in heterozygosity and 1194 in homozygosity, and they displayed
regions with a high density of SNPs in chromosomes IV, VII, X and XV
(Fig. 6). The high number of SNPs accumulated in EVO in comparison to
CONTROL strain was favored by the experimental design as the yeast
populations underwent through all of the growth phases to maximize
genetic diversity, reaching stationary phase, which itself constitutes a
source of cellular stress due to nutrient depletion and a higher ROS
generation. These stressors, which are unrelated to the chosen selective
pressure, may promote fixing SNPs that are not necessarily beneficial
mutations. Nonetheless, the great SNP count difference between both
CONTROL and EVO suggests that white light is not only a severe stress
for its photo-oxidative effect, but it could also have a strong mutagenic
effect in the yeast genome.

Due to the broad distribution of SNPs across multiple ORFs, initial
efforts were directed toward identifying potential associations between
the observed genetic changes and prominent phenotypic traits with the
objective of proposing new hypotheses that help elucidate the under-
lying genetical structure of these new features. These included the
higher production of aromatic amino acid-derived metabolites, the
increased cell adhesion and pigmentation following white light expo-
sure, and the ability to grow under light-induced stress conditions. The
885 ORFs carrying one or more non-synonymous mutations were
examined and among them, genes involved in the aromatic amino acids
pathways were affected. Single nucleotide changes in promoter regions
for genes related to these pathways were also found. Among the AADC-
related genes with non-synonymous mutations inside the coding region,
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we highlight ADH1 (alcohol dehydrogenase), which has a substitution of
valine for isoleucine at position 59 in one allele and a substitution of
valine for alanine at position 59 in the other allele, and NMA2 (Nicotinic
acid mononucleotide adenylyltransferase), which has a substitution of
valine for glycine at position 112 in both alleles (Table 1). An eventual
alteration of the function of NMA2 can directly impact on
NAD " biosynthesis and regeneration which directly supports the tryp-
tophan catabolism via the kynurenine pathway. Furthermore, ADH1
directly impacts acetaldehydes consumption that can lead to acids
(oxidation) or alcohols (reduction), potentially influencing the pool of
AADCs such as indole acetaldehyde or tryptophol and 5-

Table 1
Summary of nonsynonymous mutations identified in genes related to the
observed phenotype in the evolved strain.

Gene Mutations identified in evolved strain
ADH1 V591/V59A
NMA2 V112G
TRP2 K225E
ARO1 E219A |L1148P
SFL1 N512D | A658V |V679A |R766M
FLO8 M86T |K585E
FLO10 K70Q |G197V
FLO11  Y152H |N188D |H417L |L419H |P454L |Q480P |P499L |H504L |L506H |
L519F
INN1 N308D |C388S
CLA4 K285M |P303R
EGT2 H283D
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Fig. 6. SNP distribution across the different chromosomes represented as coloured dots using the genomic coordinates in the x axes and the observed frequency in the
y axes for EVO strain compared to CONTROL. High-SNP density regions are highlighted. Variations in heterozygosis displayed a frequency close to 0.5 due to the

diploid nature of the strains.
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hydroxytryptophol. An amino acid substitution (K225E) was also found
in TRP2 gene, encoding anthranilate synthase. Mutated alleles of TRP2
causing feedback-resistant enzyme forms have been reportedly shown to
increase the flux to tryptophan (Graf et al., 1993), nevertheless the
specific mutation observed in this study has not been previously
assessed. The study of how this point mutation could affect deregulation
or affinity modification of this enzyme would clarify TRP2 role in the
increased levels of tryptophan, or downstream metabolites observed in
the evolved strain. Mutations in genes upstream the shikimate pathway
were also found in shikimate dehydrogenase ARO1, which accumulated
two-point mutations in the coding region (E219A and L1148P).
Regardless of the mutations found in the ORFs of AADC pathways,
random mutations on other regulatory systems must be taken into ac-
count as partially responsible of the observed phenotypes. Nevertheless,
all mutations proposed as potentially linked to these phenotypes remain
to be empirically validated in isolation, a task that extends beyond the
scope of the present study. This validation will allow to segregate SNPs
that are directly contributing to the higher synthesis of AADCs from
those occurring randomly across the genome.

Other mutations affecting genes that can be decisive for the observed
phenotype of the aggregated cell growth were observed, especially those
affecting flocculation-related genes SFL1, FLO8, FLO10 and FLOI11,
which accumulate different nonsynonymous mutations on their coding
region (Table 1). During biofilm formation, yeast cells exhibit a similar
aggregated pattern as a first step, then they adhere to other cells and
surfaces (Bojsen et al., 2012).

The transcriptional levels of FLO11 and the number of its repeated
sequences have been previously linked to differences in in the biofilm-
forming ability of S. cerevisiae strains (Zara et al., 2009). This gene en-
codes a glycosylphosphatidylinositol-anchored cell surface flocculin
protein, and it is reportedly involved in filamentous growth, invasive
growth, biofilm formation and cell adhesion (Avbelj et al., 2016).

Another plausible determinant of the observed aggregation of the
yeast cells when grown in liquid media could be a defect in the bud
morphogenesis, septum formation and cytokinesis that is preventing the
daughter cells to effectively separate from the mother cells and origi-
nating these cell aggregates. Genes INN1, CLA4 and EGT2 play an
important role in these functions, and a partial or total loss of function
could result in the observed phenotype. This cell-aggregation pattern
could provide a competitive advantage against white light radiation by
creating a shielded microenvironment in which the exterior cells of the
clumps would sustain most of the damage, particularly if they produce a
pigment. The induction of cell aggregation has been previously reported
in other unicellular organisms such as Sulfolobus sp., in which the cell
aggregation not only provides a protected micro-environment, but also
favors the activity of DNA repair mechanisms and DNA exchange (Gotz
et al., 2007; Wagner et al., 2017; Wani et al., 2022).

In S. cerevisiae, the aromatic higher-alcohols (tryptophol, tyrosol and
2-phenyl ethanol) have been identified as quorum-sensing molecules.
These molecules induced a collective growth behavior with advantages
for the population as a group such as biofilm formation (Bassler, 1999).
Moreover, Gonzdlez et al. (2018) also reported an influence of
tryptophan-derived molecules, such as serotonin and tryptamine, in
triggering filamentous growth. Therefore, our metabolomic and
genomic data support the idea of a possible adaptation to white light
stress through punctual mutations in genes that overproduce aromatic
amino acid-derived compounds, as well as in the target genes induced by
these molecules. This change in growth pattern to filamentous growth
must protect the cells from strong light damage.

3.5. Global analysis of gene expression

The global gene expression of CONTROL, EVO and LIGHT samples
was analyzed, as described above, to further explore the differences
between strains (EVO vs. CONTROL) at the transcript level, but also to
study what genes are differentially expressed in response to white light
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(LIGHT vs. EVO). A summary with the differentially expressed genes
(DGE) was obtained as a list for each comparison, and for each com-
parison, a gene clustering analysis was performed based on gene
ontology (GO) terms and the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway database. At a transcriptomic level the three sample
groups were clearly differentiated in a principal component analysis
(PCA), showing the differences in the transcriptomic response not only
accounted for strain differences, but also for conditions, in this case
darkness or light (Fig. S6). The applied significance cutoff resulted in
1763 and 1517 DEGs for EVO vs. CONTROL and LIGHT vs. EVO com-
parisons, respectively (Tables S4 and S5). The DEGs from the EVO vs
CONTROL comparison were particularly enriched in GO terms such as
flocculation and cell adhesion (Fig. 7A, Table S6), among them, genes
FLO1, FLO9, FLO11, FLO5, SNF1 and CCW12 were significantly over-
expressed in the evolved strain with log-fold change (logFC) values
ranging from 0.7 (CCW12) to 8.5 (FLO11) (Table S4). This result sug-
gests that the mutations observed in these genes impact their tran-
scriptional activity, which reinforces the evolved strain's cell
aggregation or filamentous growth strategy. Interestingly, an enrich-
ment of 118 DEGs involved in secondary metabolites biosynthesis
(KEGG ID sce01110) was observed in this comparison, among them,
genes with a potential impact on aromatic amino acid metabolism such
as ARO7 (logFC 1.18), ADH1 (logFC 0.91), ADH3 (logFC 0.61) and
ADH6 (logFC 0.97) were overexpressed in EVO (Fig. 7B-Tables S4 and
S6). Apart from these gene clusters that can contribute directly to cell
aggregation phenotypes or increased concentrations of AADC, the acti-
vation of genes upstream of the AAA pathways, such as those belonging
to the pentose phosphate pathway (PPP) or general sucrose and maltose
metabolism, were also upregulated in EVO compared to CONTROL.
Such activation in upstream carbon source mobilization genes can be
determinant for providing enough substrate for the AADCs produced
downstream. In relation to the observed phenotype, more specifically on
the higher ROS levels detected in the evolved strain when compared to
the control, a strong repression of CTAI (logFC —4.7) was detected in
EVO, which can explain its basal ROS levels and poor growth perfor-
mance when challenged with H05, as mitochondrial catalase consti-
tutes a major line of defense against this stress. This underscores ALE
against white light in this case did not favor a complete oxidative stress-
directed adaptation, but a photo-specific tolerance acting on mecha-
nisms related to oxidative stress response such as increasing AAA pool
and glutathione in response to light, but not exclusively, as other phe-
notypes with a physical shielding potential such as cell aggregation and
pigmentation concurrently arose.

In regard to the LIGHT vs. EVO comparison, an enrichment of genes
related to sulfur metabolism was observed, together with trans-
membrane transport and sugars catabolism, most of the DEGs in these
categories were also clustered under “biosynthesis of secondary me-
tabolites” according to KEGG pathway database, grouping up to 117
genes (Fig. 7CD, Table S7). Genes overexpressed in response to white
light in the evolved strain, such as MET3 (logFC 2.68), MET14 (logFC
2.98), MET16 (logFC 2.96), MET5 (logFC 2.49) and MET10 (1ogFC 2.40),
together with CYS4 (logFC 1.38), CYS3 (logFC 1.90), SSU1 (logFC 0.96),
SAM2 (logFC 2.03) and SAM3 (logFC 0.98), suggest that under this
condition, the cell strongly activates the sulfate assimilation machinery
and the sulfite detoxification, boosting the synthesis of S-adenosylme-
thionine and cysteine, and ultimately adjusting the redox balance and
increasing glutathione biosynthesis, as it was observed in the analysis of
the exometabolome for LIGHT sample group. Moreover, as determined
in the metabolomic analysis, AADCs proportionally increased in
response to white light in the evolved strain, and a transcriptomic effect
on genes related to the metabolism of AAA family was also found,
highlighting the overexpression of ARO10, PDC5, PDC6, ARO9 and
BNA2 with high logFC values up to 4.48 for ARO10, or 3.19 in the case of
ARO9, among others (Table S5).

The mechanism underlying DEGs in the EVO strain in comparison to
CONTROL, or those conditioned by white light is likely to be the result of
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Fig. 7. Functional enrichment analyses performed on DEGs derived from the RNAseq analysis for the comparisons EVO vs. CONTROL and LIGHT vs. EVO high-
lighting gene ontology (GO) terms (A, and C) and KEGG Pathways categories (B and D).

multiple factors such as stress response, regulation networks and
structural changes affecting the different ORFs. In relation to the
structural changes affecting the ORFs, in the gene ADH1, overexpressed
in EVO in relation to CONTROL under the same conditions, an amino
acid substitution of V59 for an alanine or an isoleucine was found, and it
should be considered to study a possible deregulation of its activity.
Furthermore, one of the notoriously overexpressed gene family in
response to white light, MET5, accumulated two amino acid sub-
stitutions 1604V and T7121, with a potential interest in the study of the
sulfate assimilation process and the resistance to sulfite. Among further
upregulated genes discussed above and related to large structural
changes, PDC6 and CYS4 are both in the duplicated region of chromo-
some VII, but their overexpression was only determined as a response to
light.

4. Conclusions

The obtention of new yeast strains with the capacity of increasing
bioactive compounds in wine or other fermented beverages is of great
interest. Recently the presence of AADCs such as serotonin and mela-
tonin or their derivatives in wines and their attribution to yeast meta-
bolism has prompted the search of effective methods to improve yeast
ability to increase the amount of these interesting compounds. The
biosynthesis of some of the most interesting compounds such as
hydroxytyrosol, melatonin or serotonin still remain unknown in yeast,
and the use of a non-GMO approach contributes to the arduousness of
selecting a stimulus to push yeast metabolism towards their synthesis. In
this work, an adaptive laboratory evolution experiment was performed
on a wine yeast using a novel selective pressure based on white light
irradiation to generate a stress by photooxidation. It has been reported
that visible light alters yeast metabolic rhythms by inhibiting respiration
and by producing reactive oxygen species that up-regulate the oxidative
stress response (Robertson et al., 2013). After 170 generations, yeast
strain subjected to directed evolution was able to proficiently grow
under a PAR radiation dose 10 times higher than the dose which inhibits
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growth of the parental strain, revealing a clear adaptation to this stress.
Contrary to what was expected, adaption to photooxidation doesn't seem
to improve the strain's fitness against oxidative stress when challenged
with hydrogen peroxide. While still maintaining an acceptable growth
and a synthetic grape-must fermentation capacity, a slight delay
compared to the control strain was observed together with a higher
intracellular ROS level. The higher basal ROS in EVO strain is likely
multifactorial, consistent with a high metabolic burden from a consti-
tutively active non-enzymatic response (increased AADC production and
higher AAA precursor pool), but also from the severe gene repression on
its mitochondrial catalase CTA1. These features underline a trade-off
where they slightly impact general fitness under normal conditions
but allow outstanding survival and growth under white light stress.

An initial metabolomic analysis on control and evolved strain grown
in darkness and under white light conditions, revealed great differences
between CONTROL and EVO. Some of the most significant differences
involved an increase in tryptophan-related metabolites such as indolic
compounds, finding interesting bioactive or bioactive precursors
increased due to EVO metabolism such as 5-hydroxytryptophol,
anthranilate, 5-hydroxyindoleacetic acid, and kynurenic acid
(Table S2). Growth under white light stress was associated with a
distinctive phenotype characterized by mild cell aggregation and
pigmentation. Additionally, this condition triggered the synthesis of
more antioxidant metabolites in EVO strain such as glutathione, sero-
tonin derivates and aromatic amino acids phenylalanine, tyrosine and
tryptophan (Table S3). Among the white light-triggered overproduced
metabolites, indole-5,6-quinone is of special relevance, due to its anti-
oxidant and photoprotective properties, which are known to be shared
with those of the pigment eumelanin. The synthesis of indole-5,6-
quinone, but also coumaroylserotonin, both identified in EVO strain
after growth under white light, require a monooxygenase to catalyze the
conversion of tyrosine to L-DOPA, and the production of p-coumaric
acid from cinnamate, respectively. Their finding of this trait in the EVO
strain is important because it could provide new insights into the genetic
determinants of cytochrome P450 monooxygenases in the budding
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yeast. This is a very limited superfamily of monooxygenases, with only a
few representatives in S. cerevisiae. Therefore, a complete directed and
quantitative analysis using pure analytical standards should be con-
ducted to validate and quantify these interesting metabolites. Another
evident trait of the EVO strain is the change in its growth mode, dis-
playing aggregate growth that can protect the shielded cells against
photooxidative damage due to white light.

The sequencing of both parental and evolved strain allowed us to
detect genetic variations on genes involved in the metabolic pathways of
the increased metabolites and propose possible hypothesis on the
mechanisms behind the observed phenotypes. The described mutations
entailed amino acids substitutions in a small number of genes that may
affect the observed phenotype and therefore they will be isolatedly
tested on the control strain to assess their potential individual impact on
the phenotype in following studies. The observed genomic changes
correlated nonetheless with an increased transcription activity of the
genes involved in the synthesis of aromatic amino acid-derived com-
pounds as well as other genes involved in flocculation, cell aggregation
and in oxidative stress response. With regard to this latter metabolic
trait, the large number of genes involved in sulfur amino acid meta-
bolism that were up-regulated in cells challenged by white light was
noteworthy. Previous work by Garcia-Rios et al. (2014) observed similar
upregulation of genes in the sulfur assimilation pathway and glutathione
biosynthesis in yeast cells growing at low temperatures. It has been
demonstrated that this pathway's upregulation is an adaptive strategy to
counteract higher oxidative stress at low temperatures and increase
S-adenosylmethionine (SAM) production, a key metabolite in phos-
pholipid synthesis. Similarly, we hypothesize that light damage to cells
also induces an oxidative stress response and reshapes the plasma
membrane configuration, increasing the demand for phospholipids.

To the best of our knowledge, this is the first report on the pheno-
typic, metabolomic and genomic changes undergone by a S. cerevisiae
strain after many generations of growth in the presence of white light as
a stressor. Although exposure of cells to visible light from natural or
artificial sources is generally considered relatively innocuous, the deep
genomic changes observed following the ALE process reveal the muta-
genic potential of white light and its future potential for generating
significant genetic variability among S. cerevisiae strains. We also
consider the ultimate goal of this ALE strategy, enhancing the synthesis
of bioactive aromatic amino acid-derived compounds in the evolved
strain, to be very novel, as it has been proven to be a correct hypothesis.
Therefore, we believe that this work could pave the way for the future
development of new strains with enhanced synthesis of these interesting
metabolites, which could be used in fermented foods and beverages. At
the same time, our results open up new avenues for unveiling the
pathways involved in some of these metabolites that have not yet been
linked to yeast metabolism, as well as the genes that encode the enzymes
of these undisclosed pathways.
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