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1. Yeast Biotechnology 3.0

This Special Issue is a continuation of the first and second “Yeast Biotechnology” Special
Issue series of the journal Fermentation (MDPI). This issue compiles the current state-of-the-art of
research and technology in the area of “yeast biotechnology” and highlights prominent current
research directions in the fields of yeast micro- and nanobiotechnology, brewer’s yeasts and beer
fermentation, wine yeasts and wine fermentation, coffee bean fermentation and new developments
in biochemicals production by yeasts. We very much hope that you enjoy reading it and are
looking forward to the next Special Issue “Yeast Biotechnology 4.0” to appear in 2020–2021
(https://www.mdpi.com/journal/fermentation/special_issues/yeast_4).

2. Yeast Micro- and Nanobiotechnology

Living cell microarrays in microfluidic chips allow the non-invasive multiplexed molecular
analysis of single cells. Yvanoff et al. [1] developed a simple and affordable perfusion microfluidic chip
containing a living yeast cell array composed of a population of green fluorescent protein (GFP)-tagged
Saccharomyces cerevisiae clones. Mechanical patterning in microwells and robotic piezoelectric cell
dispensing in the microwells were combined to construct the cell arrays. The developed microfluidic
technology has the potential to be easily upscaled to a high-density cell array, allowing one to perform
dynamic systems biology (proteomics and localisomics) experiments on growing cells.

Yeast resistance to antifungal drugs is a major public health issue. Fungal adhesion onto the
host mucosal surface is still a partially unknown phenomenon that is modulated by several actors,
among which fibronectin plays an important role. Targeting the yeast adhesion onto the mucosal
surface could lead to a highly efficient treatment for Candida infections. A nanoscale approach to study
the behavior of the pathogenic yeast C. albicans was develop by Kohler et al. [2]. Using atomic force
microscopy (AFM)-based detection of the nanoscale motions of the yeast cells, it was demonstrated that
strongly adhering strains reduce their nanomotion activity upon fibronectin exposure, whereas low
adhering C. albicans remain unaffected. These results open novel avenues to explore cellular reactions
upon exposure to stimulating agents and to monitor, in a rapid and simple manner, the adhesive
properties of C. albicans.

3. Brewer’s Yeasts and Beer Fermentation

Due to changing lifestyle trends and legislation, there is a growing demand for non-alcoholic beers
(NABs). In recent years, production methods have been improved and the use of non-Saccharomyces
yeasts has been investigated. Non-Saccharomyces yeasts are interesting, since fruity ester aromas
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can be introduced. Bellut et al. [3] evaluated several Cyberlindnera strains for NAB production.
It was demonstrated that the selected Cyberlindnera subsuciens was suitable to produce a fruity NAB.
The outcome strengthens the position of non-Saccharomyces yeasts as a serious and applicable alternative
to established methods in NAB brewing.

For some years, there has also been a new trend in using non-conventional yeasts to change the
aroma profile of traditional beers. Canonico et al. [4] proposed the use of Torulaspora delbrueckii to
obtain a beer with a distinctive aromatic taste. S. cerevisiae/T. delbrueckii mixed fermentations resulted in
beers with increased concentrations of some aromatic compounds such as ethyl hexanoate, α-terpineol,
and β-phenyl ethanol and an emphasized note of fruity/citric and fruity/esters notes.

Brewer’s yeast flocculation is a well-appreciated characteristic of industrial brewer’s strains,
since it allows the removal of the cells from the beer in a cost-efficient way. However, many industrial
strains are non-flocculent and genetic interference to increase the flocculation characteristics is not
appreciated by the consumers. Optimization of the brewer yeast towards a more flocculating phenotype
can lead to a more efficient beer production and a higher final beer quality. An attractive approach
to enhance the attributes of microorganisms is the adaptive laboratory evolution (ALE) approach.
Kayacan et al. [5] applied ALE to non-flocculent industrial S. cerevisiae brewer’s strains using small
continuous bioreactors and obtained an aggregative “snowflake” phenotype. It was demonstrated
that ALE increased the sedimentation behavior and that no major flavor changes in the produced beer
was detected.

4. Wine Yeasts and Wine Fermentation

Before cryopreservation was an established method to store wine yeasts, strain collections were
stored at room temperature on agar slants in glass reagent tubes covered with vaspar and sealed
with cotton plugs. Matti et al. [6] characterized 60 strains from the old wine yeast collection from
the Geisenheim Yeast Breading collection and confirmed the suitability of storing yeasts by this old
method. White wine fermentations and post-fermentation aroma analyses were performed. It was
shown that this old strain collection bears treasures for direct use either in wine fermentations or for
incorporation in yeast breeding programs aimed at improving modern wine yeasts.

Yeasts naturally occur in vineyards on the grapes and consequently in wines. Kačániová et al. [7]
identified yeasts on 30 grape varieties and 60 wine samples. MALDI-TOF mass spectrometry was used
for the identification of yeasts and a total of 1668 isolates were identified. The most isolated species
from the grapes was Hanseniaspora uvarum, and from wine, it was S. cerevisiae.

The selection of the yeast(s) is one of the most important “tools” for modulating flavor and color
in wines. Therefore, Vilela [8] reviewed the role of Saccharomyces and non-Saccharomyces yeasts, as well
as lactic acid bacteria, on the perceived flavor and color of wines and the choice that winemakers can
make by choosing to perform co-inoculation or sequential inoculation. This choice will help them to
achieve the best performance in enhancing these wine sensory qualities, avoiding spoilage and the
production of defective flavor or color compounds.

During the fermentation of wine, the malolactic fermentation (MLF), which is performed by lactic
acid bacteria, takes a prominent role, since it influences the wine flavor and its microbiological stability.
Izquierdo-Cañas et al. [9] studied the effects of simultaneous inoculation of a selected S. cerevisiae
yeast strain with two different commercial strains of wine bacteria Oenococcus oeni at the beginning of
the alcoholic fermentation on the kinetics of the MLF, wine chemical composition, and organoleptic
characteristics in comparison with spontaneous MLF in Tempranillo grape must. It was shown that
co-inoculation reduced the overall fermentation time by up to 2 weeks, resulting in a reduced volatile
acidity. The fermentation-derived wine volatiles profile was distinct between the co-inoculated wines
and spontaneous MLF and was influenced by the selected wine bacteria. Co-inoculation resulted in
wines with very little lactic acid and buttery flavors.

Icewine is a sweet dessert wine that is fermented from the juice of naturally frozen grapes.
The high concentration of sugars in Icewine juice results in considerable osmotic stress in the
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fermenting S. cerevisiae. Yeast can combat this stress by increasing the internal concentration of glycerol
by activating the high osmolarity of the glycerol response to synthesize glycerol and by actively
transporting glycerol into the cell from the environment. Muyssen et al. [10] investigated the role of
the glycerol/H+ symporter Stl1p in Icewine fermentations. Therefore, a strain of the common Icewine
yeast S. cerevisiae K1-V1116 that lacks STL1 was constructed using a developed CRISPR-Cas9-based
genome editing method. The results demonstrate that glycerol uptake by Stl1p has a significant role
during osmotically challenging Icewine fermentations, despite potential glucose downregulation.

There is a high interest in monitoring the changes in biochemical compounds that are changed
during the alcoholic wine fermentation, since the management of the alcoholic fermentation is crucial
in shaping the wine quality. Berbegal et al. [11] demonstrated the use of proton-transfer reaction-mass
spectrometry coupled to a time-of-flight mass analyzer (PTR-ToF-MS) to monitor on-line volatile
organic compounds (VOCs). The effect of multiple combinations of two Saccharomyces strains and
two non-Saccharomyces strains (Metschnikowia pulcherrima and Torulaspora delbrueckii) on the content of
VOCs in wine was assessed.

5. Coffee Bean Fermentation

Yeast fermentation of coffee beans improves the functionality of the beans and the quality
of the coffee. Haile and Kang [12] evaluated the effect of green coffee bean fermentation with
Wickerhamomyces anomalu. They demonstrated an improved functionality of the coffee beans, which was
reflected into an increased total phenol and total flavoid content and a reduced total tannin
content, and an improvement of the 2,2-diphenyl-1-picrylhydrazyl radical scavenging assay and
the ferric reducing antioxidant power. Significant differences were also found in the superoxide
dismutase activity.

The quality of coffee can also be improved by fermenting the mucilage layer of the coffee mixture
with lactic acid bacteria and yeasts. da Silva Vale et al. [13] studied the effect of co-inoculation of
Pichia fermentans and Pediococcus acidilactici on metabolite production during fermentation and the
volatile composition of the coffee beans. They demonstrated an improved fermentation efficiency and
a positive influence on the chemical composition of the coffee beans

6. New Developments in Biochemicals Production

Over the last few years, intense research has been focused on the generation of alternative
renewable biofuels by fermenting agriculture waste using yeasts. One of the trends is the production
of bioethanol by the fermentation of cellulosic and hemicellulosic biomass. The fermentation and
assimilation of xylose (the second most abundant hemicellulosic carbohydrate) is still a bottleneck in
the efficient production of bioethanol, since the conventional yeast S. cerevisiae cannot consume xylose.
However, non-conventional yeasts, such as Spathaspora passalidarum and Pichia stipitis, can utilize
xylose. Selim et al. [14] reviewed recent advances in xylose metabolizing yeasts, with special emphasis
on S. passalidarum for improving bioethanol production.

Itaconic acid is an interesting biochemical for the polymer industry, since it can be produced from
renewable substrates (such as lignocellulosic based hydrolysates) by fermentation and can replace
petrochemical-based chemicals. It can be produced by the filamentous fungus Aspergillus terreus.
Recently, alternative itaconic acid-producing yeasts such as the basidiomycetous yeasts of the family
Ustilaginaceae, have been studied. Krull et al. [15] evaluated Ustilago rabenhorstiana as an alternative
natural itaconic acid producer. By the optimization of media components and process parameters,
a final itaconic acid concentration of 50 g L-1 using fed-batch fermentation was obtained. Moreover,
itaconic acid was produced from different sugar monomers based on renewable feedstocks and the
robustness against weak acids as sugar degradation products was confirmed.
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Abstract: Living cell microarrays in microfluidic chips allow the non-invasive multiplexed molecular
analysis of single cells. Here, we developed a simple and affordable perfusion microfluidic chip
containing a living yeast cell array composed of a population of cell variants (green fluorescent protein
(GFP)-tagged Saccharomyces cerevisiae clones). We combined mechanical patterning in 102 microwells
and robotic piezoelectric cell dispensing in the microwells to construct the cell arrays. Robotic yeast
cell dispensing of a yeast collection from a multiwell plate to the microfluidic chip microwells was
optimized. The developed microfluidic chip and procedure were validated by observing the growth
of GFP-tagged yeast clones that are linked to the cell cycle by time-lapse fluorescence microscopy over
a few generations. The developed microfluidic technology has the potential to be easily upscaled to a
high-density cell array allowing us to perform dynamic proteomics and localizomics experiments.

Keywords: cell printing; piezoelectric dispensing; Saccharomyces cerevisiae; GFP-tagged yeast clone
collection; living cell microarrays; microfluidic chip; dynamic single-cell analysis

1. Introduction

Cell assays have been miniaturized by growing cells in multiwell plates with increasing well
number from 96 to 384 and 1536 wells and decreasing well volume from 280 μL down to 3 μL. These
experiments are typically integrated in a robotic analysis platform. Major drawbacks of robotic
platforms are the expense of the instrumentation, the cost of experimental consumables, closed systems
(batch growth), and still relative medium throughput compared to recently developed microfluidic
chips. As cell collections grow, further miniaturization of cell assays is needed to increase parallelism
of the analyses. Cell microarrays provide an attractive solution, as they could increase the throughput
significantly [1–3]. A cellular microarray consists of a solid support wherein small volumes of
different biomolecules and cells can be displayed in defined locations, allowing the multiplexed
interrogation of living cells and the analysis of cellular responses [4,5]. Living cell microarrays
have been combined with microfluidic bioreactors, which provide multiple advantages for multiplex
dynamic analyses and high-throughput screening [4,6]. Cellular arrays are emerging as important tools
for functional genomics, drug discovery, toxicology, and stem cell research [4,7,8]. A major advantage
of cell microarrays over microtiter plates is the opportunity to measure parameters on hundreds
of individual single cells and average them, instead of measuring the parameters of a whole cell
population. An interesting application where living yeast cell arrays are used is “dynamic proteomics”
in which living cell microarrays using a fluorescent protein (e.g. GFP)-tagged yeast clone collection and
automated time-lapse microscopy is used for the rapid acquisition of in vivo quantitative data about the
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dynamic proteome and protein subcellular localization (“localizomics”). This enables the identification
of members of protein complexes and coregulated proteins, and the unravelling of signaling pathways
such as exposure to stress compounds, antimicrobials, or mating conditions [9–13].

Mechanical cell patterning, where mechanical barriers capture the cells at specified spots, has
been frequently used to create cellular microarrays [14] in microfluidic chips. Yeast cells have been
mechanically patterned in (single-cell) microwells [15,16], microchambers [17,18], and mechanical trap
barriers [19–21]. As for the creation of classical DNA microarrays, a fluid-dispensing device can be used
to spot or “print” living cells in an array format [4]. Dispensing techniques are categorized as contact
and non-contact dispensing [22,23]. Robotic contact printing (e.g. printing DNA microarrays) was
initially used to print cells on a semi-solid agar growth medium [24]. Today, mostly non-contact-based
devices are used to produce living cellular arrays [25–28]. Here, the fluid is ejected as a flying
droplet or jet toward the surface from a short distance. One concept of non-contact printing is based
on syringe–solenoid-driven printers, where a reservoir and a high-speed microsolenoid valve are
connected to a high-resolution syringe [29,30]. Typically, droplet volumes of 10 to 20 nanoliter are the
lower dispensing limit. Another concept is piezoelectrical dispensing, where a technology similar to
the one used in an ink-jet printer is used [31,32]. A piezo actuator is fixed around a glass capillary
close to the end of the tip. The squeezing of the capillary forced by the piezo actuation induces droplet
ejection out of the capillary. The fast response time of the piezoelectric crystal permits fast dispensing
rates (kHz range), and the small deflection of the crystal generates droplets from tens of picoliters to a
few nanoliters. Robotic cell printing can be used to easily create a living cell microarray composed of a
clone collection and at a positional xy accuracy of a few micrometer.

Here, we developed a perfusion microfluidic chip containing a living GFP-clone collection that
can be used to perform dynamic proteomics and localizomics experiments and demonstrate its
performance. We combined mechanical patterning and robotic cell printing to produce living cell
arrays. Soft lithography was used to create a 102-microwell array in the epoxy resin SU-8 (Structured
by UV-8) on top of a glass coverslip substrate. A commercial microchannel top plate was used to close
the microfluidic chip. Piezo dispensing was optimized for the development of living yeast cell arrays
in microfluidic chips. We demonstrated that a clone collection can successfully be printed into the
microwell array and yeast cells can be grown in the microwells in continuous mode. Finally, time-lapse
fluorescence imaging was performed using 6 selected GFP-tagged clones demonstrating that the
approach is suitable to perform dynamic analyses of protein expression and protein localization in
living cells.

2. Materials and Methods

2.1. Yeast Strain and Media

Clones from the S. cerevisiae Yeast GFP Clone Collection (ThermoFisher Scientific, Waltham, MA,
USA) were used [33]. We selected 34 clones linked to the cell cycle (Table S1) and revived them from the
cryo-stock on YPD-agar plates (yeast extract 10 g/L, peptone 20 g/L, dextrose 20 g/L, agar 15 g/L). Single
colonies were then transferred to liquid cultures in Synthetic Complete (SC) medium supplemented
with 2% (m/v) glucose. The yeast cells were grown overnight in a shaking incubator at 170 rpm and 30
◦C. Prior to cell printing, the cultures were diluted in Phosphate Buffered Saline (PBS) to an optical
density at 600 nm (OD600) of 0.5.

2.2. Fabrication of the Microwell Substrate and the Microfluidic Chip

The microfluidic chip consists of two parts: a bottom glass slide with SU-8 microwells and a top
plate containing a microfluidic channel with in- and outlet ports (Figure 1). The microwell substrate
was produced in-house whereas the top plate was obtained commercially (sticky-Slide I 0.4 Luer, Ibidi,
Gräfelfing, Germany). Microwells were fabricated by SU-8 photolithography on glass coverslips. Glass
coverslips (75 × 25 mm, thickness of 170 μm; Ibidi, Gräfelfing, Germany) were cleaned in acetone
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(Carl Roth, Karlsruhe, Germany) and 2-propanol (Carl Roth, Karlsruhe, Germany) for 15 minutes each,
then rinsed with ultrapure water and finally blow-dried. The glass slides were then exposed to air
plasma at 100 W, 50 kHz, for 5 minutes (Plasma System Cute, Femto Science, Dongtangiheung-Ro,
Korea). The negative photoresist SU-8 2050 (Kayaku Advanced Materials, Westborough, MA, USA)
was spin-coated onto the glass slides at 3500 rpm for 30 seconds in order to reach an approximative
thickness of 50 μm. Next, the SU-8 was soft-baked for six minutes at 95 ◦C on a hot plate. The SU-8
slides were then aligned with the photomask (film photomask, Selba, Versoix, Switzerland) in the mask
aligner UV-KUB3 (Kloé, Saint-Mathieu-de-Tréviers, France) and illuminated with 365 nm ultraviolet
(UV) light (intensity of 35 mW/cm2) for 10 seconds. Following UV exposure, the SU-8 slides were
post-baked for six minutes at 95 ◦C on a hot plate. Finally, the slides were treated with SU-8 developer
for seven minutes and next washed with 2-propanol and blow-dried. The dimensions of the wells were
then evaluated by optical microscopy (Nikon Eclipse Ti2, Nikon, Tokyo, Japan) with a 10x objective
(for the diameter and pitch distance) and with a 3D profilometer (Profilm 3D, Filmetrics, San Diego,
CA, USA) for the well’s depth. The microfluidic chip was assembled by pressing the sticky top plate
(sticky-Slide I 0.4 Luer, Ibidi, Gräfelfing, Germany) to the microwell substrate.

Figure 1. Construction of the microfluidic chip containing the cell microarray. (a) The bottom substrate:
the SU-8 microwell array on the glass coverslip. (b) The top plate containing the channel, inlet and
outlet (Ibidi, Gräfelfing, Germany). (c) The integrated microfluidic chip obtained by sticking the
top plate to the bottom plate using double-sided sticky tape. (d) The microwells constructed by
SU-8 UV-photolithography.

2.3. Cell Printing

Cell printing was performed using a non-contact iTWO-400 dispenser (M2 Automation, Berlin,
Germany) (Figure S2a). The printer is established in an environmental enclosure for live cell printing
that contains a HEPA filter and recirculating air is sterilized with a UV lamp. The environmental
temperature can be controlled as well as the relative humidity. Moreover, the instrument deck contains
a cooling system for source plates and target plates with dew point control, which prevents evaporation
during spotting. Samples to be printed are manually dispensed in 384-multiwell plates (ShallowWell
384-multiwell plate, Thermo Fischer Scientific, Waltham, MA, USA), which are then mounted onto the
“source plate” locations of the robot (Figure S2a). Likewise, the substrate to be printed is mounted onto
the “target plate” locations of the robot (Figure S2a). The actual printing is performed with a piezo
dispenser made of a borosilicate glass capillary surrounded by a piezo ceramic actuator (PDMD, M2
automation, Berlin, Germany), which is able to shoot pico- to nanoliter droplets at high frequency with
high volume and position accuracies. Finally, the instrument deck is also equipped with a wash station,
which enables to clean the tip of the piezo dispenser after sample aspiration and sample printing,
in order to avoid cross-contamination. A typical printing run consists in aspirating the sample to
be printed from the “source plate”, washing the outside of the tip to get rid of contaminants that
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could impair the shooting, shooting the sample at its desired position on the “target plate” and finally
dispensing the remaining sample at the washing station and washing the outside of the tip so that it is
cleaned for the next sample. Each step of this procedure can be specified in the software controlling
the robot. Additionally, the robot is equipped with a camera annexed to the piezo dispenser, which
enables us to verify the successful printing of the samples.

Ultrapure water was printed with a pulse duration of 15 μs and an amplitude voltage of 75 V. The
environmental temperature was around 28 ◦C, the relative humidity was controlled at 50% and the
temperature of the target plate was at 15 ◦C. These parameters were maintained throughout each of
the cell printing experiments. For optimization purposes, ultrapure water was printed on standard
glass coverslips (24 × 24 × 0.17 mm) and in microwells of commercial nanotiter plates (Microfluidic
ChipShop, Jena, Germany) made of the cyclo-olefin copolymer material Topas.

Prior to cell printing, the SU-8 microwells were coated with a solution of concanavalin A (Con A)
(Con A from Canavalia ensiformis, Sigma Aldrich, Overijse, Belgium) at 2 mg/mL in H2O, with 5 mM
CaCl2 and 5 mM MnSO4. Sixty drops of Con A were printed per well with the parameters mentioned
above and were left to incubate for 15 minutes before being allowed to dry.

Yeast suspensions were prepared at an OD600 of 0.5 in PBS and 40 droplets were printed into each
well with the parameters mentioned above. Multiple yeast suspensions were successively printed in
different wells of the microfluidic chip. Therefore, the piezo dispenser was thoroughly washed between
each sample to avoid cross-contamination. The washing procedure consisted in first discarding the old
sample by ejecting 30 μL of liquid at a flow rate of 30 μL/s using the syringe pump and next, flushing
the outside of the piezo dispenser with ultrapure water for five seconds at the wash station. The yeast
cells were left to sediment for 10 minutes. The microfluidic chip was closed and connected to a syringe
filled with SC medium via silicone tubing. SC medium was gently perfused into the channel of the
microfluidic chip with a syringe pump (KD Scientific, Holliston, MA, USA) at a flow rate of 25 μL/min.
Finally, the complete set-up (microfluidic chip and syringe pump) was installed on a microscope for
direct imaging or kept at 4 ◦C overnight to image the next day.

2.4. Microscopy

The microfluidic chip and syringe pump set-up were installed on a Nikon Eclipse Ti2 epifluorescence
microscope (Nikon, Tokyo, Japan) for time-lapse imaging. The microfluidic chip was inserted into a
temperature-controlled chamber (Ibidi, Gräfelfing, Germany), which was mounted onto an automated
scanning stage (ProScan III, Prior Scientific Instruments, Cambridge, United Kingdom). The syringe
pump was placed next to the microscope and the syringe was covered with a syringe heater (New Era
Pump Systems, Farmingdale, NY, USA). Both the temperature controller and the syringe heater were set
at 30 ◦C for the duration of the time-lapse experiments.

For the growth experiment with 34 clones, bright field images of yeasts were acquired every 20
minutes, for 18 hours with a 20x objective. At the final time point (18 h), the yeasts were also imaged
with a 60x objective in bright field and fluorescence. The GFP fluorescence was observed by exciting
the sample with a LED light source (pE-300white, CoolLED, Andover, United Kingdom) and detecting it
through a FITC filter. For the growth experiment with six clones, the yeasts were imaged in bright field
and fluorescence and images were recorded every 30 minutes for three hours using a 60x objective.

2.5. Image Processing

Images acquired by the camera of the iTWO-400 dispenser were post-processed using Fiji [34].
More precisely, they were stitched together to form the pictures shown in Figure 2, Figure 3, and
Figure 4 using the “Grid/Collection Stitching” plugin [35]. The bright field and GFP-fluorescent
pictures were also processed with Fiji for background correction and manual stack alignment.
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Figure 2. Optimization of the printing on a glass substrate. Water droplets were piezo dispensed
(pulse duration of 15 μs and voltage of 75 V) as a 3 × 3 array on a glass coverslip: (a) 100 droplets at a
frequency of 50 Hz with a pitch of 1000 μm; (b) 100 droplets at a frequency of 50 Hz with a pitch of 750
μm; (c) 100 droplets at a frequency of 50 Hz with a pitch of 500 μm; (d) 50 droplets at a frequency of 25
Hz with a pitch of 400 μm; (e) 25 droplets at a frequency of 25 Hz with a pitch of 300 μm; (f) 25 droplets
at a frequency of 25 Hz with a pitch of 250 μm; (g) 10 droplets at a frequency of 5 Hz with a pitch of 250
μm; (h) five droplets at a frequency of 4 Hz with a pitch of 200 μm.

Figure 3. Optimization of piezo printing into microwells. (a) Commercial microtiter plate (Microfluidic
ChipShop, Jena, Germany) containing three microwell arrays with square microwells of varying width;
array A: width of 400 μm and pitch of 1125 μm, array B: width of 200 μm and pitch of 563 μm, array
C: width of 100 μm and pitch of 281 μm. Water droplets were piezo dispensed (pulse duration of 15
μs, amplitude voltage of 75 V and frequency of 50 Hz) as (b) a 2 × 2 array in array A wells at 200
droplets/well, (c) a 4 × 4 array in array B wells at 25 droplets/well, (d) a 8 × 8 array in array C wells at
five droplets/well.
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Figure 4. Con A and yeast cells dispensing into the microwells of the microfluidic ship (pulse duration
of 15 μs, voltage of 75 V and frequency of 50 Hz): (a) 60 droplets of Con A were printed, (b) 40 droplets
were printed from the yeast solution (OD600 of 0.5).

3. Results

3.1. Construction of the Microfluidic Chip

The microfluidic chip (Figure 1c) was made of two parts: the microwell array on a glass slide
(Figure 1a) and the top plate with a microfluidic channel (Figure 1b). The microwell array was produced
in the epoxy-based photoresist SU-8 through a standard photolithography protocol. The mask design
of the microwell array consisted of three rows of 34 wells with a well diameter of 300 μm and a pitch
distance of 850 μm (Figure S1). Visual inspection of the microwells after photolithography showed that
the SU-8 wells matched the mask’s dimensions (Figure 1d). Furthermore, the measured well’s depth
was approximatively 50 μm (Figure S1b), which fits the expected thickness of the SU-8 layer, according
to the protocol mentioned earlier. Altogether, these results prove the photolithography process to be
successful and a quick method to produce the microwells in the microfluidic chip.

The overall length and thickness of the microwell array were 28.4 mm and 2.0 mm, respectively.
These dimensions fit within the microfluidic channel of the top plate that was used to seal the
microfluidic chip and connect the inlet and outlet tubes. The top plate was commercially available
and consisted of a channel of 50 × 5 × 0.4 mm (l ×w × h) surrounded by a double-sided tape, which
enabled us to quickly and easily stick it onto the bottom substrate. Once the microfluidic chip was
sealed (after filling with the cells), it was connected to silicone tubing and a syringe filled with SC
growth medium. The medium was then perfused at a very low flow rate (25 μL/min) with a syringe
pump in order to ensure nutrient renewal for cell growth.

3.2. Living-Cell Microarray Development

First, piezo dispensing parameters were optimized by printing a water droplet array on a glass
substrate. Piezo dispensing is accomplished by applying rectangular voltage pulses to the piezo
ceramic actuator (Figure S2c). For the duration of each pulse, the actuator tube contracts a few
micrometers, thereby initiating a pressure wave that causes the ejection of a droplet. The amplitude
and the duration of the pulse influence the volume and the velocity of the droplet. The higher the
amplitude (applied voltage) and the longer the pulse, the bigger the droplet and the higher its velocity.
The frequency of the pulses is directly correlated to the duration of the pulse and also influences the
droplet’s volume. Finally, the viscosity of the sample to dispense also has an influence on the printing
parameters. Therefore, piezo dispensing needs to be optimized for each solution that has to be printed.
In this work, yeast suspensions were prepared in PBS prior to printing.

Considering that PBS solution and ultrapure water have similar viscosities; we first optimized
the piezo dispensing parameters with ultrapure water for simplicity reason. Typically, we started by
determining the amplitude and duration of the voltage pulses that were giving a reliable ejection of
water droplets. We obtained a stable shooting of ultrapure water with an amplitude of 75 V and a
pulse duration of 15 μs. These parameters resulted in a droplet volume ranging between 70 to 80 pL
(Figure S2b). Next, we created 3 × 3 arrays of water droplets with decreasing pitch distance on a glass
substrate (Figure 2). We started by shooting 100 drops/spot at 50 Hz with a pitch distance of 1000
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μm, 750 μm and 500 μm. We could not print arrays with pitch distances lower than 500 μm without
merging of neighboring spots. Hence, we reduced the droplet number and printed 50 drops/spot at
25 Hz with a decreasing pitch distance from 400 to 300 and 250 μm. Surprisingly, printing half the
droplet number did not allow halving the pitch distance as expected. Additional testing established
that five drops/spot at 4 Hz with a pitch distance of 200 μm were the limit parameters at which a 3 × 3
array of water droplets could be stably printed on a glass slide. This optimization process aimed at
determining the minimal spot sizes and pitch distances that can be stably printed in order to increase
the throughput of the platform.

Secondly, we evaluated the filling of microwells with water droplets using piezo dispensing.
Therefore, we initially used a commercially available microtiter plate (size of a microscope slide) that
contains squared microwells with dimensions of 400 × 400 μm (array A), 200 × 200 μm (array B), 100 ×
100 μm (array C), and height of 20 μm (Figure 3). The pulse duration (15 μs) and amplitude voltage
(75 V) were as for printing on the glass substrate. With a frequency of 50 Hz, the number of droplets
decreased from 200 drops per well for array A to 25 drops per well for array B and five drops per well
for array C.

Once the piezo-dispensing parameters were established with ultrapure water, the printing protocol
was optimized for living cells. First, the microwells were filled with 60 droplets of Con A at a pulse
duration of 15 μs, amplitude voltage of 75 V and frequency of 50 Hz (Figure 4a). Con A is a lectin,
which binds to the mannose glycans at the yeast cell wall [36]. Hence, Con A was used as a coating,
which anchored the yeast cells to the bottom of the microwells so that they were not flushed away
when SC medium was perfused during continuous cultivation. Next, the density of printed yeast
cells per well was optimized. The final objective of this study consisted in developing a method that
allowed monitoring the growth of single yeast cells as well as their expression of GFP-tagged proteins
by time-lapse fluorescence microscopy. Therefore, the printing process had to deliver only a few cells
per well. To do so, two parameters were adapted: the cell density of the yeast suspensions to print
and the number of droplets/well. The latter was evaluated first and 40 drops/well provided optimal
filling of the microwell without overflowing (Figure 4b). Since this parameter was kept constant for
all the living cell experiments, the cell density of the yeast suspensions was then optimized. Yeasts
suspensions at OD600 of 0.8, 0.5, and 0.2 were tested (Figure S2d). The suspension at an OD600 of 0.8
proved difficult to print since this high cell concentration increased the viscosity of the sample, thereby
preventing the droplet ejection. On the other hand, cell suspensions at an OD600 of 0.2 were possible to
shoot but did not deliver yeast cells in every well. The suspension at an OD600 of 0.5 was then selected,
as it could be reproducibly printed and guaranteed the presence of a significant number of single cells
per well. All the yeast printing experiments were performed with the following optimized parameters:
pulse duration of 15 μs, amplitude voltage of 75 V, and a frequency of 50 Hz.

Finally, since the objective was to print multiple clones from the GFP-tagged yeast collection in
different wells of the microfluidic chip, a last printing procedure had to be optimized, namely the
washing step between samples in order to avoid cross-contamination. The washing step includes the
disposal of the printed sample followed by the cleaning of the outside of the piezo dispenser capillary.
Discarding the sample can be done either by applying pressure to the liquid path of the robot or by
ejecting it with a syringe pump. Indeed, the iTWO-400 robot is equipped with both a pressure unit
and a syringe pump, which enable to flow liquid through the piezo dispenser on a passive or active
basis, respectively. With the pressure unit, the liquid continuously flows at a fixed fluid flow rate for
as long as the pressure is applied. With the syringe pump, a specified volume of liquid flows at a
specified flow rate. Cleaning the outside of the piezo dispenser is performed at the washing station of
the robot (Figure S2a), and only the washing time can be adapted. To evaluate the efficiency of the
washing step on avoiding cross-contamination, wells from a 384-multiwell plate (MTP) were filled
with both a yeast suspension in PBS (at OD600 of 0.5) and a colored ink according to a designed pattern
(Figure 5a). The samples were then printed on solid agar medium in a petri dish and left to grow at
30 ◦C for 24 hours before evaluation. In the first experiment, the printed samples were discarded by
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means of pressure (at 450 mbar) for 10 seconds, and the outside of the piezo dispenser was cleaned
for five seconds. Although most of the design was correctly printed, one cross-contaminated spot
was visible (Figure 5b). The experiment was then repeated; however, the samples were discarded in
the wash station by means of the syringe pump. The cleaning of the piezo dispenser was kept at five
seconds. Using this procedure, no cross-contamination was observed (Figure 5c).

Figure 5. Evaluation of the washing protocol to avoid cross-contamination. (a) Printing pattern to
evaluate the washing protocol of the piezo dispenser. Transparent wells contain a yeast solution in PBS,
and the colored wells contain a blue dye (no cells). (b) Washing protocol based on pressure resulted in
1 cross-contamination colony. (c) Washing protocol based on the syringe pump resulted in spotting
without cross-contamination.

3.3. Growth of Yeast Cells in the Microfluidic Chip

A selection of 34 GFP-tagged S. cerevisiae clones that are related to the cell cycle were printed
as triplicates into the well array (Figure 4, S2e), and the chip was closed by sticking the microfluidic
channel to the microwell substrate (Figure 1). Time-lapse microscopy was used to follow the growth
during 18 h. An overview of all wells is presented in Figure S3 and some selected wells in Figure 6.
At the end of the growth experiment, the GFP-tagged proteins were visualized.

Figure 6. Yeast growth in some selected wells (see Figure S3 for the full overview).
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To evaluate the suitability of the developed yeast chips to perform dynamic analyses of protein
expression and protein localization in single yeast cells, a small set of 6 clones were selected, i.e. Cdc39,
Cla4, Bem1, Shs1, Cdc14 and Cdc28. A time-lapse experiment was performed where these clones were
observed at higher resolution (600×magnification) during 3 h (Figure 7).

Figure 7. Time-lapse fluorescence microscopy of selected GFP-tagged clones related to the cell cycle.
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4. Discussion

To create a living GFP-tagged yeast array, we combined mechanical patterning by constructing an
array of microwells with cell printing (robotic cell patterning), which allows the controlled placement
of the GFP-tagged clones in the selected wells. The cells were trapped in the wells by sticking them to
the glass bottom of the microwells using the lectin Con A. Microfluidic chips where a GFP-tagged yeast
clone collection was patterned as an array into microchambers have been previously developed [10,37].
Also, a microfluidic perfusion system where a robotic printed yeast array on agar and sandwiched
with a track-etched membrane has been described [38]. These designs and fabrication methods are
much more complex and difficult to construct. Due to the open design, robotic patterning of living
cells in microwells is much more flexible in creating different filling designs. Additionally, it could be
used to create high-density arrays without increasing much the complexity of the microfluidic chip
design and construction.

A hybrid SU-8 on glass microfluidic chip containing a living cell array was developed. The direct
fabrication of SU-8 microwells on the glass coverslip substrate is a simple, low cost and a high precision
method that is suitable to construct disposable biochips [39]. SU-8 is biocompatible and has also the
advantage that high density well arrays at high aspect ratios could be created [40]. A microwell array
of 3 × 34 microwells containing microwells with a diameter of 300 μm and depth of 50 μm were created.
The SU-8 microwell layer stuck well to the glass substrate. The bonding of the SU-8 microwell array to
the glass could also withstand temperature shifts to low temperature (refrigerator). This allowed to
store the chip filled with yeast cells for a few days before the growth experiment was performed.

Piezo printing was selected as the method to dispense a Con A protein solution and the GFP-tagged
yeast collection into the microwells. We performed these dispensing steps with a piezoelectric dispenser
(also called drop-on-demand ink-jet printing) [41,42]. Piezo printing of proteins and cells has been
used previously for various applications including enzyme printing for glucose biosensors [43], protein
arrays [44], netrin-1 adhesive micropattern construction [45], bacterial Escherichia coli arrays [46,47],
bacterial and yeast cells on cantilever array sensors [48], S. cerevisiae cells on an agar layer [38], and
mammalian cells [49].

We demonstrated that printing a small array on a flat glass substrate is possible and this method
could be used to create cell arrays on glass substrate in a cheap and easy way. However, the droplet
size was not proportional to the droplet volume which is a limitation to increase the throughput. We
expected that half the number of droplets would result in half the spot volume, half the spot size and
that twice the number of spots could be printed in the array. However, this was not the case. Also,
significant variations in the droplet locations occurred, which resulted in arrays that were not perfectly
arranged, which can result in merging of the spots in case of a small pitch distance (Figure 2e,f).

Printing of cells into microwells compared to on a flat surface has many advantages. Spatial
confinement in the microwell results in higher resolution printing: smaller well sizes than droplet spot
sizes and smaller pitch distances can be obtained. Droplet position in the wells is more accurate than
droplets on a flat surface (Figure 2). Additionally, the liquid–air interface is reduced for microwells
compared to droplets on a surface, resulting in a reduced evaporation rate. All these benefits result in
higher throughput and stable printing.

The printer setup allowed to aspirate a yeast solution from an MTP (multiwell plate) well
and deposit picoliter droplets containing living cells at the target microwell, and to perform this
consecutively for all filled MTP wells. A tip dispenser washing protocol based on syringe pump cell
solution ejection was successful to avoid cross contamination between different wells since syringe
pump ejection occurred at a much higher flow rate than pressure-based ejection and could remove
all yeast cells from the piezo tip. A GFP-tagged clone collection in a 3 × 34 cell array was cultivated
during 18 h (Figure 6 and S3). This experiment demonstrated that a clone collection of 34 clones in
triplicate could be successfully printed at a cell concentration that allows single cell observation during
several generations.
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As a proof-of-concept experiment to observe changes in GFP-tagged protein expression and
cellular location, we selected GFP-tagged proteins that play a role during the yeast growth cycle. The
Cdc39 protein is a subunit of the CCR4-NOT1 core complex that has multiple roles in the regulation
of mRNA levels [50,51]. A high fluorescence intensity covering the cytoplasm in the mother and
daughter cell can be observed (Figure 7) since it is present at a large number of protein molecules per
cell (4300) [52]. Cla4p is a Cdc42p-activated signal transducing kinase that is involved in septin ring
assembly, vacuole inheritance, cytokinesis, and sterol uptake regulation [53]. It is distributed in the
cytoplasm and the bud. Higher intensity spots can be observed at the site where the bud appears
(Figure 7). Bem1p is involved in establishing cell polarity and morphogenesis and functions as a
scaffold protein for complexes that include Cdc24p, Ste5p, Ste20p, and Rsr1p [54]. A high intensity
spot can be observed at the bud site and the growing bud (Figure 7). Shs1p is a component of the
septin ring that is required for cytokinesis [55]. Initially, it is present at the cell periphery and moves
to the bud site to create the septin ring (Figure 7). Cdc14p is a phosphatase required for the mitotic
exit [56]. It is present in the nucleus and the nucleolus (Figure 7). Cdc28p is a cyclin-dependent kinase
(CDK) catalytic subunit and master regulator of mitotic and meiotic cell cycles [57,58]. It alternately
associates with G1, S, and G2/M phase cyclins. It is observed initially in the cytoplasm and next in
the nucleus (Figure 7). These results demonstrate that the microfluidic chip can be used to perform
dynamic experiments with subcellular resolution of fluorescently-tagged proteins.

In the future, the number of microwells in the array could be upscaled allowing to perform
dynamic proteomics and localizomics experiments. This cell microarray-based systems-biology
platform could be used to detect directly chemical disturbances in a small-molecule compound screen
of the proteome in contrast to genetic approaches that are based on chemical-genetic interactions and
necessitates a multistep indirect approach [59]. The genome-wide tagging of proteins of S. cerevisiae,
including with GFP, has already provided a vast resource of such information [9,11,33,60]. Analysis of
this high-resolution, high coverage localisation data set in the context of transcriptional, genetic, and
protein-protein interaction (PPI) data revealed the combinatorial logic of transcriptional co-regulation
and spatial-temporal regulation of proteins, and provided for example a comprehensive view of
trafficking and signalling regulatory interactions within and between organelles in eukaryotic cells.
As demonstrated here, dynamic movements from one location to another can also be followed as the
cell proceeds through the cell cycle. Dynamic movements of proteins have also been described in
yeast cells that respond to environmental stresses such as dithiothreitol (DTT) stress [9], hydrogen
peroxide stress [9], osmotic stress by potassium chloride [37], and nitrogen starvation [9] or chemical
perturbations by rapamycin [11], hydroxyurea [11], or methyl methane sulfonate [10].

5. Conclusions

We developed a perfusion microfluidic chip containing living yeast cell arrays that allows long
term cultivation of the yeast cells and high-resolution time-lapse fluorescence microscopy. The creation
of the cell array was based on mechanical patterning in SU-8 microwells and piezoelectric filling of the
microwells. The microfluidic chip was closed by sticking a top plate that contained the microfluidic
channel and inlet and outlet to the microwell substrate. The developed technology and method were
validated by a growth experiment of a clone collection of 34 clones (in triplicate) that are linked to
the cell cycle. Additionally, a set of six selected GFP-tagged clones were observed by time-lapse
fluorescence microscopy at high resolution to observe single cell protein expression and subcellular
location of the GFP-tagged proteins.

Future technological challenges lie in the further upscaling of the technology and procedures
to construct genome/proteome-wide cell microarrays and analyzing cells dynamically on a whole
proteome level. Dynamic proteomics profiling information based on chemical compound (such as
e.g. drug compound) perturbation should allow to determine the target(s) and mechanism of action
(MoA) [61]. For example, this technology could lead to the discovery of novel antifungal molecules,
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which are highly desired due to the limited number of available antifungal drugs and the fast emergence
of multiresistant pathogens [62,63].

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-5637/6/1/26/s1, Figure
S1: Construction of the SU-8 microwell array on the glass substrate, Figure S2: The robotic piezo dispenser, Figure
S3: Growth of yeast cells in the microfluidic chip, Table S1: Selected S. cerevisiae GFP clones that were used in the
growth experiment.
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Abstract: Yeast resistance to antifungal drugs is a major public health issue. Fungal adhesion onto
the host mucosal surface is still a partially unknown phenomenon that is modulated by several actors
among which fibronectin plays an important role. Targeting the yeast adhesion onto the mucosal
surface could lead to potentially highly efficient treatments. In this work, we explored the effect of
fibronectin on the nanomotion pattern of different Candida albicans strains by atomic force microscopy
(AFM)-based nanomotion detection and correlated the cellular oscillations to the yeast adhesion
onto epithelial cells. Preliminary results demonstrate that strongly adhering strains reduce their
nanomotion activity upon fibronectin exposure whereas low adhering Candida remain unaffected.
These results open novel avenues to explore cellular reactions upon exposure to stimulating agents
and possibly to monitor in a rapid and simple manner adhesive properties of C. albicans.

Keywords: Candida albicans; adhesion; fibronectin; nanomotion; atomic force microscope (AFM)

1. Introduction

Yeast biotechnology is a recent field where nanotechniques are used to manipulate and analyze
yeast cells and cell constituents at the nanoscale [1]. Among the nanotechniques, AFM-related
approaches played a major role in unveiling morphological, mechanical and biochemical properties
of yeast [2–4]. Recently, our team demonstrated that living cells attached onto a soft cantilever
induce nanometric scale oscillations (referred to as nanomotion) that stop as soon as the organism
dies [5]. Commercially available atomic force microscopes (AFM) or dedicated devices easily detect
these oscillations. Nanomotion detection has been applied to numerous biological samples such as
proteins, single organelles, and a plethora of living cells such as prokaryotes (bacteria) and eukaryotes
(fungal, vegetal and mammalian cells) [6]. The most straightforward application of the technique is
the ultra-rapid antibiotic sensitivity test (AST). AST can be performed within an hour as compared
to long-lasting traditional AST methods, which depend on the replication rate of the bacteria [7–9].
The test consists in attaching the organism of interest onto an AFM cantilever and monitoring its
oscillations as a function of time upon addition of antibiotics in the analysis chamber. It is worth noting
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that the nanometric scale oscillations do not only reflect the living or death state of the organisms but
also its activity [5,10].

Fungal infections are a major public health issue nowadays; it is estimated that every year fungi
infect about 1.2 billion people [11]. C. albicans is a common fungal pathogen that belongs to the human
microbiome of healthy individuals [12]. This commensal relationship is a complex interplay of candidial
and human factors. However, impairment of the host immunity or the normal host microbiota can lead
to C. albicans infection (candidiasis) [13]. C. albicans is the predominant cause of virtually all types of
candidiasis [14]. The first step of the infection is the adhesion of C. albicans onto the host. This step is an
essential determinant of pathogenesis, as it allows C. albicans to attach to host cells and to form biofilms
or to disseminate in the host blood vessels. The biofilm increases yeast cell resistance to antifungal
therapeutics and protects it from the host immune system [15]. C. albicans has developed multiple
ways to colonize and infect host cells and tissues. One such mechanism is the specific ligand–receptor
interaction through a whole range of adhesins displayed on the yeast cell wall [16–18]. These cell wall
proteins are capable of recognizing protein ligands [16], glycolipids [19–22] and carbohydrates [23–29]
on the host cells. Fibronectin is an important protein ligand of the host extracellular matrix (ECM)
that plays an essential role in C. albicans adhesion [30]. Furthermore, targeting fibronectin has shown
to alter C. albicans biofilm formation [31]. Therefore, a better understanding of the yeast–fibronectin
interaction could lead to novel therapeutic options to fight candidiasis.

In this work, we applied nanomotion analysis to monitor the oscillatory activity of C. albicans upon
exposure to fibronectin. We used an AFM-based nanomotion detector to follow the evolution of cellular
oscillations in the absence and the presence of fibronectin on strongly and poorly adherent C. albicans
cells. Interestingly, these two isolates reacted very differently to the interaction with fibronectin. These
preliminary results demonstrate the potential of nanomotion analysis to monitor ligand–receptor
interactions in a label free manner.

2. Materials and Methods

2.1. Yeast Strains

The C. albicans isolate 101 and CEC 3675 were kindly provided by Salomé Leibundgut and
Christophe D’Enfert laboratories [32], respectively. The yeasts were cultured in yeast-extracted
peptone-dextrose (YPD) medium (1% m/v yeast extract (Difco Laboratories, Fisher Scientific, Hampton,
NH, USA), 2% m/v peptone (Difco Laboratories, Fisher Scientific, Hampton, NH, USA) and 2% m/v
glucose (Sigma, St. Louis, MI, USA)) overnight at 30 ◦C with shaking (160 rpm).

2.2. Experimental Procedures

Rectangular tipless cantilevers (qp-CONT, NanoandMore GmbH, Wetzlar, Germany), with a
nominal spring constant of 0.1 N/m and an average resonant peak in liquids of 8 kHz, were coated
with 2 mg/mL of concanavalin A (Con A) (Sigma, St. Louis, MI, USA) for 30 min at room temperature.
After removing the excess of Con A, the yeast cells were placed in contact with the cantilever for 1 h at
room temperature to allow them to attach to its surface. Poorly attached C. albicans cells were removed
by washing gently with YPD medium. Finally, the C. albicans covered cantilever was inserted into the
analysis chamber containing 2 mL of filtered (0.2 μm syringe filter, Merck Millipore, Burlington, MA,
USA) YPD medium. The measurements were performed at room temperature in YPD medium and in
YPD medium containing 25 μg/mL of fibronectin (Sigma, USA). Fibronectin was directly added inside
the chip reservoir. For the experiments performed with antifungals, caspofungin (Sigma, USA) was
diluted in the YPD present in the analysis chamber to reach a final concentration of 100 μg/mL.
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2.3. Nanomotion Detector

The cantilever oscillations were collected in real time using an in-house developed nanomotion
detection device. The system relies on a laser-based signal transduction as typically used in commercial
AFMs. A typical experiment lasted for 2 h. The control experiments were carried out for at least 4 h.

2.4. Software and Nanomotion Analysis

The cantilever oscillations were recorded and saved at 20 kHz using a USB-4431 DAQ card
(National Instruments, Austin, TX, USA). The data acquisition program was developed in LabView.
A dedicated Python program was used to process the recorded data and to display the deflection
of the cantilever as a function of time. The software first removes the low frequency cantilever
displacement signal by calculating a first order fit of the raw signal (deflection of the cantilever) by
taking 20 seconds-long window frames. The obtained fit is then subtracted from the raw signal to
remove thermally induced cantilever deflection. The thermal drift essentially occurs at the beginning
of the experiment and during the fluid exchange procedures. The thermal drift free signal is further
processed to obtain its variance in 10 seconds-window frames.

2.5. Viability Assay

Cells were placed inside a commercially available microfluidic chip (Ibidi, Planegg, Germany),
and stained with calcofluor white (Sigma, USA), according to the manufacturer’s instructions. To detect
dead cells, propidium iodide (PI, Sigma, USA) was added to the YPD medium and the fluorescence of
the yeast cells was recorded using an Axiovert microscope (Zeiss, Oberkochen, Germany).

2.6. Adhesion Assay

Adherence of C. albicans to TR146 cells was measured using the protocols previously
described [33,34] with slight modifications (Figure S1). TR146 cells grown as monolayers in 6-well
plates were incubated with 100 C. albicans cells for 20 min at 37 ◦C. The supernatant was carefully
removed and spread on YPD agar plates to determine the number of non-adherent fungal cells. The
adherent fungal cells that were left behind in the 6-well plates were rinsed with PBS and were overlaid
with melted Wort agar at 40 ◦C. The plates were incubated at 30 ◦C for 36 h to count the colonies.
Adherence was determined as the ratio of the number of colonies grown on Wort agar to the number
of colonies grown on Wort agar and the number of colonies grown from the culture supernatant.

2.7. Statistical Analysis

Statistical analysis of nanomotion experiments were performed with the Python package Scipy.
We performed the non-parametric Mann–Whitney U test for the three independent replicates. We
used standard student t-test to process the adhesion assay on three independent replicates using the
Graphpad Prism software.

3. Results

To assess a putative differential reaction of strongly and weakly interacting C. albicans to fibronectin,
we quantified the adhesion of two different isolates, 101 and CEC3675, on oral keratinocytes (TR 146).
As shown in Figure 1 isolate 101 was measured to have a significantly higher adhesion compared to
isolate CEC3675.

To investigate the C. albicans–fibronectin interaction we used an in house nanomotion detector
depicted in Figure 2A. The set up consists in an analysis chamber filled with liquid (in our case YPD)
containing the cantilever to which yeast cells are attached (Figure 2B). The cantilever oscillations were
recorded (Figure 2C) and processed to display the signal variance as a function of time (Figure 2D).
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Figure 1. C. albicans isolates 101 and CEC3675 adhere differently to oral keratinocytes. Percentage of
adherence of both isolates. Statistical analysis (n = 3) was done using standard t-test. The asterisk
represents p < 0.05.

Figure 2. Nano-mechanical sensor system. (A) Representative image of a cantilever with attached
C albicans cells. Scale bar 40 μm. (B) Schematic of the experimental system and data collection.
(1) Liquids to be injected into the analysis chamber. In our case YPD, YPD containing fibronectin,
and YPD containing caspofungin. (2) Analysis chamber with the AFM cantilever and C. albicans
attached onto its surface (green circles). (3) Super luminescent diode. (4) Four-segment photodiode.
(5) Optical microscopy with camera. (6) Liquid waste. (7) In-house dedicated electronics and National
Instruments data acquisition card. (8) Desktop computer. (C). The collected raw data are processed;
and (D). analyzed using the variance of the signal.

Using this system, we monitored the nanomotion pattern of C. albicans isolates 101 and CEC3675
in the absence and presence of fibronectin (Figure 3). Before addition of fibronectin, both isolates
behaved similarly (Figure 3B). However, in the presence of fibronectin, nanomotion activity (variance)
of isolate 101 drastically decreased (from 0.9 ± 0.5 to 0.3 ± 0.1) (Figure 3). In contrast, isolate CEC3675
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did not present a significant decrease. To confirm that the drop of signal was not due to a change in
the temperature, nor convective currents that can appear upon addition of a liquid in the analysis
chamber, we performed control experiments, simultaneously, with another nanomotion detector. These
experiments consisted in injecting the same quantity of medium, instead of fibronectin, into the analysis
chamber. The obtained results showed no significant difference in the nanomotion pattern, for both
isolates, upon addition of YPD media (Figure S2). Additionally, we assessed the number of cells
present on the cantilever before and after the experiment to determine if the reduced signal was caused
by cells being detached from the cantilever. The analysis of the images taken by the optical microscope
located above the nanomotion detector (as depicted in the schematic in Figure 2A) confirmed that no
cells detached from the cantilever throughout the experiments (Figure S3).

Figure 3. C. albicans isolate 101 and CEC 3675 react differently to fibronectin. (A). Representative graph
of the normalized variance of isolate 101 in YPD (blue) and in YPD with fibronectin (orange). The
decrease of the normalized variance is clearly visible between the two conditions. (B). The mean of
the normalized variance (experiment in triplicate) represented as a bar plot for isolate 101 compared
to isolate CEC 3675. Error bars are the confidence of intervals. Statistical analyses were done using
Mann–Whitney U test, the asterisk represents p < 0.05.

To further exclude another cause of the decrease of the nanomotion signal for isolate 101, such as
premature cell death, we monitored C. albicans viability by nanomotion and fluorescence microscopy in
the absence and presence of fibronectin. Eventually the cells were killed by the antifungal caspofungin.
As shown in Figure 3A, the variance of the nanomotion signal drastically dropped after the drug
injection. The fluorescent viability test did not show any effect of fibronectin on the cellular viability
as it can be noticed in Figure 4B. Similarly, fibronectin also did not have any effect on the viability of
isolate CEC3675 (Figure S4).
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Figure 4. Viability assay of C. albicans. (A). Nanomotion signal of C. albicans isolate 101 in the absence
(blue curve) and presence of fibronectin (orange curve), and after killing the cells by the antifungal
caspofungin (green curve). (B). Representative fluorescence images of C. albicans isolate 101 in the
absence (left panel) and presence of fibronectin (middle panel), and after killing (right panel). Scale bar
5 μm.

4. Discussion

C. albicans infection is a multistep process, consisting in the binding of C. albicans on epithelial
cells. In a first adhesion step, the C. albicans adhesins of the agglutinin-like sequence (Als) family bind
to ECM proteins of the host such as fibronectin [35,36], laminin and collagen. The attachment of the
yeast cell to the host is followed by the penetration and transmigration of hypha into host cells, which
then leads to vascular dissemination as soon the hypha reaches blood vessels. In this study we only
explored the interaction of fibronectin with the yeast form. Adhesins playing a role in the planktonic
C. albicans adhesion are the Als family members Als1 [27] and Als5 [37], Eap1 [38–40], Csh1 (cell surface
hydrophobicity) [41,42], Ihd1 [43,44] and members of the SAP family [45–47]. It has been shown that
Als1, Als5, and Csh1 interacts with fibronectin; Sap9 and Sap10 can interact with the ECM proteins
collagen and vimentin. It has not yet been demonstrated that fibronectin is a ligand for Sap9/10, Eap1
and Ihd1.

Here, we used nanomotion detection to monitor the oscillation pattern of planktonic C. albicans
cells upon exposure to fibronectin. Two different clinical isolates that showed a different adhesive
phenotype, were used. The isolate 101 adhered significantly stronger to the host epithelial cells
compared to isolate CEC3675. Nanomotion experiments showed that fibronectin affects isolate 101
significantly more than CEC3675. This drop of the nanomotion signal indicates a modification of the
cellular activity upon fibronectin—C. albicans interaction. These results suggest that the initiation of
adhesion related signaling in the yeast cell upon fibronectin attachment is mediated by the interaction
with adhesins. Potential adhesion candidates that have been shown to interact with fibronectin are
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Als1, Als3 and Csh1. The complete elucidation of the molecular mechanisms involved in the process
are still unclear and deserve further research. We plan to investigate which specific adhesin(s) is (are)
involved in the observed activity reduction. Additionally, the effect of other ligands such as laminin,
collagen IV, fibrinogen and gelatin [28,48–50] should also be investigated.

This work demonstrated the ability of nanomotion detection to monitor in real time and in a
label-free manner cellular activity changes induced by interacting ligands. Activity changes induced by
increasing glucose concentration were observed for Escherichia coli in a previous study [5]. This technique
opens novel avenues to detect cellular activation or inhibition induced by ligand–receptor interactions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-5637/6/1/28/s1,
Figure S1: Schematic representation of the adhesion assay protocol, Figure S2: Effect of the injection of YPD
medium in the analysis chamber, Figure S3: Density of yeast cells on the cantilever, Figure S4: Viability assay of
isolate CEC3675.
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Abstract: Non-alcoholic beer (NAB) is enjoying growing demand and popularity due to consumer
lifestyle trends and improved production methods. In recent years in particular, research into
the application of non-Saccharomyces yeasts to produce NAB via limited fermentation has gained
momentum. Non-Saccharomyces yeasts are known to produce fruity aromas, owing to a high ester
production. This trait could be harnessed to mask the often-criticized wort-like off-flavor of NAB
produced via limited fermentation. Six Cyberlindnera strains were characterized and screened in
wort extract. Four of the six strains produced a pleasant, fruity aroma while exhibiting low ethanol
production. The strain Cyberlindnera subsufficiens C6.1 was chosen for fermentation optimization via
response surface methodology (RSM) and a pilot-scale (60 L) brewing trial with subsequent sensory
evaluation. A low fermentation temperature and low pitching rate enhanced the fruitiness and
overall acceptance of the NAB. The NAB (0.36% ABV) produced on pilot-scale was significantly more
fruity and exhibited a significantly reduced wort-like off-flavor compared to two commercial NABs.
This study demonstrated the suitability of Cyberlindnera subsufficiens to produce a fruity NAB, which
can compete with commercial NABs. The outcome strengthens the position of non-Saccharomyces
yeasts as a serious and applicable alternative to established methods in NAB brewing.

Keywords: brewing; Cyberlindnera; NABLAB; non-alcoholic beer; non-conventional yeast; non-
Saccharomyces yeast; response surface methodology

1. Introduction

While the overall market growth of beer is slowing down, non-alcoholic and low alcohol beer
(NABLAB) is growing in volume and popularity, owed to stricter legislation, lifestyle trends and
improved production methods [1]. The increasing interest has fueled research in NABLAB production
methods, especially in recent years, aimed at overcoming taste deficits compared to regular beer
and consequently improving consumer acceptance. The two major production methods, physical
dealcoholization and limited fermentation, both compromise the taste of the beer. Dealcoholized beer
is often criticized for its lack of body and aromatic profile, a consequence of the removal of volatile
esters and higher alcohols in conjunction with ethanol. Apart from a sweet taste due to residual sugars,
one of the main points of criticism of NAB produced by limited fermentation is its wort-like off-flavor
caused by aldehydes present in the wort [2]. In regular beer, ethanol significantly increases aldehyde
retention, reducing the perceptibility of the wort-like flavor. However, in NAB produced by limited
fermentation, the low ethanol content and higher levels of mono- and disaccharides intensify this
undesired off-flavor [3].

Fermentation 2019, 5, 103; doi:10.3390/fermentation5040103 www.mdpi.com/journal/fermentation31
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It is known that esters, which yeast produce as a by-product of alcoholic fermentation, are
extremely important for the flavor profile of beer [4,5]. The lack thereof, as well as their overproduction,
can significantly compromise the flavor. Aside from strain-specific differences, the process parameters
such as the fermentation temperature, pitching rate and wort gravity have been shown to have a
significant influence on ester formation [4,6]. In non-alcoholic beers, ester concentrations are lower
compared to regular beer, independent of the production method [7,8]. While physical dealcoholization
removes esters that were previously produced, limited fermentation adversely affects the production
of substantial amounts in the first place.

Non-Saccharomyces yeasts are known for their important contribution to the flavor profile of
fermented foods and beverages and have therefore been investigated for their targeted application
in bioflavoring and, not least, NABLAB brewing [1,9,10]. Species that have been mentioned in the
context of NABLAB production belong to the genera Cyberlindnera, Hanseniaspora, Lachancea, Mrakia,
Pichia, Torulaspora, Saccharomycodes, Scheffersomyces and Zygosaccharomyces [1,11–16]. In particular, the
Cyberlindnera species are known for their high ester production, which was shown in studies with
Cyberlindnera saturnus (formerly Williopsis saturnus), C. mrakii (formerly Williopsis saturnus var. mrakii)
and C. subsufficiens (formerly Williopsis saturnus var. subsufficiens) [17–20]. Furthermore, it has been
proposed to use yeasts with high production of flavor compounds (i.e., esters, higher alcohols) to mask
the wort-like flavor of NAB produced by limited fermentation. However, research in that direction
is sparse [21,22]. In addition, such yeasts are capable of reducing aldehydes to their correspondent
alcohol, which can also enhance the reduction of the often-criticized wort-like off-flavor [23,24].

In this study, six strains of the genus Cyberlindnera were investigated to create a fruity NAB.
After identification, the strains were characterized for their substrate utilization, flocculation behavior
and stress responses. A screening in diluted wort extract was performed to investigate the strains’
potential to produce a pronounced fruity flavor without the production of high concentrations of
ethanol. Interspecific differences in sugar consumption and the production of volatile fermentation
by-products was investigated by means of high-performance liquid chromatography (HPLC) and
gas chromatography (GC). The most promising strain was studied further to determine the optimal
fermentation conditions to enhance the fruity flavor, which was performed by means of response
surface methodology (RSM). Finally, a non-alcoholic beer was produced on pilot-scale (60 L), and its
analytical attributes, aroma, and taste compared to two commercial NABs were examined.

2. Materials and Methods

2.1. Materials

All reagents used in this study were at least analytical grade from Sigma-Aldrich (St Louis MO,
USA) unless stated otherwise. The wort extract applied in this study was spray-dried wort from 100%
barley malt (Spraymalt Light, Muntons plc, Suffolk, UK). For the pilot-scale brewing, pilsner malt and
acidulated malt were sourced from Weyermann (Malzfabrik Weyermann, Bamberg, Germany).

2.2. Yeast Strains

Strain Origin and Identification

Strain 837A was isolated from a brewery cellar, NT Cyb originates from a dried fermentation
starter for rice wine, strain C6.1 originates from a coconut, and L1 from “Lulo”, the fruit of Solanum
quitoense. The type strains CBS 1707 and CBS 5763 originate from soil samples. For identification, the
D1/D2 domain of the 26S rRNA gene was amplified, sequenced and compared to publicly available
sequences in the National Center for Biotechnology Information (NCBI) database using the Basic Local
Alignment Search Tool (BLAST; https://blast.ncbi.nlm.nih.gov/Blast.cgi).

The DNA of the yeast isolates was extracted using an extraction kit (Yeast DNA
Extraction Kit, Thermo Fisher Scientific, Waltham MA, USA). To amplify the D1/D2 domain
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of the 26S rRNA gene, the primers NL1 (5′-GCATATCAATAAGCGGAGGAAAAG-3′) and NL4
(5′-GGTCCGTGTTTCAAGACGG-3′) were used. Polymerase chain reaction (PCR) was performed
using the temperature protocol: 95 ◦C/2 min; 30 cycles of 95 ◦C/30 s, 56 ◦C/15 s; 72 ◦C/60 s; 72 ◦C/5 min.
Stock cultures were kept in 50% (v/v) glycerol at −80 ◦C.

2.3. Yeast Characterization

2.3.1. Flocculation Assay and Phenolic Off-Flavor (POF) Test

The flocculation test was performed using a slightly modified Helm’s assay [25,26]. Essentially,
all cells were washed in ethylenediaminetetraacetic acid (EDTA) and the sedimentation period was
extended to 10 min. Wort was composed of 75 g/L spray-dried malt extract (Spraymalt Light, Muntons
plc, Suffolk, UK) adjusted to 15 International Bitterness Units (IBU) (15 mg/mL iso-α-acids; from 30%
stock solution; Barth-Haas Group, Nürnberg, Germany).

The phenolic off-flavor test was performed according to Meier-Dörnberg et al. [27]. In short, yeast
strains were spread on yeast and mold agar plates (YM-agar) containing only one of the following
precursors: either ferulic acid, cinnamic acid or coumaric acid. After three days of incubation at 25 ◦C,
plates were evaluated by a trained panel by sniffing to detect any of the following aromas: clove-like
(4-vinylguajacol), Styrofoam-like (4-vinylstyrene) and medicinal-like (4-vinylphenol). Saccharomyces
cerevisiae LeoBavaricus—TUM 68®(Research Center Weihenstephan for Brewing and Food Quality,
Freising-Weihenstephan, Germany) was used as a positive control.

2.3.2. Substrate Utilization

To analyze substrate utilization by the Cyberlindnera strains, the test kit API ID 32C (BioMérieux,
Marcy-l’Étoile, France) was used. Preparation of the inoculum and inoculation of the strips were
performed according to the manufacturers’ instructions. Colonies for the inoculum were grown on
yeast extract peptone dextrose (YPD) agar plates for 48 h at 27 ◦C. After inoculation, API ID 32C strips
were incubated for 2 days at 28 ◦C. The samples were evaluated visually for turbidity in the wells,
differentiating positive (+), negative (−), and weak (w) growth.

2.3.3. Stress Tests

Stress tests were performed via the measurement of yeast growth in a microplate, through the
repeated measurement of absorbance over a time period of 96 h (Multiskan FC, Thermo Scientific,
Waltham, MA, USA). The substrate for the hop sensitivity test was sterile-filtered wort extract (75
g/L Muntons Spraymalt Light) adjusted to 0, 50 and 100 mg/L iso-α-acids (1 mg/L = 1 International
Bitterness Unit, IBU), respectively, by using an aliquot of a stock solution of 3% iso-α-acids in 96% (v/v)
ethanol (Barth-Haas Group, Nürnberg, Germany). For testing ethanol sensitivity, the sterile-filtered
wort extract was adjusted to 0%, 2.5%, 5% and 7.5% ABV with an aliquot of 100% (v/v) ethanol. For
testing pH sensitivity, the sterile-filtered wort extract was adjusted to the following pHs with 2 M HCl:
5.5 (control without addition of HCl): 5.0, 4.0 and 3.0. For inoculation, strains were grown in sterilized
wort extract for 24 h at 25 ◦C under aerobic conditions. The microtiter plate wells were inoculated
with a concentration of 105 cells/mL. The wells contained 200 μL of the respective wort substrates.
Plates were incubated at 25 ◦C, and absorbance was measured every 30 min at 600 nm without shaking
over a time period of 96 h (Multiskan FC, Thermo Scientific, Waltham, MA, USA). Stress tests were
performed in triplicate.

2.4. Yeast Screening

2.4.1. Propagation

Single colonies of the respective strains were taken from yeast extract peptone dextrose (YPD)
agar plates after 72 h growth at 25 ◦C and transferred into a 250 mL sterile Duran glass bottle (Lennox
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Laboratory Supplies Ltd, Dublin, Ireland) containing 150 mL propagation wort consisting of 75 g/L
spray-dried malt (Spraymalt light, Muntons plc, Suffolk, UK) and 30 g/L glucose (Gem Pack Foods
Ltd., Dublin, Ireland), sterilized at 121 ◦C for 15 min. The bottles were covered with sterile cotton and
placed in an incubator with orbital shaker (ES-80 shaker-incubator, Grant Instruments (Cambridge)
Ltd, Shepreth, UK) and incubated for 24 h at an orbital agitation of 170 rpm at 25 ◦C (Strain 837A was
incubated for 48 h). Cell count was performed using a Thoma Hemocytometer with a depth of 0.1 mm
(Blaubrand, Sigma-Aldrich, St. Louis, MO, USA).

2.4.2. Fermentation

Fermentation wort was prepared by dissolving 75 g/L spray-dried malt extract (Munton Spraymalt
light) in 1 L of brewing water and sterilizing at 121 ◦C for 15 min, followed by filtration through a
sterile grade 1V Whatman filter (Whatman plc, Maidstone, UK) to remove hot trub formed during
sterilization. The analytical attributes of the fermentation wort for the yeast screening trial and RSM
trial is shown in Table 1.

Table 1. Attributes of screening wort from wort extract.

Attribute Unit Value

Real Extract ◦P 6.97 ± 0.00
pH − 5.20 ± 0.01

Free amino nitrogen (FAN) mg/L 115 ± 1
Maltotriose g/L 8.12 ± 0.15

Maltose g/L 32.37 ± 0.57
Sucrose g/L 0.83 ± 0.04
Glucose g/L 5.68 ± 0.91
Fructose g/L 1.45 ± 0.10

Fermentation trials were carried out in 1 L sterile Duran glass bottles, equipped with an air lock.
Per yeast strain, triplicate bottles were filled with 400 mL of wort and left untouched throughout the
fermentation. Yeast cells for pitching were washed by centrifugation at 900 g for 5 min and resuspended
in sterile water to ensure no carryover of sugars from the propagation wort into the fermentation wort.
Pitching rate was 3 × 107 cells/mL. Fermentation temperature was 25 ◦C. Fermentation was performed
until no change in extract could be measured for two consecutive days.

2.5. Scanning Electron Microscopy (SEM)

Yeast cultures for scanning electron microscopy (SEM) were prepared following the protocol for
cultured microorganisms by Das Murtey and Ramasamy [28]. Single colonies were taken from a YPD
agar plate and grown in YPD broth for 24 h at 25 ◦C. One milliliter of sample was centrifuged at 900
g for 2 min for pellet formation and resuspended in 5% glutaraldehyde solution prepared in 0.1 M
phosphate buffer (pH 7.2) for fixation. After 30 min, the sample was centrifuged, the supernatant was
discarded, and the pellet was washed twice in 0.1 M phosphate buffer. Consequently, the pellet was
resuspended in 1% osmium tetroxide prepared in 0.1 M phosphate buffer. After 1 h, cells were again
washed twice in 0.1 M phosphate buffer. The sample was then dehydrated through an ethanol series
of 35%, 50%, 75%, 95%, absolute ethanol, and hexamethyldisilazane (HDMS), with 30 min per step
(last two ethanol steps twice), centrifuging and discarding the supernatant at each change. Lastly, the
second HDMS was discarded and the sample left drying overnight in a desiccator.

The dehydrated yeast sample was mounted onto plain aluminum stubs using carbon double
surface adhesive and coated with a 5 nm gold-palladium (80:20) layer using a Gold Sputter Coater
(BIO-RAD Polaron Division, SEM coating system, England), then observed under a constant accelerating
voltage of 5 kV under a JEOL scanning electron microscope type 5510 (JEOL, Tokyo, Japan).
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2.6. Response Surface Modeling (RSM)

To investigate optimal fermentation conditions for C6.1 to produce a fruity, non-alcoholic beer,
response surface methodology (RSM) was performed using DesignExpert 9 software (StatEase,
Minneapolis, MN, USA). A two-factorial, face-centered, central composite design with single factorial
points and 5 replications of the center point was chosen. The predictor factors were temperature (17,
22, 27 ◦C), and pitching rate (10, 35, 60 × 106 cells/mL).

Spray-dried malt extract (Spraymalt light, Muntons plc, Suffolk, UK) served as the substrate. Wort
preparation, propagation and inoculation were carried out as outlined in 2.4.1. The wort used was the
same as in the screening (Table 1). Fermentation volume was 150 mL in 250 mL Duran glass bottles
equipped with an air lock. Fermentation was performed until no change in extract could be measured
for two consecutive days. Table 2 shows the experimental design.

Table 2. Response surface methodology (RSM) experimental design: Two-factorial, face-centered,
central composite design with five repetitions of the center point. Factor 1, A: temperature, range 17,
22, 27 ◦C. Factor 2, B: pitching rate, range 10, 35, 60 × 106 cells/mL.

Run
Factor 1 Factor 2

A: Temperature (◦C) B: Pitching Rate (×106 cells/mL)

1 22 60
2 22 10
3 17 35
4 27 35

5 * 22 35
6 * 22 35
7 17 60

8 * 22 35
9 * 22 35

10 * 22 35
11 17 10
12 27 10
13 27 60

* Center point.

Models were produced applying backward elimination regression of insignificant model terms
with α to exit of 0.1 (detailed report in supplementary Data Sheet S1). For significant models with
insignificant lack of fit (LOF), 3D response surface plots were produced. Fermentations for model
validation were performed in the same wort with propagation as outlined in 2.4.1 and fermentation as
outlined above.

2.7. Pilot-Scale Brewing

2.7.1. Wort Production

Wort for the pilot brew was produced in a 60 L pilot-scale brewing plant consisting of a combined
mash-boiling vessel, a lauter tun and whirlpool (FOODING Nahrungsmitteltechnik GmbH, Stuttgart,
Germany). The grain bill comprised 6.65 kg Weyermann Pilsner Malt and 0.35 kg Weyermann
Acidulated Malt (Malzfabrik Weyermann, Bamberg, Germany). Grains were milled with a two-roller
mill (“Derby”, Engl Maschinen, Schwebheim, Germany) at a 0.8 mm gap size. The crushed malt was
mashed-in with 30 L of brewing water at 50 ◦C. The following mashing regime was employed: 20 min
at 50 ◦C, 20 min at 62 ◦C, 10 min at 72 ◦C and mashing out at 78 ◦C. The mash was pumped into the
lauter tun, and lautering was performed after a 15 min lauter rest, employing four sparging steps of 5
L hot brewing water each. Boil volume was 50 L at a gravity of 1.030 (7.0 ◦P), and total boiling time
was 60 min. Thirty minutes into the boil, 15 g of Magnum hop pellets (14% iso-α-acids) were added for
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a calculated IBU content of 9. After boiling, gravity was readjusted to 1.030 (7.0 ◦P) with hot brewing
water, and hot trub precipitates and hop residue were removed in the whirlpool with a rest of 20 min.
Clear wort was pumped through a heat exchanger and filled into 60 L cylindroconical fermentation
vessels at a temperature of 17 ◦C.

2.7.2. Propagation, Fermentation and Aftercare

A first propagation step was employed as described in 2.4.1. A second propagation step was
performed by transferring the small-scale propagated wort into a 5 L carboy filled with 2 L of sterile
wort extract at 7 ◦P and closed with sterile cotton. The second propagation step was conducted for
24 h under constant agitation at ambient temperature (20 ± 2 ◦C).

Yeast was pitched into the fermenter at a pitching rate of 107 cells/mL. Fermentation was carried
out in cylindroconical fermentation vessels with a capacity of 60 L, at ambient pressure and at a
glycol-controlled fermentation temperature of 17 ◦C. Samples were withdrawn every day. Fermentation
was carried out until no change in extract could be measured for two consecutive days. The beer
was then filled into a 50 L keg and carbonated by repeated pressurization with CO2 to 1 bar at 2 ◦C.
After 5 days, the carbonated beer was filled into 330 mL brown glass bottles with a counter-pressure
hand-filler (TOPINCN, Shenzen, China) and capped. Bottles were pasteurized in a pilot retort (APR-95;
Surdry, Abadiano, Vizcaya, Spain) with spray water at 65 ◦C for 10 min resulting in approximately 23
pasteurization units (PU). The successful pasteurization was confirmed by plating the pasteurized
NAB on agar plates. Beer bottles were stored at 2 ◦C in a dark place for further analysis and
sensory evaluation.

2.8. Sensory Evaluation

The sensory evaluation of the samples produced during yeast screening and RSM trial were judged
by a panel of 12–15 experienced tasters. Samples were given at ambient temperature (20 ◦C) with a
three-digit code. Each panelist evaluated the samples in an individual booth at ambient temperature
(20 ◦C). The tasters were asked to desribe the sample in their own words, followed by evaluation of the
intensity of a fruity smell and the overall acceptance of the smell of the sample on a hedonic scale from
0 (“not fruity”/”dislike extremely”) to 5 (“extremely fruity”/”like extremely”) according to MEBAK
Sensory Analysis 3.2.1 “Simple Descriptive Test” and 3.2.2 “Profile Test”, respectively.

The non-alcoholic beer samples (C6.1 pilot scale and commercial samples) were tasted and
judged by a sensory panel of ten experienced and certified (DLG International Certificate for Sensory
Analysis—beer and beer-based mixed drinks; Deutsche Landwirtschafts-Gesellschaft e.V.) panelists. A
“Simple Descriptive Test” and “Profile Test” were performed according to MEBAK Sensory Analysis
3.2.1 and 3.2.2, respectively. Attributes for the aroma were “wort-like”, “floral”, “fruity”, “citrus-like”
and “tropical”. A taste attribute “sweet taste” was also included. Panelists were asked to evaluate
the attributes in their intensity on a line-marking scale from 0, “not perceptible”, to 5, “strongly
perceptible”. Before the evaluation of the intensity, a descriptive sensory was performed, where the
panelists were asked to describe the aroma of the samples in their own words. Samples were provided
in dark glasses with a three-digit code and evaluated at a temperature of 20 ◦C in order to evaluate
the full flavor profile (following DLG guidelines). The commercial samples NAB A and NAB B were
non-alcoholic beers produced by limited fermentation [29] and “dialysis technology” [30], respectively.
Each panelist tasted the samples in an individual booth at ambient temperature (20 ◦C). The amount of
sample tasted was 50 mL per sample.

2.9. Wort and Beer Analyses

2.9.1. HPLC Analyses

Sugars and ethanol were determined by HPLC Agilent 1260 Infinity (Agilent Technologies,
Santa Clara CA, USA) equipped with a refractive index detector (RID) and a Sugar-Pak I 10 μm,

36



Fermentation 2019, 5, 103

6.5 mm × 300 mm column (Waters, Milford MA, USA), with 50 mg/L Ca-EDTA as mobile phase and a
flow rate of 0.5 mL/min at 80 ◦C. Differentiation of maltose and sucrose was achieved with a Nova-Pak
4 μm, 4.6 mm × 250 mm column (Waters, Milford MA, USA), with acetonitrile/water 78:22 (v/v) as
mobile phase and a flow rate of 1.0 mL/min. Quantification was achieved by external standards in a
calibration range of 0.5 to 30 mM.

2.9.2. GC Analyses

Free vicinal diketones were quantified by a Clarus 500 gas chromatograph (Perkin-Elmer, Waltham
MA, USA) with a headspace unit and Elite-5 60 m × 0.25 mm, 0.5 μm column using a 2,3-hexandione
internal standard. Fermentation by products (esters, higher alcohols) was quantified using a Clarus
580 (Perkin-Elmer, Waltham MA, USA) gas chromatograph with a headspace unit and INNOWAX
cross-linked polyethylene-glycol 60 m × 0.32 mm, 0.5 μm column (Perkin-Elmer, Waltham MA, USA).
Vials containing beer samples were equilibrated for 25 min at 60 ◦C. The samples were injected at
50 ◦C, rising to 85 ◦C after one minute by heating at 7 ◦C/min. A temperature of 85 ◦C was maintained
for one minute and then elevated to 190 ◦C at a heating rate of 25 ◦C/min.

2.9.3. Other

Glycerol was determined via enzymatic assay kit (glucokinase method), following the
recommended procedure (K-GCROLGK, Megazyme, Bray Co. Wicklow, Ireland). The method
is based on the use of ADP-glucokinase and an increase in absorbance on conversion of NAD+ to
NADH, and is performed at ambient temperature at a sample volume of 2 mL.

Free amino nitrogen (FAN) was measured using a ninhydrin-based dying method, where
absorbance is measured at 570 nm against a glycine standard (ASBC Method Wort-12 A). The method is
performed at a total volume of 10 mL. Following the color reaction at 95 ◦C, the samples are measured
at ambient temperature.

Extract (apparent and real) and ethanol (for fermentation monitoring) were analyzed via density
meter DMA 4500M with Alcolyzer Beer ME (Anton-Paar GmbH, Graz, Austria) at 20 ◦C and a sample
volume of 30 mL.

The pH was determined using a digital pH meter (Mettler Toledo LLC, Columbus, OH, USA).

2.10. Statistical Analyses

Screening fermentations and analyses were carried out in triplicate. Statistical analysis was
performed using RStudio, Version 1.1.463 with R version 3.5.2 (RStudio Inc, Boston, MA, USA; R Core
Team, r-project). One-way analysis of variance (ANOVA) was used to compare means, and Tukey’s
post hoc test with 95% confidence intervals was applied for the pairwise comparison of means. When
available, values are given as the mean ± standard deviation. Statistical analyses during the RSM trials
were performed using the DesignExpert 9 software (StatEase, Minneapolis, MN, USA).

3. Results and Discussion

3.1. Yeast Strain Characterization

To identify the species of the yeast strains, amplification of the D1/D2 domain via PCR was
performed and sequenced. The obtained sequences were compared to publicly available sequences in
the NCBI nucleotide database via BLAST. The results of the strain identification are shown in Table 3.
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Table 3. Yeast strain designation, species and origin of yeast strains used in this study.

Strain
Designation

Species Origin Yeast Bank

837A Cyberlindnera
misumaiensis Brewery cellar FZW BLQ 1, Weihenstephan, Germany

NT Cyb Cyberlindnera fabianii Dried yeast starter for rice wine FZW BLQ 1, Weihenstephan, Germany
L1 Cyberlindnera jadinii Fruit of Solanum quitoense, “Lulo” UCC Culture Collection, Cork, Ireland

C6.1 Cyberlindnera subsufficiens Coconut UCC Culture Collection, Cork, Ireland

CBS 1707 T Cyberlindnera mrakii Soil Westerdijk Fungal Biodiversity Institute,
Utrecht, Netherlands

CBS 5763T Cyberlindnera subsufficiens Soil Westerdijk Fungal Biodiversity Institute,
Utrecht, Netherlands

1 Research Centre Weihenstephan for Brewing and Food Quality, Technische Universität München; T Type strain.

The yeast strains were found to belong to the species Cyberlindnera misumaiensis (837A), C. fabianii
(NT Cyb), C. jadinii (L1), and C. subsufficiens (C6.1). The Cyberlindnera mrakii type strain CBS 1707
(former Williopsis saturnus var. mrakii; synonym NCYC 500) was included in this study as a strain that
has previously been investigated for the production of a low alcohol beer with high levels of esters [20].
The Cyberlindnera subsufficiens type strain CBS 5763 was included as an example to investigate potential
intraspecific differences from C6.1.

3.2. API Substrate Utilization

Before considering non-conventional yeasts for NABLAB brewing, their behavior regarding
utilization of important wort sugars like maltose and sucrose should be investigated. An API ID 32C
test was performed to investigate the utilization of those sugars and to show general, interspecific
differences between the strains. The results of the API test are shown in Table 4.

Table 4. Results of the API ID 32C substrate utilization test of the individual strains. Substrates without
brewing relevance, which were negative for all strains, are not shown. “+” positive, “−“ negative,
“w” weak.

Substrate 837A
NT
Cyb

L1 C6.1
CBS
1707

CBS
5763

Cycloheximide (Actidione) + − − − − −
D-Cellobiose + + + + + +
D-Galactose − − w − − −
D-Glucose + + + + + +

D-Maltose − + + − +1 −1

D-Mannitol + + w w w w
D-Melibiose − − − − − −
D-Melezitose − + + − + −
D-Raffinose − + + + + +
D-Sorbitol + + w + − −
D-Sucrose − + + + − +

D-Trehalose − + − − + −
D-Xylose − + + + + +

Esculin Ferric Acid + + + + + +
Glucosamine − − − w − −

Glycerol + + + + + +
Lactic Acid − + + + + +

Levulinic Acid − w w w w +
L-Sorbose − − − − − +

Methyl-αD-Glucopyranoside − + − − − −
N-Acetyl-Glucosamine − − w − w −

Palatinose − + + − + −
Potassium Gluconate w w − + w +

1 Growth “variable” according to Kurtzman et al. [31].
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Maltose utilization was positive for NT Cyb, L1 and CBS 1707, in accordance with the reported
literature, although assimilation of maltose by CBS 1707 is classified as “variable” [31]. Sucrose
utilization was positive for four of the six strains and negative for 837A and CBS1707. The results
suggest that in brewers’ wort, where maltose is the most abundant fermentable sugar, only NT
Cyb, L1 and CBS 1707 have the capability to achieve high attenuations. However, the API test
investigates substrate utilization under aerobic conditions. Sugar consumption during fermentation,
under anaerobic conditions, can differ significantly [31], which is also known as the Kluyver effect [32].
Due to the inability of 837A and CBS 1707 to utilize sucrose, lower attenuations in fermentations in
wort could be expected.

3.3. Stress Tests

When considering non-Saccharomyces yeast strains for brewing purposes, several brewing-relevant
parameters such as flocculation behavior, POF production and stress responses should be
investigated [33]. The flocculation behavior can give initial indications regarding yeast handling in
terms of potential bottom cropping. POF behavior is important because in most beer styles, POF is not
desired. Substances like hop-derived iso-α-acids, ethanol content, or the pH value of the wort can
have significant influences on yeast activity, manifesting mainly in a prolonged lag time, and even
complete growth inhibition [33–35]. With the investigated yeast strains, iso-α-acid concentrations of
up to 100 IBU had no significant effect on the yeast growth (data not shown), which is in accordance
with previous reports on seven different non-Saccharomyces species [34,35]. However, Michel et al. [33]
reported a minor prolongation in the lag time of Torulaspora delbrueckii strains in concentrations of up
to 90 IBU. The results of the investigated characterization attributes are shown in Table 5.

Table 5. Characterization of yeast strains for flocculation behavior, phenolic off-flavor (POF) production
and lag time in wort with and without a stressor at different concentrations. “—“ no growth.

Characterization
Attributes

Unit 837A NT Cyb L1 C6.1
CBS
1707

CBS
5763

Flocculation % 78 ± 3 22 ± 2 35 ± 4 32 ± 1 85 ± 2 51 ± 4

POF - negative negative negative negative negative negative

Ethanol

0% ABV h 18 6 9 6 9 9
2.5% ABV h 120 12 18 18 12 18
5% ABV h — 24 36 24 48 —

7.5% ABV h — 42 — — 126 —

pH

5.5 h 18 6 9 6 9 9
5 h 18 6 9 6 9 9
4 h 66 6 9 6 9 9
3 h — 12 24 18 78 42

CBS 1707 exhibited the strongest flocculation behavior, at 85%, followed by 837A and CBS 5763,
at 78% and 51%, respectively. NT Cyb, L1 and C6.1 exhibited very low flocculation of below 35%.
All strains were negative for POF behavior. NT Cyb and C6.1 exhibited the fastest growth in wort
(without a stress factor), overcoming the lag time after only 6 hours, followed by L1 and the CBS strains
after 9 hours. Strain 837A exhibited a long lag phase of 18 hours (Figure 1). Concentrations of 2.5% ABV
ethanol in the wort affected the lag time of all investigated strains. 837A was especially susceptible,
with a prolonged lag phase of 120 hours. The remainder of the strains showed an extension of the lag
phase of 3 to 12 hours. At 5% ABV, growth was fully inhibited for 837A and CBS 5763, while the other
strains again exhibited an extension of the lag phase, of up to a maximum of 48 hours in CBS 1707.
Complete growth inhibition was observed for L1 and C6.1 at 7.5% ABV, while the lag phase of NT Cyb
and CBS 1707 was prolonged to 42 and 126 hours, respectively. All strains except 837A, which showed
a significant extension of the lag phase to 66 hours, remained unaffected by a lower pH of 4. Only at
pH 3 were lag times affected, while 837A was fully inhibited. Growth at low pH is important when
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considering the yeast for sour beer production, where the yeast must withstand pH values of below
4 [36]. However, it has been shown that organic acids like lactic acid can have a stronger inhibitory
effect on yeasts and other microorganisms than HCl, which is caused by its chemical properties as a
weak acid [35,37]. Inhibition by lactic acid could therefore be more pronounced than the HCl inhibition
observed in this study. Figure 1 shows the growth of the investigated yeast strains in wort without the
addition of a stressor.

Figure 1. Growth of yeast strains in 7 ◦P wort extract at 25 ◦C without a stressor. Growth curves shown
are the mean of a triplicate.

3.4. Screening

To investigate interspecific differences in the fermentation of wort, fermentation trials were
performed in a diluted wort extract of 7 ◦P. Previous studies have shown that extract contents of
around 7 ◦P will yield ethanol concentrations of around 0.5% ABV, a popular legal limit for NAB [7], in
fermentations with maltose-negative yeast strains [1,14,34,38]. After aerobic propagation for 24 hours,
NT Cyb exhibited the highest number of cells, at 2 × 109 cells/mL, more than four-fold the amount of
cells compared to L1, C6.1, and the CBS strains with counts between 3.4 and 4.9 × 108 cells/mL (Table 6).
Due to a delayed growth (compare Figure 1), 837A had to be propagated for 48 hours, reaching a cell
count of 6.1 × 108 cells/mL. For the screening in wort, yeast cells were added at a concentration of 3 ×
107 cells/mL, after a gentle washing step in water to prevent carry-over of propagation wort sugars.
The results from the yeast screening are shown in Table 6. The fermentations were carried out until no
change in extract could be measured for two consecutive days.
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Strains 837A and CBS 1707 exhibited the lowest attenuation of only 18% and 17%, respectively,
owing to their inability to utilize sucrose (Table 4), which was confirmed by the lack of sucrose
consumption. Liu and Quek [20] also reported the absence of sucrose utilization by CBS 1707. The other
strains, which depleted sucrose completely, reached attenuations of 21% to 24%. Consequently, 837A
and CBS 1707 also produced, at 0.55% and 0.56% ABV, the lowest amounts of ethanol (p ≤ 0.05)
compared to the remaining strains, where ethanol concentrations ranged from 0.63% to 0.67% ABV.
The final pH of the fermented samples ranged from 4.33 (CBS 5763) to 4.51 (NT Cyb). Residual FAN
ranged from 78 (CBS 1707) to 88 mg/L (837A). As expected, none of the strains consumed maltotriose.
Maltose consumption was also neglectable in all strains, although the species Cyberlindnera fabianii (like
NT Cyb) has been reported to be able to ferment maltose [31,39]. The observations also underlined
that results from the API substrate utilization test (where NT Cyb, L1 and CBS 1707 were positive for
maltose) are not necessarily reflected in practice, especially since sugar utilization during respiration
and fermentation can differ [31,32,40]. While glucose was depleted by all strains, fructose was only
fully depleted by L1. The remaining strains exhibited glucophilic behavior and consumed only 73% to
83% of fructose during fermentation. Regarding fermentation by-products, glycerol concentrations
were low, ranging from 0.18 to 0.36 g/L. The strains 837A and NT Cyb accumulated significantly
higher amounts of acetaldehyde, at 9.7 and 8.1 mg/L, respectively, compared to 2.6 to 3.8 mg/L in the
remaining samples. The sample fermented with Cyberlindnera misumaiensis 837A exhibited extremely
high values of ethyl acetate, at 65.7 mg/L, twice the flavor threshold concentration in beer [2,41].
Ethyl acetate is described to have a fruity, estery character but also solvent-like, especially in high
concentrations. The remaining strains exhibited ethyl acetate production between 4.9 (C6.1) and 22.6
mg/L (NT Cyb). Isoamyl acetate, which is predominantly described as having a fruity, banana-like
aroma, has a much lower flavor threshold of only 1.4–1.6 mg/L [2,41]. The strains C6.1 and CBS 1707
produced the highest amounts of isoamyl acetate, at 1.67 and 1.60 mg/L, followed by CBS 5763, 837A
and L1, at 1.03, 0.90 and 0.15 mg/L, respectively. NT Cyb did not produce detectable amounts of
isoamyl acetate. Concentrations of ethyl formate and ethyl propionate in the fermented samples were
low, ranging from undetectable to 2.7 mg/L. Ethyl butyrate and ethyl caproate were not detected in
either of the samples (data not shown). The strain L1 produced a significantly higher amount of higher
alcohols, at 35.8 mg/L, followed by NT Cyb, at 27.8 mg/L, and the remaining strains at 20–23 mg/L.
During sensory evaluation, the high ethyl acetate concentration in the sample fermented with 837A
was indeed perceptible and described as an unpleasant, solvent-like aroma. The sample fermented
with NT Cyb was described as having an unpleasant, cabbage-like aroma. The remaining samples
were characterized by a pleasant, fruity aroma.

The unpleasant, solvent-like aroma in the sample fermented with 837A was attributed to the
very high ethyl acetate concentration, well above the flavor threshold. However, the cabbage-like
aroma, which is generally associated with sulfides or thiol compounds [41], that was detected in the
sample fermented with NT Cyb could not be linked to the volatile by-products that were measured.
Interestingly, ethyl acetate concentrations in the remaining samples, characterized by a pleasant, fruity
aroma, were low, at only 2.6–3.8 mg/L. However, C6.1, CBS 1707 and CBS 5763 exhibited higher amounts
of isoamyl acetate, a desired ester in beer (particularly ales) [42], when compared to the samples with
unpleasant aroma. The concentrations of 1.0–1.6 mg/L are within the reported flavor threshold in beer
of 0.5–2.0 mg/L [43]. Additionally, it is well known that synergistic effects between esters occur that
can push the concentration of perception below their individual flavor thresholds [42,44,45]. Isoamyl
acetate could therefore have been a cause of the fruity aroma in the samples fermented with C6.1,
CBS 1707 and CBS 5763. However, the sample fermented with L1, which was also characterized by a
fruity aroma, only contained a very low isoamyl acetate concentration of 0.15 mg/L. It is noteworthy,
however, that the L1 sample contained a significantly higher amount of isoamyl alcohol, at 23.2 mg/L,
which is described as having an alcoholic, fruity and banana-like flavor [2]. The results have confirmed
that not a high amount of esters, but rather a balanced profile will lead to a pleasant, fruity aroma [5].
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Based on the results from the screening, Cyberlindnera subsufficiens C6.1 was chosen for optimization
of fermentation conditions by means of response surface methodology, followed by an up-scaled
brewing trial at 60 L to create a fruity, non-alcoholic beer (≤0.5% ABV). Strains 837A and NT Cyb were
eliminated because of their poor flavor characteristics. CBS 1707 was eliminated due to its inability to
ferment sucrose, which apart from the lower attenuation, would remain in the wort after fermentation,
acting as an additional sweetening agent and potential contamination risk. Cyberlindnera jadinii strain
L1 was eliminated due to its very low isoamyl acetate production (Table 6) and due to its maltose
utilization when oxygen was present (Table 4). The decision between the two similarly performing
Cyberlindnera subsufficiens strains C6.1 and CBS 5763 was made in favor of C6.1 due to a more pleasant
fruitiness. In addition, C6.1 showed increased tolerance towards stress caused by ethanol or low pH
(Table 5).

3.5. Response Surface Methodology (RSM)

To find the optimal fermentation conditions for C6.1 for an up-scaled application to produce
a fruity, non-alcoholic beer, RSM was performed. Michel et al. [46] applied RSM to optimize the
fermentation conditions of a Torulaspora delbrueckii strain for brewing purposes. They found that the
pitching rate and fermentation temperature were crucial parameters, which influenced the flavor
character of the final beer. The optimal fermentation conditions were shown to be at 21 ◦C with a high
pitching rate of 60 × 106 cells/mL. Especially for non-Saccharomyces yeasts, the pitching rate can be
crucial since most non-Saccharomyces species have comparably smaller cell sizes [46]. Figure 2 shows
an example of the differing cell size between Cyberlindnera subsufficiens strain C6.1 (A) and the brewers’
yeast strain Saccharomyces cerevisiae WLP001 (B) at identical magnification.

Figure 2. Scanning electron microscopy (SEM) picture of Cyberlindnera subsufficiens strain C6.1 (A) and
the brewers’ yeast strain Saccharomyces cerevisiae WLP001 (B) at a magnification of × 3700. Size of bar:
5 μm.

It is also known that temperature and pitching rate have an influence on ester production,
though strain-specific differences also play a role [4,6]. Previously reported fermentation temperatures
of Cyberlindnera subsufficiens and other Cyberlindnera spp. range from 20 to 25 ◦C [12,17,19,20,47].
Consequently, a two-factorial, face-centered central composite design was chosen with Factor A:
fermentation temperature (17, 22, 27 ◦C), and Factor B: pitching rate (10, 35, 60 × 106 cells/mL). The
individual experiment runs are listed in Table 2. The wort extract applied in the RSM trial was the same
as that used for the screening, at an extract content of 7 ◦P (Table 1). Fermentation was conducted until
no change in extract could be measured for two consecutive days. With the measured response values,
significant models could be produced. The significant response models, with their respective minima
and maxima and a summary of the model statistics, are shown in Table 7. Insignificant response
models are not shown, and response models with a significant lack of fit will not be discussed in this
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study but are included in the visualized data for the sake of a complete picture. For a full report on
model statistics and response values, refer to the supplementary Data Sheet S1.

Table 7. Analysis of variance (ANOVA) results for response models of the response surface methodology
(RSM) trial.

Response Unit Minimum Maximum Model P-Value
LOF

P-Value

Ethanol % ABV 0.41 0.60 RQuadratic 2.80 × 10−3 ** 0.648
Ethyl acetate mg/L 3.4 9.3 2FI 3.12 × 10−2 * 0.007 **

Isoamyl acetate mg/L 0.8 2.2 RQuadratic 1.42 × 10−2 * 0.046 *
Acetaldehyde mg/L 1.9 3.4 RLinear 1.35 × 10−3 ** 0.337

n-Propanol mg/L 3.2 4.5 2FI 9.03 × 10−3 ** 0.029 *
Isobutanol mg/L 3.2 6.7 RQuadratic 4.30 × 10−9 *** 0.145

Isoamyl alcohols mg/L 7.3 13.3 Quadratic 2.67 × 10−5 *** 0.270
Σ Esters mg/L 4.2 11.1 RQuadratic 1.48 × 10−2 * 0.018 *

Σ Alcohols mg/L 13.7 22.9 RQuadratic 3.28 × 10−8 *** 0.339
Glycerol g/L 0.17 0.37 RQuadratic 4.85 × 10−5 *** 0.034 *

Acceptance - 1.08 3.38 Linear 1.31 × 10−2 * 0.377
Fruitiness - 1.13 3.38 Linear 7.31 × 10−3 ** 0.484

Model terminology: “RQuadratic” Reduced Quadratic; “2FI” Two-Factor Interaction; “RLinear” Reduced Linear.
“LOF” Lack of Fit. ANOVA significance codes: *** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05.

It was possible to create significant models for 12 responses (Table 7). However, five also
exhibited significant lack of fit (LOF), rendering them unusable for predictions. The aim of the RSM
was to investigate the optimal fermentation conditions to create a fruity, non-alcoholic beer. The
three-dimensional response surface plots of the interactive effects of temperature and pitching rate on
the final ethanol content and the fruitiness of the produced NAB are shown in Figures 3 and 4.

Figure 3. Three-dimensional response surface plot of the interactive effects of temperature and pitching
rate on the ethanol content of the produced non-alcoholic beer (p < 0.01).
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Figure 4. Three-dimensional response surface plot of the effects of temperature and pitching rate on
the fruitiness of the produced non-alcoholic beer (p < 0.01).

Ethanol content was lowest at a low temperature of 17 ◦C and low pitching rate (107 cells/mL),
and it went up with increasing temperature and pitching rate, but lowered again at a high pitching
rate combined with a high fermentation temperature (Figure 3). The minium and maximum values
were 0.41% and 0.60% ABV. Sugar analysis revealed that at 17 ◦C and 107 cells/mL, about 0.5 g/L of
glucose was remaining after fermentation, while it was fully depleted in worts fermented at higher
pitching rates and higher temperatures (data not shown). The residual sugar explained the lower
final ethanol concentration. Fructose was only fully depleted in the samples that were fermented at
27 ◦C. At 22 ◦C, fermented samples exhibited residual fructose concentrations between 0.2 and 0.5 g/L,
and at 17 ◦C, fermented samples showed remaining fructose concentrations between 0.2 and 0.7 g/L.
Acetaldehyde concentrations were only dependent on the pitching rate, with increasing amounts of
acetaldehyde found at lower pitching rates (Figure A1). This result correlates with other studies that
found a decrease in acetaldehyde with increasing pitching rate in wort fermentations with brewers’
yeasts [48,49]. However, overdosing yeast (>5 × 107 cells/mL) can lead to an increase in acetaldehyde
again, as observed by Erten et al. [50]. The temperature did not have a significant effect on the
acetaldehyde concentration and was therefore excluded from the model (p = 0.39; supplementary
Data Sheet S1). However, regarding higher alcohols, the fermentation temperature had a stronger
effect, with increasing amounts of higher alcohols found at higher temperatures (Figures 5 and A2),
which is consistent with the literature [4,5]. Isoamyl acetate concentrations were generally high and
ranged from 0.8 to 2.2 mg/L. Although the model was significant (p < 0.05), it was unsuitable for value
prediction due to a significant lack of fit (p = 0.046).

Interestingly, the production of the esters ethyl acetate and isoamyl acetate did not show a clear
correlation to temperature, which underlines that the general rule of thumb, that higher fermentation
temperatures lead to increased ester production, is not valid for all yeast strains (Figure 5) [4].
Furthermore, the amount of esters that were quantified in this study did not correlate with the
perceived fruitiness of the NAB, which tentatively suggests that the fruity flavor profile was caused by
yet unidentified compounds (Figure 5).
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Figure 5. Map visualizing correlations of response surface methodology (RSM) factors and responses
based on the Pearson Correlation Coefficient. 1 signifies strong positive correlation, 0 signifies no
correlation, and −1 signifies a strong negative correlation.

In terms of fruitiness, a low fermentation temperature paired with a low pitching rate led to the
highest perceived fruitiness. Indeed, the highest fruitiness was recorded at 17 ◦C and 1 × 107 cells/mL
and the lowest at 27 ◦C and 6 × 107 cells/mL, following a linear model. General acceptance showed
a strong positive correlation with the fruitiness, indicating that the panel preferred fruity samples
(Figures 5 and A3).

Due to the ideal combination of lowest ethanol content and highest fruitiness and acceptance, the
fermentation temperature of 17 ◦C and pitching rate of 1 × 107 cells/mL were chosen as the optimal
fermentation conditions for application to produce a fruity, non-alcoholic beer.

A small-scale fermentation at the optimal conditions (17 ◦C, 107 cells/mL) was conducted to
validate the RSM model. Table 8 shows the predicted mean including 95% prediction intervals (PI)
and the measured (“observed”) mean with standard deviation.

Although predicted by a significant model, the observed means for ethanol, acetaldehyde and
isobutanol values were not within the 95% prediction interval. Sugar analysis revealed the complete
depletion of glucose in the experimental fermentation trial at optimal conditions compared to the RSM
model prediction, which explained the increased ethanol production (data not shown). The moderate
success in model validation demonstrates the limitations in the application of RSM to optimize
fermentations, where small differences in substrate and process conditions can have significant
influences on the outcome. Because wort is a very complex substrate, comprising a complex mixture
of different sugars, nitrogen sources, minerals and vitamins, among others, any interpretation or the
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transfer of the RSM results to other substrates (even different wort substrates) should be made with
caution. In particular, a different sugar composition will have a significant effect on the responses when
applying maltose-negative yeasts. However, the improved fruitiness and therefore higher acceptance
of the NAB produced at low temperature and low pitching rate, the main goal from the optimization,
was significant and reproducable (Table 8).

Table 8. Response surface methodology (RSM) model validation via predicted value vs. observed value.

Response 95% PI Low Predicted Mean 95% PI High Observed Mean Std. Dev.

Ethanol * 0.33 0.40 0.48 0.53 0.01
Ethyl acetate 0.89 4.74 8.60 6.83 0.59

Isoamyl acetate 0.78 1.63 2.47 2.50 0.10
Acetaldehyde * 2.19 2.97 3.74 1.27 0.29

n-Propanol 2.68 3.28 3.88 3.57 0.06
Isobutanol * 2.91 3.23 3.54 2.80 0.10

Isoamyl alcohols 5.78 7.03 8.29 4.10 0.10
SUM Esters 3.01 7.10 11.19 9.33 0.68

SUM Alcohols * 12.84 13.74 14.64 10.47 0.31
Glycerol 0.13 0.18 0.22 0.27 0.01

Acceptance * 2.12 3.23 4.34 3.75 0.62
Fruitiness * 2.02 3.03 4.05 3.58 0.87

* Significant model with insignificant lack of fit. ‘PI’ Prediction interval.

3.6. Pilot-Scale Brewing

Despite the limited model validation, the fermentation parameters were successfully optimized to
enhance the fruity character of the NAB. Therefore, the pilot-scale brewing trial was conducted with
the optimized conditions of 17 ◦C fermentation temperature and a pitching rate of 107 cells/mL.

The grain bill of the wort for the pilot-scale brewing trial consisted of 95% pilsner malt and 5%
acidulated malt to lower the starting pH of the wort, to account for the reduced pH drop during
fermentations with non-Saccharomyces yeasts compared to brewers’ yeast. A low beer pH is desired to
prevent microbial spoilage and to ensure good liveliness of the beer [51,52]. The analytical attributes of
the wort produced at pilot-scale are shown in Table 9.

Table 9. Attributes of the wort produced on pilot-scale.

Wort attributes Unit Value

Extract ◦P 7.00 ± 0.01
pH 4.86 ± 0.01

FAN mg/L 107 ± 3
Glucose g/L 6.01 ± 0.08
Fructose g/L 0.80 ± 0.01
Sucrose g/L 2.13 ± 0.03
Maltose g/L 31.59 ± 0.44

Maltotriose g/L 9.32 ± 0.13

To assess the suitability of Cyberlindnera subsufficiens C6.1 to produce a fruity NAB, it was
compared to two commercial NABs. NAB A was a commercial non-alcoholic beer produced by
limited fermentation [29], and NAB B was a non-alcoholic beer produced by “dialysis technology” [30].
The NABs were analyzed for their extract, ethanol, FAN and glycerol content as well as their sugar
composition and concentration of volatile fermentation by-products. The results are shown in Table 10.
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Table 10. Attributes of the non-alcoholic beer (NAB) produced with C6.1 compared to two commercial
NABs, NAB A and NAB B.

NAB Attributes Unit C6.1 NAB NAB A NAB B

Extract (real) ◦P 6.60 ± 0.01 6.76 ± 0.07 7.05 ± 0.03
Extract (apparent) ◦P 6.46 ± 0.02 6.57 ± 0.06 6.86 ± 0.01

Ethanol % ABV 0.36 ± 0.00 0.50 ± 0.03 0.49 ± 0.04
pH 4.45 ± 0.01 4.29 ± 0.02 4.29 ± 0.04

FAN mg/L 96 ± 2 86 ± 6 24 ± 0
Glycerol g/L 0.30 ± 0.02 0.33 ± 0.01 1.40 ± 0.03

Glucose g/L 2.77 ± 0.05 2.74 ± 0.04 5.61 ± 0.04
Fructose g/L 1.65 ± 0.03 1.96 ± 0.03 0.19 ± 0.00
Sucrose g/L <LOD <LOD <LOD
Maltose g/L 30.27 ± 0.62 30.11 ± 0.50 17.69 ± 0.24

Maltotriose g/L 8.67 ± 0.24 8.31 ± 0.21 1.84 ± 0.03

Acetaldehyde mg/L 10.55 2.40 0.70
Ethyl acetate mg/L 12.00 <0.10 2.70

Isoamyl acetate mg/L 0.80 <0.1 0.70
Isoamyl alcohols mg/L 4.00 4.80 17.40

n-Propanol mg/L 2.20 <0.5 2.50
Isobutanol mg/L 3.60 1.00 4.90

Diacetyl mg/L <0.01 0.02 0.04
2,3-Pentandione mg/L <0.01 <0.01 <0.01

Σ Esters mg/L 12.8 <0.1 3.4
Σ Alcohols mg/L 9.8 5.8 24.8

The C6.1 NAB reached final attenuation after 13 days of fermentation at 17 ◦C, at an ethanol
content of 0.36% ABV. At the end of fermentation, 2.77 g/L glucose was remaining in the wort and
sucrose was fully depleted. Compared to the initial sugar concentration of the wort (Table 9), fructose
concentrations in the final beer were significantly higher, at 1.65 g/L, twice as high as the starting
concentration in the wort. Since sucrose was fully depleted, it can be assumed that it was converted to
glucose and fructose by the yeast’s invertase. The high residual fructose could therefore be attributed
to the previously observed glucophilic character of the C6.1 strain in the screening and RSM trial.
As a result, fructose was not consumed by the yeast due to the permanent presence of glucose until
fermentation came to a halt. As expected, maltose and maltotriose consumption was negligible. Despite
the limited fermentation, C6.1 produced a relatively high amount of esters, at 12.8 mg/L, the majority of
which was ethyl acetate (12 mg/L). NAB A had an ethanol content of 0.50% ABV. Interestingly, the sugar
composition was very similar to that of the C6.1 NAB. Regarding fermentation by-products, however,
NAB A exhibited very low concentrations, at about half the amount of higher alcohols and a total lack
of the esters ethyl acetate and isoamyl acetate. NAB B had an ethanol content of 0.49% ABV. Owing to
its fundamentally different production method, the analyzed attributes were very different from those
of the two NABs produced solely by limited fermentation. The low FAN content together with a high
glycerol content compared to the other NABs were indicators of a more extensive fermentation, with
subsequent removal of ethanol. However, NAB B still exhibited high amounts of monosaccharides,
which suggested that the production of the NAB either also entailed a limited fermentation, or the
dealcoholized beer was blended with wort (or other means of sugar addition). The increased amounts
of higher alcohols in NAB B, at 24.8 mg/L, are uncommon for beers dealcoholized via dialysis, since
the process commonly reduces their content in the final NAB by 90%–95% [7]. Despite the addition of
acid malt during the wort production for the C6.1 NAB, the final pH after fermentation was, at 4.45,
higher compared to 4.29 in the commercial NABs.

Due to the high amounts of residual sugars, proper pasteurization is essential for non-alcoholic
beers produced by limited fermentation to avoid microbial spoilage [1,38,53]. After bottling, C6.1 NAB
was therefore pasteurized with approximately 23 PU, and the successful pasteurization was confirmed
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by plating the pasteurized NAB on agar to check for microorganism growth, which was found to
be negative.

3.7. Sensory Evaluation

For a holistic evaluation of the C6.1 NAB compared to the two commercial NABs, a sensory trial
was conducted with 10 trained and experienced panelists. The panel was asked to describe the flavor
of the beer in their own words, followed by an assessment of several intensity attributes. The mean
score values of the parameters wort-like, floral, fruity, citrus-like and tropical aroma, as well as sweet
taste, of the NABs are shown in Figure 6.

Figure 6. Spider web with the means of the descriptors from the sensory trial of the NAB produced
with Cyberlindnera subsufficiens C6.1 and the two commercial NABs. Different letters next to data points
indicate a significant difference as per Tukey’s post hoc test. Significance codes: *** p ≤ 0.001, ** p ≤ 0.01.

The NAB produced with C6.1 was described as very fruity with aromas of pear, banana, mango
and maracuja together with a slightly wort-like character. NAB A was described as malty, wort-like
and hoppy, while NAB B was described as wort-like and caramel-like. The C6.1 NAB was indeed
evaluated as being significantly more fruity than the commercial NABs (p ≤ 0.01), at an average of
3.6 out of 5 compared to 2.1 and 2.2 out of 5, scoring also higher in citrus-like and tropical aromas.
Consequently, the wort-like aroma, one of the most criticized flaws of NABs produced by limited
fermentation [1,2,52], was least pronounced in the NAB produced with C6.1 with an average of 1
out of 5, followed by NAB B with 1.8 out of 5. NAB A exhibited, at an average of 3.2, a significantly
more pronounced wort-like aroma (p ≤ 0.001). A sweet taste, caused by a high amount of residual
sugars, is another major point of criticism for NABs produced by limited fermentation [1,2,52]. All
NABs scored similarly in sweet taste without significant differences. NAB B scored lower for “floral”
compared to the other NABs. However, the difference was not statistically significant. When the
panelists were asked for their favorite sample, 40% chose C6.1 NAB, 40% chose NAB A, and 20% chose
NAB B. Similarly, Strejc et al. [3] investigated the production of a non-alcoholic beer (0.5% ABV) by a
cold contact process (characterized by a low temperature and high pitching rate) with a mutated lager
yeast strain (Saccharomyces pastorianus). The strain’s targeted mutation resulted in an overproduction of
isoamyl acetate and isoamyl alcohols. The authors reported that the fruity flavour of the NAB produced
with the mutated strain was “partially able to disguise” the typical wort-like off-flavor [21]. However,
the isoamyl acetate concentration of the resulting NAB was, at 0.5 mg/L, lower than the concentration
in the C6.1 NAB in this study (Table 10). Furthermore, the complex mutation and isolation procedure
paired with a potentially limited stability of the mutation limits its applicability in practice. Saerens
and Swiegers [22] reported the successful production of a NAB at 1000 L scale with a Pichia kluyveri
strain, owing to its high production of isoamyl acetate (2–5 mg/L), which reportedly gave the NAB
a fruity flavor that was more like that of a regular beer than commercial NABs. In accordance, the
results of the sensory indicated that a strong fruity aroma can mask the wort-like off flavor, and that
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the non-Saccharomyces yeasts, which produce a pronounced fruity character, can therefore be a means
to produce NAB with improved flavor characteristics.

4. Conclusions

The Cyberlindnera genus was found to be a promising non-Saccharomyces genus for application in
the production of a fruity, non-alcoholic beer. Four of the six investigated species produced a fruity
character, despite the limited fermentative capacity, which resulted in a low ethanol concentration.
It was shown that through optimization of the fermentation parameters of temperature and pitching
rate, the fruity character could be enhanced. Process up-scaling with Cyberlindnera subsufficiens strain
C6.1 produced a NAB that was significantly more fruity compared to two commercial NABs. Owing
to the strong fruity aroma, the often-criticized wort-like aroma could successfully be masked. Yeast
handling throughout the process (i.e., propagation, yeast pitching, fermentation) proved to be suitable
for pilot-scale brewing, with potential for application at industrial scale. Further studies should
investigate if the masking effect was enhanced by a reduction of wort aldehydes via yeast metabolism.

This study demonstrated the suitability of the non-Saccharomyces species Cyberlindnera subsufficiens
for the production of non-alcoholic beer (<0.5% ABV) with novel flavor characteristics that can compete
with commercial NABs. The successful pilot-scale (60 L) brewing trial gives prospect to future studies
with diverse non-Saccharomyces yeasts and strengthens their position as a serious and applicable
alternative to established methods in non-alcoholic and low alcohol beer brewing.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-5637/5/4/103/s1, Data
Sheet S1: RSM response values and model statistics.
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Appendix A

Figure A1. Three-dimensional response surface plot of the effect of pitching rate on the acetaldehyde
content of the produced NAB (p < 0.01). The factor temperature was excluded from the model due to
insignificance (p = 0.39; supplementary Data Sheet 1).

50



Fermentation 2019, 5, 103

Figure A2. Three-dimensional response surface plot of the interactive effects of temperature and
pitching rate on the sum of higher alcohols of the produced NAB (p < 0.001).

Figure A3. Three-dimensional response surface plot of the effects of temperature and pitching rate on
the overall acceptance of the produced NAB (p < 0.05).
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52. Brányik, T.; Silva, D.P.; Baszczyňski, M.; Lehnert, R.; Almeida, E.; Silva, J.B. A review of methods of low
alcohol and alcohol-free beer production. J. Food Eng. 2012, 108, 493–506. [CrossRef]

53. Rachon, G.; Rice, C.J.; Pawlowsky, K.; Raleigh, C.P. Challenging the assumptions around the pasteurisation
requirements of beer spoilage bacteria. J. Inst. Brew. 2018, 124, 443–449. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

54



fermentation

Article

Evolution of Aromatic Profile of Torulaspora
delbrueckii Mixed Fermentation at
Microbrewery Plant

Laura Canonico 1,*, Enrico Ciani 2, Edoardo Galli 1, Francesca Comitini 1 and Maurizio Ciani 1,*

1 Department of Life and Environmental Sciences, Marche Polytechnic University, Via Brecce Bianche,
60131 Ancona, Italy; edogah@hotmail.it (E.G.); f.comitini@univpm.it (F.C.)

2 Birra dell’Eremo, Microbrewery, Via Monte Peglia, 5, 06081 Assisi, Italy; enrico@birradelleremo.it
* Correspondence: l.canonico@univpm.it (L.C.); m.ciani@univpm.it (M.C.); Tel.: +39-071-2204150 (L.C.);
+39-071-2204987 (M.C.)

Received: 10 December 2019; Accepted: 6 January 2020; Published: 8 January 2020

Abstract: Nowadays, consumers require quality beer with peculiar organoleptic characteristics and
fermentation management has a fundamental role in the production of aromatic compounds and in
the overall beer quality. A strategy to achieve this goal is the use of non-conventional yeasts. In this
context, the use of Torulaspora delbrueckii was proposed in the brewing process as a suitable strain
to obtain a product with a distinctive aromatic taste. In the present work, Saccharomyces cerevisiae/T.
delbrueckii mixed fermentation was investigated at a microbrewery plant monitoring the evolution of
the main aromatic compounds. The results indicated a suitable behavior of this non-conventional
yeast in a production plant. Indeed, the duration of the process was very closed to that exhibited by
S. cerevisiae pure fermentation. Moreover, mixed fermentation showed an increase of some aromatic
compounds as ethyl hexanoate, α-terpineol, and β-phenyl ethanol. The enhancement of aromatic
compounds was confirmed by the sensory evaluation carried out by trained testers. Indeed, the beers
produced by mixed fermentation showed an emphasized note of fruity/citric and fruity/esters notes
and did not show aroma defects.

Keywords: Torulaspora delbrueckii; craft beer; microbrewery plant; mixed fermentation; aroma profile

1. Introduction

In the last years, there has been a worldwide growth in microbreweries, which leads to competition
in the beer market to find new beers and also those that are characterized by peculiar aroma taste. To
achieve this, the brewers paid attention to the ingredients which are water, malts, hops, and yeast [1–4].
In particular, the brewers focused their attention on the yeast strains to use in brewing fermentation
which are selected not only for their good fermentation efficiency but also for their characteristic aroma
and flavors.

In this regard, several recent investigations were focused on the selection of non-conventional
yeasts [5–8]. Non-Saccharomyces yeasts represent a large source of biodiversity to produce new
beer styles. In the last years, different non-Saccharomyces yeasts were proposed in brewing, such as
Brettanomyces bruxellensis, Torulaspora delbrueckii, Candida shehatae, Candida tropicalis, Zygosaccharomyces
rouxii, Lachancea thermotolerans, Saccharomycodes ludwigii, and Pichia kluyveri [9–13]. T. delbrueckii is one
of the most well-known non-Saccharomyces yeasts and it can be found in wild environments such as
plants and soils as well as in wine or in fermented food processes. In the brewing process, T. delbrueckii
received particular attention due to its ability to ferment maltose, produce ester compounds, and
biotransform the monoterpenoid flavor compounds of hops [12,14–16]. In particular, T. delbrueckii can
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improve the amount of different fruity aromas, such as β-phenyl ethanol (“rose” flavors), n-propanol,
iso-butanol, amyl alcohol (“solvent brandy” aroma), and ethyl acetate [17–19].

Canonico et al. [6,12] evaluated the use of T delbrueckii for beer production, both pure and in mixed
cultures with different S. cerevisiae starter strains. T. delbrueckii in mixed fermentation with different
S. cerevisiae starter strains showed different behavior and resulting in beers with distinctive flavors.
Generally, the main aromatic compounds that were affected by T. delbrueckii are some fruity esters.
Furthermore, in mixed fermentation, T. delbrueckii provided higher levels of higher alcohols, in contrast
to data obtained in winemaking, where higher alcohols had lower levels. Moreover, beers obtained
with T. delbrueckii pure cultures were characterized by a distinctive analytical, aromatic profile, and a
low alcohol content (2.66% v/v) [12].

Michel et al. [16] investigated different T. delbrueckii strains coming from different habitats. One
strain was able to produce a fruity and floral aroma (β-phenyl ethanol) and amyl alcohols. Furthermore,
two strains were found to be suitable for producing low-alcohol beer owing to their inability to
ferment maltose and maltotriose but still produced good flavor. However, investigation into the
use of non-conventional yeasts in the brewing process has been performed at a laboratory scale or
at a pilot scale while validation trials are lacking at the industrial level, which would give a more
accurate assessment of their brewing ability. For this reason and based on the results of previous
investigations [6,12] in this study, the contribution of T. delbreuckii in mixed fermentation with S.
cerevisiae starter strain at inoculum ratio 1:20 was assessed at the microbrewery plant. The effect of this
non-conventional yeast in mixed fermentation on the evolution of biomass and aroma profile as well
as on the final beer composition was evaluated. The sensorial profile of the final beers was also tested.

2. Materials and Methods

2.1. Yeast Strains

T. delbrueckii DiSVA 254 comes from the Yeast Collection of the Department of Life and
Environmental Sciences (DiSVA) of the Polytechnic University of Marche (Italy). T. delbrueckii
strain DiSVA 254 and S. cerevisiae commercial strain US-05 (Fermentis, Lesaffre, Marcq En Baroeul,
France) were used in mixed fermentation at inoculum ratio 20:1 as reported in a previous study [12].
The US-05 was rehydrated following the manufacturer’s instructions and was plated on YPD agar
medium at 25 ◦C, by spreading 0.1 mL yeast suspension onto the surface of the medium.

The yeast strains were maintained on yeast extract (10 g/L), peptone (20 g/L), dextrose (20 g/L),
(YPD) agar (18 g/L) at 4 ◦C, for short-term storage, and in YPD liquid with 80% (w/v) glycerol at −80 ◦C
for long-term storage.

2.2. Wort Production and Fermentation Condition

The wort used for the trials was produced at Birra dell’Eremo Microbrewery (Assisi, Italy) from a
batch of 1500 L in duplicate fermentations. The wort was made with pilsner malt (100%), the Cascade
hop variety, and produced according to the scheme reported by Canonico et al. [6]. The main analytical
characters of this wort were pH 5.5, specific gravity 12.3◦ GPlato, and 20 IBU. The fermentation process
was carried out in 2 different batches of 1500 L at 20 ◦C.

2.3. Growth Kinetics

The biomass evolution was monitored during the fermentation process using viable cell counts
on WL Nutrient Agar (Oxoid, Hampshire, UK) and Lysine Agar (Oxoid, Hampshire, UK). Lysine Agar
is a medium unable to support the growth of S. cerevisiae [20] for the differentiation of T. delbrueckii
yeast from S. cerevisiae US-05 starter strain.
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2.4. Bottle Conditioning

At the end of the fermentation process, the beers obtained were transferred into 500-mL bottles,
adding 5.5 g/L of sucrose. The secondary fermentation in the bottle was carried out at 18–20 ◦C for
7–10 days.

2.5. Analytical Procedures

The contents of acetaldehyde, ethyl acetate, higher alcohols (n-propanol, isobutanol, amyl alcohol,
isoamyl alcohol) were determined by direct injection into a gas–liquid chromatography system. The
volatile compounds were determined by the solid-phase microextraction (HS-SPME) method. Five ml
of each sample was placed in a vial containing 1g NaCl closed with a septum-type cap. HS-SPME was
carried out under magnetic stirring for 10 min at 25 ◦C. After this period, an amount of 3-octanol as
the internal standard (1.6 mg/L) was added and the solution was heated to 40 ◦C and extracted with
a fiber Divinylbenzene/Carboxen/Polydimethylsiloxane (DVB/CAR/PDMS) for 30 min by insertion
into the vial headspace. The compounds were desorbed by inserting the fiber into the Shimadzu gas
chromatograph GC injector for 5 min. A glass capillary column was used: 0.25 μm Supelcowax 10
(length, 60 m; internal diameter, 0.32 mm). The fiber was inserted in split–splitless mode: 60 s splitless;
the temperature of injection, 220 ◦C; the temperature of detector, 250 ◦C; carrier gas, with nitrogen; flow
rate, 2.5 mL/min. The temperature program was 50 ◦C for 5 min, 3 ◦C/min to 220 ◦C, and then 220 ◦C
for 20 min. The compounds were identified and quantified by comparisons with external calibration
curves for each compound.

2.6. Sensorial Analysis

At the end of the fermentation process, the beers obtained were transferred into 330-mL bottles,
adding 5.5 g/L sucrose. The secondary fermentation in the bottle was carried out at 18–20 ◦C for 7–10
days. After this period, the beers were stored at 4 ◦C underwent sensory analysis using a scale from 1
to 10 (Analytica EBC, 1997). This was carried out by a group of 14 trained testers, that evaluated the
main aromatic notes regarding the olfactory and gustatory perception and structural features. The
data were elaborated with statistical analyses to obtained information about the contribution of each
descriptor on the organoleptic quality of beer.

2.7. Statistical Analysis

Analysis of variance (ANOVA) was applied to the main characteristics of the beers. The means
were analyzed using the STATISTICA 7 software. The significant differences were determined by the
means of Duncan tests, and the results were considered significant if the associated p-Values were
< 0.05. The results of the sensory analysis were also subjected to Fisher ANOVA, to determine the
significant differences with a p-Value < 0.05.

3. Results

3.1. Yeast Species Evolution

The growth kinetics of T. delbrueckii in mixed fermentations and S. cerevisiae pure culture were
reported in Figure 1.

The growth kinetics of the S. cerevisiae US-05 pure cultures achieved ca. 107 CFU/mL at 3 days
of fermentation and decreased at 106 CFU/mL until the end of fermentation. Regarding the mixed
fermentation, S. cerevisiae reached cell concentrations <106 CFU/mL at 3 days of fermentation and
decreased at 105 CFU/mL, while T. delbrueckii, started at a concentration >106 CFU/mL, achieved
the maximum cell concentration at 3 days of fermentation (107 CFU/mL), and decreased at the end
of fermentation (106 CFU/mL). The results for mixed fermentation indicated that T. delbrueckii at
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20-folds higher than S. cerevisiae dominated the fermentation process and highlighted a high level of
competitiveness of T. delbrueckii towards S. cerevisiae commercial strain.

Figure 1. Growth kinetics of pure and mixed fermentation. Pure culture of S. cerevisiae ( ),
S. cerevisiae ( ), and T. delbrueckii ( ) individually for the mixed fermentation.

3.2. Main Analytical Profile

The analytical compositions of the beers are reported in Table 1.

Table 1. The main analytical characteristics of the beer produced by pure and mixed fermentations.

Fermentation
Wort Gravity

Attenuation (◦P)
Ethanol
% v/v

Residual
Sucrose g/L

Residual
Glucose g/L

Residual
Maltose g/L

S. cerevisiae
pure culture 2.85 ± 0.00 4.75 ± 0.03 0.00 ± 0.00 0.00 ± 0.00 0.06 ± 0.02

S. cerevisiae/T.
delbrueckii 2.79 ± 0.17 4.68 ± 0.05 0.24 ± 0.02 0.02 ± 0.01 1.36 ± 0.14

Data are means ± standard deviation. The initial composition of the sugars in the wort was sucrose 5.9 g/L; glucose
8.2 g/L; maltose 61.76 g/L. The wort gravity at the start was 12.3 ◦P.

Both trials finished the process on the 10th day of fermentation highlighting that T. delbrueckii in
the condition used at the microbrewery plant did not influence the time of the fermentation process.

S. cerevisiae/T. delbrueckii mixed fermentation and S. cerevisiae pure fermentation, produce beer
with a comparable amount of ethanol content and final values of ◦P. Regarding the residual sugar, both
fermentation trials consumed all sucrose and glucose content, while beer brewed by S. cerevisiae/T.
delbrueckii mixed fermentation exhibited a slightly higher amount of maltose.

3.3. By-Products and Volatile Compounds

The main volatile compound by-products are reported in Table 2.
For the main volatile compound by-products, S. cerevisiae US-05/T. delbrueckii mixed fermentations

showed different profiles to those produced by S. cerevisiae US-05 pure fermentation. In particular, the
evolution of the main aroma compounds during the fermentation process showed thatβ-phenyl ethanol
significantly increases in mixed fermentation in all steps of the fermentation process if compared with
S. cerevisiae starter strain pure culture. Differently, there were no significant differences between the
trials for amyl and isoamyl alcohol content with the exception of S. cerevisiae pure culture trials, which
exhibited a lower amount of these two alcohols at the first step of fermentation (after one day).
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Acetaldehyde content showed a different trend: pure culture trials showed a progressive reduction
of this carbonyl compound during the fermentation, while the S. cerevisiae/T. delbrueckii mixed
fermentation exhibited the same acetaldehyde content during the process. Ethyl acetate and ethyl
hexanoate were detected only in mixed fermentation until the beginning of fermentation. The same
trend was also exhibited by α-terpineol. Moreover, regarding ethyl hexanoate and α-terpineol, there
was a significant increase at the end of fermentation. For isoamyl acetate content, the results did not
show a significant difference between the two fermentations.

3.4. Sensory Analysis

The beers obtained by pure and mixed fermentations underwent sensory analysis, and the results
were illustrated in Figure 2.

Figure 2. Sensory analysis of beer produced in the microbrewery plant by the T. delbrueckii mixed
fermentation. From pure cultures of S. cerevisiae ( ) and mixed cultures of S. cerevisiae/T. delbrueckii

( ). (A) Olfactory analysis; (B) gustatory analysis. DMS, dimethyl sulfide. * = Significantly
different (Fisher ANOVA).

All of the beers analyzed showed significant differences for their main aromatic notes regarding
the olfactory and gustatory analysis. In particular, for the main sensorial descriptors, the data showed
that the beer obtained with the mixed fermentation was significantly different from that of the S.
cerevisiae US-05 starter strain for a variety of the sensorial characteristics. Regarding olfactory analysis
(Figure 2A), beers brewed with S. cerevisiae/T. delbrueckii mixed fermentation showed a bouquet with
notes that emphasized the fruity/esters, fruity/citric, and caramel. Moreover, the perception of DMS
(dimethyl sulfide) and other sulfide compounds shows they are less well perceived than beers obtained
by S. cerevisiae pure culture. However, the only significant difference between the two beers was
exhibited by the cereal note, which resulted in the emphasis of the product brewed with the S. cerevisiae
starter strain.

Regarding gustatory analysis (Figure 2B), the beers obtained by mixed fermentation are
characterized by the significant perception of fruity/esters notes. The beers obtained with S. cerevisiae
pure culture were significantly characterized by hop and cereal notes.

In addition, the beers produced by T. delbrueckii mixed fermentation were characterized by a
pale yellow color, clarity, and persistent and compact foam, which are very important features in the
assessment of the quality of a beer (data not shown).

4. Discussion

The use of non-conventional yeasts in the brewing process was recently proposed with the aim to
produce beers with distinctive aromatics note or to develop a new technology to increase the typicity
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of specialty beers such as low-calorie beer, low alcohol beer, novel flavored beer, and gluten-free
beer [8,12,13,16,21–24]. In previous studies, the use of T. delbrueckii (strain DiSVA 254) in mixed
fermentation with S. cerevisiae starter strains was investigated at a laboratory scale [6,12]. The results
indicated a promising behavior of this yeast for use at microbrewery plants. Indeed, the interactions
between S. cerevisiae and T. delbrueckii produced beers characterized by a distinctive aromatic profile
(fruity/citric notes, fruity/esters notes, and full-bodied attributes) [12]. For these reasons, the application
of S. cerevisiae/T. delbrueckii was assessed at the microbrewery plant evaluating the evolution of the
volatile compounds during the fermentation process. The first relevant aspect for its application at the
industrial level was the duration of fermentation. Similarly, to the laboratory-scale trials, the brewing
process carried out with T. delbrueckii mixed fermentation showed a comparable fermentation time to
that exhibited by the S. cerevisiae starter strain showing good competitiveness with S. cerevisiae in the
co-culture. This aspect is crucial for its application in a microbrewery where for economic reasons the
fermentation process should not exceed 10–15 days.

Regarding the evolution of aroma compounds, generally higher alcohols did not show a significant
difference between mixed and pure fermentations. Regarding β-phenyl ethanol content, known for
the rose and floral aroma with an odor threshold of 10 mg/L [18], the results showed an increase in
mixed fermentation exhibiting a different trend by a previous study [6,12]. An increase of β-phenyl
ethanol was observed by Toh et al. [25] and Drosou et al. [26] highlighted that the production of this
compound was determined by T. delbrueckii and S. cerevisiae strains used in fermentation but also by
the fermentation condition.

Esters compounds produced by esterification between alcohol and short- or long-chain fatty acids
are important compounds that can affect the aroma of the beer [27]. Phenyl ethyl acetate is known for
the floral, sweet, honey, and fruity aroma with a threshold of 3.8 mg/L [16] was significantly affected
by the presence of T. delbrueckii as previously reported [6,12,26].

This study, confirming a previous study [12], showed the significant increase of ethyl hexanoate,
fruity esters associated with apple flavor [27], when T. delbrueckii was used in mixed fermentation
while a different trend was observed with different T. delbrueckii and S. cerevisiae strains [25,26]. α-
terpineol, the terpene responsible for balsamic/fruit notes, was detected only in mixed fermentation
and highlighted that these aroma compounds were related to T. delbrueckii.

Regarding the evolution of the main aroma compounds during fermentation, the S. cerevisiae pure
culture and mixed fermentation exhibited a different trend. In particular, the evolution of acetaldehyde
content is related to a different metabolic pathway of S. cerevisiae and T. delbrueckii. Indeed, in S.
cerevisiae fermentation the acetaldehyde content decreased during the fermentation process, while in
mixed fermentation the content of this carbonyl compound remains similar from beginning to end.
The same trend was also exhibited for the main alcohol compounds.

Few works are present in the literature regarding the application of T. delbrueckii in the brewing
process and there are no data about its use at the industrial level. These results confirming the
fermentation behavior of T. delbrueckii in mixed fermentation, emphasize and reinforce its possible use
at the industrial level allowing one to obtain beers with characteristics different from those obtained
with S. cerevisiae starter strains and with a sensory profile appreciated by tasters.
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Abstract: Flocculation or cell aggregation is a well-appreciated characteristic of industrial brewer’s
strains, since it allows removal of the cells from the beer in a cost-efficient and environmentally-friendly
manner. However, many industrial strains are non-flocculent and genetic interference to increase the
flocculation characteristics are not appreciated by the consumers. We applied adaptive laboratory
evolution (ALE) to three non-flocculent, industrial Saccharomyces cerevisiae brewer’s strains using
small continuous bioreactors (ministats) to obtain an aggregative phenotype, i.e., the “snowflake”
phenotype. These aggregates could increase yeast sedimentation considerably. We evaluated the
performance of these evolved strains and their produced flavor during lab scale beer fermentations.
The small aggregates did not result in a premature sedimentation during the fermentation and did
not result in major flavor changes of the produced beer. These results show that ALE could be used
to increase the sedimentation behavior of non-flocculent brewer’s strains.

Keywords: Saccharomyces cerevisiae; industrial brewer’s strains; adaptive laboratory evolution (ALE);
snowflake phenotype; beer fermentation

1. Introduction

Bulk sedimentation of yeast cells during fermentation is a crucial part of the brewing process.
At the end of the fermentation, single yeast cells aggregate and form macroscopic “flocs” [1,2]. These
clumps of cells then rapidly sediment from the beer and can be harvested from the bottom (lager
fermentation) or float and can be harvested from the top (open ale fermentation) at the end of the
primary fermentation. This phenomenon allows the brewer to separate the yeast from the beer in an
effective, cost-efficient, and environmentally-friendly way, leaving only the clear and almost cell-free
product. The neatly harvested yeast can also be “repitched” into the next fermentation. The timing
of sedimentation is of considerable importance to the process. Sedimentation should not take place
prematurely and cause stuck fermentation leading to beers with low quality flavor profiles. Complete
sedimentation at the end of fermentation is preferred by the brewer, which provides the opportunity
for a neat separation of the yeast cells from the beer [3].

Flocculation is the reversible, asexual self-adhesion of yeast cells which leads to their sedimentation [4].
Although single yeast cells do sediment, the large clumps formed by flocculating cells sediment at a
much higher rate. The flocculation capacity of yeast is highly strain-dependent, influenced mainly

Fermentation 2020, 6, 20; doi:10.3390/fermentation6010020 www.mdpi.com/journal/fermentation65
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by the genetic background since expressed cell wall flocculins that are lectins, effectuate cell-cell
binding [5–7]. However, several environmental factors can affect flocculation too. Calcium availability,
pH, temperature, ethanol concentration and oxygen concentration are some of the physiological
factors that influence flocculation while physical factors such as cell surface hydrophobicity and
favorable hydrodynamic conditions can also affect formation of flocs [8–10]. The sedimentation rate is
dependent on the size, shape and density of these flocs.

Optimization of the brewer yeast towards a more flocculating phenotype can lead to a more efficient
beer production and a higher final beer quality. Recent advances in DNA sequencing, high-throughput
technologies and genetic manipulation methods have led to the molecular and genomic characterization
of the brewer’s yeast. However, the exponential increase in knowledge generated in the field of functional
genomics of yeast can only facilitate strain improvement efforts to some degree. Procedures to obtain
approval for modified GMO yeasts are complicated and consumer acceptance for a GMO-produced
beer is lacking [11,12]. These hurdles have guided researchers to look elsewhere to generate strains
with desired properties.

One attractive more “natural” approach to enhance the attributes of microorganisms is the adaptive
laboratory evolution (ALE) approach [13]. In ALE, microorganisms are cultivated under clearly defined
conditions for long periods of time, allowing metabolic engineering of microorganisms utilizing genetic
variation and selection for beneficial mutations [14,15]. Already a more-and-more used tool in microbial
strain improvement, ALE has been applied for improving yeast strains such as for the utilization of
alternative sugars by S. cerevisiae [16], increasing tolerance of S. cerevisiae to environmental conditions [17],
for increasing the fermentation capacity of a lager S. pastorianus brewing strain under hyperosmotic
conditions [18], modifying the production of flavor compounds by S. pastorianus for alcohol-free beer
production [19], the adaptation of lager strains to very high-gravity brewing conditions [20,21], and
for enhancing the fermentation rate with decreased formation of acetate and greater production of
fermentative aroma of S. cerevisiae wine strains [22,23].

Microbial cells can be cultivated in parallel serial cultures for ALE but varying population densities,
fluctuating growth rate, nutrient supply, and environmental conditions characterize this batch cultivation.
Continuous (chemostat) cultures, however, ensure more stable conditions such as constant growth rate,
tightly controlled nutrient supply and stable pH and oxygen availability [24–26].

Previously, we performed ALE of a S. cerevisiae strain in a 3D-printed continuous mini tower
fermentor using gravity as a selective pressure to obtain a snowflake phenotype [27]. In this work,
we’ve used the ALE approach for the continuous cultivation of three non-flocculating industrial
S. cerevisiae brewing strains in miniature chemostats (ministats) [28]. This simple and low-cost setup
was used to carry out adaptive evolution experiments where gravity is also the selective pressure on the
planktonic cells, which are continuously removed while aggregating cells’ sediment are retained. Stable
aggregating cells were observed during continuous cultivation, showing a “snowflake” phenotype of
unseparated daughter and mother cells. Finally, we have also demonstrated the beer fermentation
performance of these evolved strains in lab scale tall tubes fermentors.

2. Materials and Methods

2.1. Yeast Strains and Media

The industrial Saccharomyces cerevisiae brewer’s strains BCD1, BCD2, BCD3, and BCD4 were
provided by Biercentrum Delvaux (Neerijse, Belgium). The lab strains BY4742 [29], BY4742 [FLO1],
and BY4742::FLO8 [5] and the strong flocculating industrial strain BCD4 were used as control strains in
the flocculation assay. All strains were precultured in YPD (Yeast extract–peptone–dextrose) medium
(1% m/v yeast extract, 2% m/v peptone, 4% m/v glucose) overnight at 30 ◦C. For the continuous ALE
in ministats, a high-glucose medium (100 g/L D-glucose, 4 g/L (NH4)SO4, 1.5 g/L KH2PO4, 1 g/L
MgSO4·7H2O, and 5 g/L yeast extract) was used. The yeast cells and aggregates were visualized by
microscopy (Nikon Eclipse Ti2, Tokyo, Japan).
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2.2. Flocculation Assay

The assay described by D’Hautcourt and Smart [30] was used with minor modifications. Cells
were cultivated for 24 h in YPD, harvested by centrifugation and resuspended in EDTA buffer (50 mM
EDTA, pH 7) to reach an OD600nm value of 10. A sample of 50 μL was taken at 0.5 mL below the
meniscus, and the sample was diluted 20 times in a 1.5 mL cuvette with EDTA buffer (50 mM EDTA,
pH 7). The tubes were centrifuged (4000 rpm, 3 min), and the supernatant was discarded. The cells
were resuspended in 1 mL flocculation buffer A (3 mM CaSO4). The last step was repeated, but the cells
were resuspended in flocculation buffer B (3 mM CaSO4, 83 mM CH3COONa, 4% v/v ethanol, pH 4.5).
The tubes were shaken at 100 rpm for 10 min. Prior to taking 50 μL samples 0.5 mL below the meniscus,
3 min of sedimentation in a vertical position took place. The sample was diluted 20 times with EDTA
buffer in a 1.5 mL cuvette. The absorbance of both suspensions in the cuvettes was determined, and the
related flocculation percentage was calculated:

Flocculation percentage (%) =
ODEDTA −ODFlocculation bu f f er

ODEDTA
× 100

For the evolved strains, ODEDTA corresponded to the OD600nm value of the non-evolved reference
strain.

2.3. Experimental Setup with Ministats

The continuous fermentation of industrial strains was carried out in a ministat set-up (Figure S1) [28].
Briefly, 15 mL test tubes were kept in an analog heat block (VWR®, Bridgeport, NJ, USA) at 30 ◦C and
fed with high-glucose growth medium using a peristaltic pump (Type ISM833A, Ismatec®, Zurich,
Switzerland). This high-glucose growth medium was previously also used in the adaptive evolution of
S. cerevisiae strains towards a snowflake phenotype using a mini tower fermentor [27]. Medium was
supplied at a flow rate of 30 μl/min. Air from a 4-port aquarium pump was fed to the medium in the
test tube through an air filter (0.20 μm) and the needle was pushed to the bottom of the tube, in order
to agitate the solution. During the experiment, a volume of 7–10 mL was maintained. The ministats
were inoculated with 1 mL of an overnight culture. The pH, cell concentration (OD at 600 nm) and the
glucose concentration (estimated using a refractometer (Brouwland, Belgium)) were measured during
the ALE experiments.

2.4. Wort Fermentations in Tall Tubes

Laboratory-scale tall tubes, made from glass (75 cm high and 8-cm diameter), were used to assess
beer fermentation with the evolved strains (Figure S2a). The tall tubes were filled with 2 L of wort with
a density of 11 ◦P, which was provided by Biercentrum Delvaux (Neerijse, Belgium), and autoclaved
before inoculation. The evolved strains from the ALE experiment and the original brewer’s strains
BCD1, BCD2, and BCD3 were added to the tall tubes at a cell concentration of 10 × 106 cells/mL.
Fermentations were carried out in duplicates and sampled daily.

Alcolyzer Plus Beer Analyzing System (Anton Paar®, Graz, Austria) and headspace gas
chromatography (GC) (Autosystem XL, Perkin Elmer®, Waltham, MA, USA) were used for the
analyses of the fermentation process. For the GC analysis, the samples were filtered through a filter
paper (Grade MN 713 1

4 , Macherey-Nagel®, Düren, Germany). During the experiment, the apparent
extract (% m/m) and the ethanol content (% v/v) were measured. The apparent extract (Ea) is a direct
measurement of the dissolved solids in brewer’s wort, gauged according to specific gravity. During
fermentation, the fermentable carbohydrates (glucose, maltose, and maltotriose) are consumed by
the yeast and the progress of the fermentation is monitored by measuring the disappearance of these
solids [31].

Concentrations of the volatile compounds (acetaldehyde, ethyl acetate, diacetyl, propanol,
2,3-pentanedione, isobutanol, isoamyl acetate (3-methyl-1-butylacetate), isoamyl alcohol (3-methyl-
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1-butanol), and ethyl caproate) in the beer samples were determined by headspace gas chromatography
(HS-GC FID/ECD) as previously described [32,33]. Shortly, collected samples were cooled on ice and
after centrifugation, 5 mL of the cooled supernatant was transferred to a vial. The vials were analyzed
with a calibrated Autosystem XL gas chromatograph with a headspace autosampler (HS40; Perkin
Elmer, Wellesley, MA, USA), equipped with a Chrompack-Wax 52 CB column (length 50 m, 0.32 mm
internal diameter, 1.2 μm layer thickness; Varian, Palo Alto, CA, USA). Samples were heated for 16 min
at 60 ◦C in the headspace autosampler before injection (needle temperature 70 ◦C). Helium was used as
the carrier gas. The oven temperature was kept at 50 ◦C for 7.5 min, increased to 110 ◦C at 25 ◦C/min,
and was held at that temperature for 3.5 min. Detection of esters, and higher alcohols was established
with a flame ionization detector (FID); diacetyl was detected with an electron capture detector (ECD).
The FID and ECD temperatures were kept constant at 250 ◦C and 200 ◦C, respectively.

3. Results

3.1. Adaptive Evolution in Ministats

Adaptive evolution experiments were performed with the three selected non-flocculating industrial
strains using continuous cultivation in the ministats. The flocculation behavior before evolution was
assessed and compared to the non-flocculating haploid lab strain BY4742, the strongly flocculating
BY4742 [FLO1] (constitutively overexpressed FLO1), the naturally flocculating BY4742::FLO8 (functional
Flo8p) and the strongly flocculating industrial strain BCD4 (Figure 1a). The flocculation percentages
of the three industrial strains were low (<21% ± 2%), ranking them below the natural flocculating
BY4742::FLO8 reference lab strain (46% ± 4%). The strongly flocculating industrial brewer’s strain BCD4
shows the same flocculation capacity as the BY4742 lab strain with constitutively overexpressed FLO1.

For the ALE experiments, cultivation with the three strains was initiated with a dilution rate of
approximately 0.2 h−1 using a medium feeding flow rate of 30 μL/min. The cultivation was monitored
daily by measuring the glucose concentration, pH, and cell density (Figure 2). Between days 5–7,
steady-state was reached and over time, and the dilution rate was increased gradually to 0.35 h-1 (BCD1)
and 0.45 h−1 (BCD2, BCD3) to avoid wash-out and to select for larger aggregates. The continuous
cultivation was stopped after 45 days, and the yeast populations were examined by microscopy
(Figure 3). The evolved BCD2 aggregates were smaller than the BCD1 and BCD3 aggregates. The nature
of the cell clusters was determined by resuspending the cells in EDTA-buffer, which chelates Ca+2 ions
and disrupts yeast cell clusters if they are formed via flocculin-dependent adhesion. The aggregates
persisted for all three strains. This indicated that the clusters are not the result of flocculin interactions
and are likely due to failure in separation of the mother and daughter cells, described previously as the
“snowflake” phenotype [27,34–36]. The evolved strains were subsequently cultivated in batch cultures
and the aggregating phenotype was found to be stable.

The flocculation assay was repeated with the evolved strains to estimate and compare their
sedimentation velocity to that of the BCD1, BCD2, and BCD3 strains before evolution (Figure 1). All
three evolved strains showed an increase in “flocculation” percentage. Even though none of the
strains evolved towards a real flocculating phenotype, their multicellular aggregates contributed to a
significant larger sedimentation velocity.
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Figure 1. Flocculation and sedimentation behavior of laboratory and industrial strains. (a) Flocculation
percentages determined for the control strains (BY4742, BY4742::FLO8, BY4742 (FLO1), the industrial
BCD4 strain) and for the three industrial non-flocculating strains BCD1, BCD2, and BCD3 before (�)
and after (�) ALE in ministats. All measurements were performed in triplicates. (b) The sedimentation
behavior of the three industrial brewer’s strains before and after adaptive laboratory evolution (ALE)
in the ministats.

Figure 2. Cultivation of the industrial strains in the ministats: (a) BCD1, (b) BCD2, and (c) BCD3.
Glucose content (•), pH (�), OD600 nm (�), and the dilution rate (1/h) (—).
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Figure 3. Microscopic observations of the industrial strains before and after the evolution in the
ministats. Snowflake clumps are observed for each strain and could not be disrupted by treatment with
50 mM EDTA.

3.2. Performance of Evolved Strains During Beer Fermentation

The performance and behavior of the evolved yeast strains, compared to their reference strains,
were evaluated during wort fermentations in tall tubes (Figure S2a). The fermentations were monitored
by sampling and measuring cell concentration and beer characteristics such as apparent extract (Ea),
ethanol content (Table S1), and the concentration of several flavor compounds (Figure S3 and S4).

The reference strain BCD1 showed a faster fermentation capacity than the evolved strain:
The fermentation was almost completed after only 1 day as observed from the evolution of the
apparent extract and ethanol concentration (Table S1) as well as from the suspended cell concentration
(Figure S2b). The fermentation capacity of the evolved and reference BCD2 strains were similar
(Table S1). In contrast, the evolved BCD3 strain showed a faster fermentation than the reference strain
(Table S1). The evolution of the suspended cell concentrations during the fermentations for the evolved
and reference strains is shown in Figure S1b. There are no large differences observable in the number
of suspended cells between the evolved and the reference strains, except for the evolved BCD1 at the
second day of fermentation where a much lower cell concentration of the evolved strain was present.

Flavor compounds in the beer were quantified by headspace gas chromatography (Figure S3
and S4). In general, no major influence of the evolved yeast strains on the development of the flavor
profile was observed. Some remarkable observations include an increased content of vicinal diketones
diacetyl (up to 2.1 ppm) and 2,3-pentanedione (up to 0.9 ppm) during the initial stages of the fermentation
for the evolved BCD1 strain, which was decreased by the third day for both compounds to 0.1 ppm.
Also, the aliphatic higher alcohol isobutanol concentration increased to 178 ppm (compared to 53 ppm
for the reference strain) at the third day of the fermentation. The isobutanol concentration of the evolved
BCD2 strain fermentation was doubled at the second day compared to the reference strain, but was still
below the isobutanol flavor threshold of 100–200 ppm [37]. By the third day, the evolved BCD3 gave a
lower concentration of acetaldehyde than its reference, but a higher concentration of the higher alcohol
propanol and isobutanol, and the esters ethylacetate and isoamylacetate.
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4. Discussion

Miniature, low-cost chemostats (ministats) were used for adaptive laboratory evolution (ALE)
of three industrial S. cerevisiae brewer’s strains towards a more favorable, aggregating phenotype.
The three strains—BCD1, BCD2, and BCD3—were characterized with a low flocculation ability and
were continuously cultivated with high-glucose medium for 45 days. Small clusters of cells were
observed around day 15, corresponding to approximately 110 generations, which is comparable to other
S. cerevisiae ALE experiments [27,38,39]. The yeast cell clusters were not disrupted by treatment by
EDTA, which indicated that the cell-cell interactions are not based on flocculins. Microscopy showed
that the multicellular clusters look like “snowflakes”. This “snowflake” phenotype was previously
described as the result of the failed separation of daughter cells from mother cells. This phenotype is
caused by a frameshift mutation in the transcription factor ACE2, which is responsible for the activation
of the CTS1 gene encoding the chitinase necessary to break down the septum between the mother and
the daughter cells [34,36,40]. The clusters of cells formed in this way are unlike flocs in that they consist
entirely of genetically identical cells and surrounding cells can not adhere to the cluster [36].

The performance of the evolved strains was compared to the reference strains in beer fermentations
using tall tubes fermentors. During the fermentation only small aggregates of the evolved strains
were observed. These aggregates were kept in suspension during the convective mixing by the CO2

release by the fermenting yeast cells as was clear from the evolution of the suspended cell concentration
(Figure S2b). Apparently, shear stress by convective mixing will break up large aggregates and the
presence of these small aggregates will not lead to premature sedimentation during fermentation.
The CO2 production stops at the end of the fermentation and convective currents are reduced significantly.
At this moment, the sedimentation of the snowflake aggregates will be significantly faster (Figure 1b)
than the reference strains.

To assess the effect of adapted evolution of the 3 strains on the beer flavor, the evolution of a few
flavor compounds was determined during the first 3 days of the fermentation. The evolved BCD1 strain
showed an increased production of the vicinal diketones and the higher alcohol isobutanol. The synthesis
of these compounds is linked to the isoleucine–leucine–valine (ILV) pathway. Although the flavor
threshold of diacetyl (0.1–0.15 ppm [41]) was exceeded and the 2,3-pentanedione concentration was close
to the flavor threshold (1.0–1.5 ppm [41]) during the first 2 days of fermentation, these concentrations
were reduced significantly below the flavor threshold at the third day. Also, the isobutanol content in
the beer fermented by the evolved BCD1 strain was much higher than for the reference strain, but did
not exceed the flavor threshold of 100–200 ppm [37]. After 7 days, the green beer from the evolved
and the reference BCD1 strain both tasted fruity (isoamyl acetate and acetaldehyde). Although the
isobutanol concentration was larger in the beer from the evolved BCD2 strain, no difference was tasted.
In both beers, the apple flavor (acetaldehyde) could be recognized. The beer from the evolved BCD3
strain contained a higher concentration of the ester isoamyl acetate (banana aroma) and ethyl acetate
ester (fruity, solvent-like aroma), which presence could be tasted in the green beer.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-5637/6/1/20/s1,
Figure S1: The experimental setup of the ministats. Figure S2: Beer fermentations in tall tube fermenters, Figure S3
and Figure S4: Comparison of the evolution of some flavor compounds during the tall tubes’ fermentations;
Table S1: Evolution of the apparent extract and ethanol content during the tall tube fermentations.
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Abstract: All laboratories dealing with microbes have to develop a strain maintenance regime. While
lyophilization based on freeze-drying may be feasible for large stock centers, laboratories around
the world rely on cryopreservation and freezing of stocks at −80 ◦C. Keeping stocks at these low
temperatures requires investments of several thousand kW/h per year. We have kept yeast stocks for
several decades at room temperature on agar slants in glass reagent tubes covered with vaspar and
sealed with cotton plugs. They were part of the Geisenheim Yeast Breeding Center stock collection
that was started in the 19th century, well before −80 ◦C refrigeration technology was invented.
Of these stocks, 60 tubes were analyzed and around one-third of them could be regrown. The strains
were typed by sequencing of rDNA PCR fragments. Based on BlastN analyses, twelve of the strains
could be assigned to Saccharomyces cerevisiae, two to S. kudriavzevii, and the others to Meyerozyma
and Candida. The strains were used in white wine fermentations and compared to standard wine
yeasts Uvaferm/GHM (Geisenheim) and Lalvin EC1118. Even with added nitrogen, the strains
exhibited diverse fermentation curves. Post-fermentation aroma analyses and the determination of
residual sugar and organic acid concentrations indicated that some strains harbor interesting flavor
characteristics, surpassing current standard yeast strains. Thus, old strain collections bear treasures
for direct use either in wine fermentations or for incorporation in yeast breeding programs aimed at
improving modern wine yeasts. Furthermore, this provides evidence that low-cost/long-term culture
maintenance at zero-emission levels is feasible.

Keywords: strain collection; aroma profiling; gas chromatography; wine yeast; Saccharomyces;
fermentation; volatile aroma compounds

1. Introduction

At the end of the 19th century, Emil Christian Hansen at the Carlsberg Laboratory in Copenhagen,
Denmark, established the first pure culture lager yeast strain, Unterhefe No. 1 [1]. This strain then
became known as Saccharomyces carlsbergensis. The finding that one yeast strain was sufficient to
generate a fermented beverage of high quality started a new era and lead to new developments in the
beer and dairy industry. It was soon recognized by Julius Wortmann at the Geisenheim Research Center
in Germany that Hansen’s findings were also applicable to wine making [2]. This started efforts in
collecting wine yeast strains from different vineyards and wineries in the Rheingau area. These strains
were characterized for their fermentation capacity and flavor attributes. At the “Geisenheimer

Fermentation 2020, 6, 9; doi:10.3390/fermentation6010009 www.mdpi.com/journal/fermentation75
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Hefe-Reinzuchtstation” (Geisenheim Yeast Breeding Center), founded in 1894, these strains were
produced as liquid starter cultures and dispatched to the wineries upon request.

With the isolation of pure yeast cultures came the responsibility to maintain stocks of these cultures.
Wine making requires yeast starter cultures only once a year just after the grape harvest. By contrast,
yeasts for beer production are in constant use throughout the year. Even before the isolation of pure
cultures, there was an interest in generating dry yeast cakes for longer term storage. The history of
both the patents and literature in this field has been covered in depth by a recent excellent review [3].
A solid supply of dehydrated yeast became a necessity for long distance shipments, which came
around 1940 when the Fleischman Co. produced active dry yeast. This yeast required ‘reactivation’,
i.e., rehydration prior to use. In the 1970s, Lesaffre introduced an instant dry yeast which could be used
directly without reactivation. In microbiological laboratories, however, bacterial and yeast cultures are
nowadays generally preserved by storing at −80 ◦C which, since the 1970s, has become technically
feasible on a larger scale [4].

Thus, for decades after the 1880s, yeast cultures had to be kept by other means. Two techniques
used were water stocks and yeast slants covered with vaspar (a mix of paraffin and Vaseline) [5,6].
The method of storing yeasts in distilled water at room temperature, as proposed by Castellani, is not
only a cheap way of preserving cultures but is also a very effective way of culturing a collection over
many years without the need for constant propagation [7]. This method is particularly useful for
yeasts [8]. Storage of fungal cells in distilled water can be extended for 20 years [9]. Therefore, it was
stated that storing yeast cultures in distilled water may reach similar efficiencies as freezing at
−80 ◦C [10]. The use of a paraffin or vaspar overlay is also a very cheap way of yeast culturing,
although the viability may be reduced when compared to the other methods.

There are only a few long-term studies describing yeast viability, one of which used the traditional
method of yeasts grown on slants and covered by paraffin oil and found cells to be viable after
a seven-year incubation period [11]. At the Geisenheim Yeast Breeding Center, we have a large
collection of wine yeasts and non-conventional yeasts dating back to the 1890s. Samples were routinely
stored with a vaspar overlay. Of course, over time, the strain collection was transferred to either
storage in liquid nitrogen or in freezers at −80 ◦C. Nevertheless, we still stored a few samples for
over 30 years at room temperature in the old way. In this study, we examined 60 tubes containing
these decade-old samples. The yeast were restreaked, and those strains that could be regrown were
subjected to fermentation studies and volatile aroma analyses. Our results show that strain collections
can safely be stored at room temperature. Such a strain maintenance regime could contribute to energy
conservation and the reduction of CO2 emissions.

2. Materials and Methods

2.1. Strains and Media

The yeast strains used in this study are shown in Table 1, including standard wine yeast strains
used for comparison. Yeast strains were subcultured in YPD (1% yeast extract, 2% peptone, 2% glucose).
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Table 1. Strains used in this study.

Original Label Sequence-Based Assignment

Zell 1895 Saccharomyces cerevisiae

Valdepenas Criptana 1909 Saccharomyces cerevisiae

Brettanomyces claussenii IHG Berlin 1959 Meyerozyma guilliermondii

Ungstein 1892 Saccharomyces cerevisiae

Riesling Krim 1896 Saccharomyces cerevisiae

Olewig II 1896 Meyerozyma guilliermondii

Dürkheim 1892 Meyerozyma guilliermondii

Rüdesheimer Hinterhaus 1893 Saccharomyces cerevisiae

Alpiarca II 1896 Saccharomyces cerevisiae

Candida tropicalis Candida sanyaensis

Heimersheimer Ruth 1895 Saccharomyces cerevisiae

Steinberg 1893 Saccharomyces cerevisiae

Rüdesheimer Berg Saccharomyces cerevisiae

Würzburg (Stein) Saccharomyces kudriavzevii

Winningen 1892 Saccharomyces kudriavzevii

Scy 1892 Saccharomyces cerevisiae

Bordeaux 1892 Saccharomyces cerevisiae

Geisenheimer (Mäuerchen) 1893 Saccharomyces cerevisiae

Bold: to indicate true S. cerevisiae strains. These strains will be important for winemaking. The others are
non-conventional yeasts.

2.2. Molecular Analysis of Yeast Strains

Typing of the strains was determined by performing ITS-PCR (ITS, internal transcribed
spacer) using standard ITS1F-fungal specific-(5′-CTTGGTCATTTAGAGGAAGTAA-3′) and
ITS4-universal-(5′-TCCTCCGCTTATTGATATGC-3′) primers and sequencing of the PCR products as
previously described [12]. Sequencing was conducted by Starseq, Mainz, Germany.

2.3. Fermentation Conditions

Lab-scale fermentations were carried out in duplicate with a standard pasteurized white wine must
with a sugar concentration of 72 ◦Oechsle. The must was supplemented by the addition of Fermaid E
(inactivated yeast product; according to the supplier’s instructions; Lallemand, Vienna, Austria).
Cells were inoculated at a density of OD600 = 0.5. The fermentation temperature was set to 18 ◦C and
cultures were incubated with constant stirring at 300 rpm.

2.4. Analytical Methods

At the end of the fermentations, several compounds including fructose, glucose, ethanol, and
organic acids were analyzed by high-performance liquid chromatography (HPLC) with an Agilent 1100
Series (Agilent Technologies, Waldbronn, Germany). Quantitative analyses were done as described
in [13]. The HPLC equipment was equipped with a variable wavelength detector (UV/VIS) and a
refractive index detector (RID). The column for separation is an Allure Organic Acids (Restek GmbH,
Bad Homburg, Germany) with a 5 μm particle size, 60 A pore size and dimensions of 250 mm x i.d.
4.6 mm. A water-based solution of sulfuric acid (0.0139% v/v) and ethanol (0.5% v/v) was used as eluent.
Gas chromatography was conducted using a GC 7890A (Agilent, Santa Clara, CA, USA), coupled
with a MSD 5977B mass spectrometer (Agilent, Santa Clara, CA, USA). The determination of aroma
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compounds followed the analytical approach described in Belda et al. [14] according to the method of
Camara et al. [15].

3. Results

3.1. Regrowing of Dormant Strains Kept under Vaspar for Decades

At the Geisenheim Yeast Breeding Center (GYBC), we stored two racks containing 60 reagent
tubes with yeast strains. The tubes contained slants on which yeast strains were spread and grown and
then overlaid with vaspar (Figure 1). This was the standard procedure for maintaining strains at the
GYBC. The collections were generated before the introduction of −80 ◦C refrigeration. These samples
represent an even older stock as younger samples (20+ years of age) were kept in reagent tubes with
screw cap closures. The apparent age of the old samples is, therefore, estimated to be over 30 years but
less than 60 years, as one isolate carried a label with the year 1959 indicative of the year of isolation
(Table 1).

 

Figure 1. (A,B). Old samples from the Geisenheimer Yeast Breeding Center. Samples were generated as
agar slants with yeasts grown and covered in vaspar. Tubes were plugged by a cotton ball. Samples were
labeled according to the location of the isolate and the year of isolation (see Table 1).

We wanted to find out if these strains were still alive and, once propagated, what their fermentation
behavior would be like. To this end, we either took samples with an inoculation loop and restreaked them
on full medium YPD or inoculated them in liquid YPD. Astonishingly, about one-third (18 out of 60) of
the strains could be regrown and cultivated under these conditions.

The strain labels often indicated the area where these strains had been isolated and did not
necessarily identified the species. Thus, we went on to type the strains by PCR amplification of a
region of the ribosomal DNA using a standard primer pair designed for fungal species (ITS1 and ITS4).
These primers are located at the end of the 18S and start of the 28S rDNA and thus amplify the internal
transcribed spacer (ITS) region including the 5.8S rDNA. This region is highly variable and allows strain
determination to the species level. PCR products were sequenced, and the sequences compared to the
NCBI non-redundant database using BlastN. The sequence comparisons indicated that most strains
could indeed be assigned to Saccharomyces cerevisiae. Two of the strains were found to be S. kudriavzevii
while three strains matched Meyerozyma guilliermondii and one strain could be assigned to a newly
described species of Candida sanyaensis (Table 1).

3.2. Fermentation Performance

We went on to study the fermentation characteristics of the Saccharomyces strains. To this end,
strains were used to ferment a standard white wine must of 72 ◦Oechsle to which additional amino
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nitrogen was added via an inactivated yeast product (Fermaid E). Fermentations were carried out at
18 ◦C with stirring over a period of 12 days and fermentation rates were followed by daily measurements
of CO2 release. Strains were compared to the standard wine strain Lalvin EC1118 (Figure 2). It turned
out that half of the strains generated a weight loss slightly larger than Lalvin EC1118, while the other
half performed less well than Lalvin EC1118 in this respect. The largest weight loss was found with
S. cerevisiae strain Steinberg 1893 and the S. kudriavzevii strain Würzburg (Stein). Lalvin EC1118 required
a short lag phase of one day to enter alcoholic fermentation. Several of the tested yeast strains exhibited
an extended lag phase of 3–4 days, particularly the strains that later showed the greatest weight loss and
also Geisenheimer Mäuerchen, Winningen 1892, and Bordeaux 1892. Thus, even given the extended
lag phase, these strains managed a complete fermentation within the 12-day fermentation window.

 
(A) 

 
(B) 

Figure 2. Fermentation curves based on CO2 release/weight loss of Saccharomyces cultures derived from
isolates of the old collection. Release of CO2 was measured daily. (A) Strains are shown that released
more CO2 than the EC1118 control wine yeast strain. (B) Strains are shown that released less CO2 than
the EC1118 control wine yeast strain.

To analyze the fermented liquids in more detail, the residual sugars, organic acids, and final
ethanol content were determined (Table 2). Most of the Saccharomyces strains reached complete
fermentation with around 7% alcohol content. Two glucophilic strains, however, failed to utilize all of
the fructose in the 12-day fermentation time. The S. kudriavzevii strains produced less alcohol than the
S. cerevisiae strains. The two S. cerevisiae strains Rüdesheimer Hinterhaus 1893 and Heimersheimer
Ruth, while using up glucose, did not utilize fructose completely during the 12-day fermentation.
All strains showed a similar organic acid profile, with malate being the pronounced acid. Rüdesheimer
Hinterhaus 1893, on the other hand, showed a surprising amount of shikimic acid (Table 2).
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3.3. Production of Aroma Compounds

We routinely examined 28 aroma compounds, specifically alcohols and esters (Table S1).
A comparison within strains using a selection of eight major compounds is shown in Figure 3
and Table 3. While all species produced a range of compounds, it was interesting to see that a major
current wine production strain, EC1118, was actually not the highest producer of certain aroma
compounds in our assay. The three strains that produced most fruity esters were Rüdesheimer
Hinterhaus 1893, Alpiarca 1896, and Valdepenas Criptana 1909. Additionally, Rüdesheimer Hinterhaus
1893 championed the production of isoamyl acetate (acetic acid 3-methyl butyl ester) and 2-phenylethyl
acetate (acetic acid 2-phenylethylester), which is the acetate ester of 2-phenylethanol. This is apparently
a consequence of Ehrlich pathway output as regarding the production of alcohols, particularly i-butanol,
isoamylalcohol (3-methyl-butanol), and 2-phenlyethanol, the strain that came on top for each of the
compounds was also the Rüdesheimer Hinterhaus 1893 yeast (see Table S1).

(A) 

 
(B) 

 
(C) 

Figure 3. (A–C). Bar charts with selected alcohol (in mg/L) and ester (in μg/L) aroma compounds of
Saccharomyces strains compared to the EC1118 wine yeast. Flavor compounds were measured using gas
chromatography at the end of fermentation. The full list of aroma compounds is shown in Table S1.

81



Fermentation 2020, 6, 9

T
a

b
le

3
.

A
ro

m
a

co
m

po
un

d
ge

ne
ra

ti
on

de
te

rm
in

ed
at

th
e

en
d

of
fe

rm
en

ta
ti

on
.*

i-
B

u
ta

n
o

l
[m

g
/L

]
2

-P
h

e
n

y
l-

E
th

a
n

o
l

[m
g
/L

]
Is

o
a

m
y

l
A

lc
o

h
o

l
[m

g
/L

]
i-

B
u

ty
ri

c
A

ci
d

E
th

y
l-

E
st

e
r

[μ
g
/L

]
B

u
ty

ri
c

A
ci

d
E

th
y

le
st

e
r

[μ
g
/L

]
H

e
x

a
n

o
ic

A
ci

d
E

th
y

l-
E

st
e

r
[μ

g
/L

]
2

-P
h

e
n

y
le

th
y

l
A

ce
ta

te
[μ

g
/L

]
P

ro
p

io
n

ic
A

ci
d

E
th

y
l-

E
st

e
r

[μ
g
/L

]

EC
11

18
21

30
13

8
nq

20
19

5
46

64

G
H

M
40

51
19

2
nq

34
21

8
62

60

Sa
cc

ha
ro

m
yc

es
ce

re
vi

si
ae

Z
el

l1
89

5
11

2
24

23
8

34
69

4
5

7
+

34
1

6
7

V
al

de
pe

na
s

C
ri

pt
an

a
19

09
81

60
23

3
33

nq
13

8
94

9
5

U
ng

st
ei

n
18

92
90

52
16

3
41

nq
nq

10
6

23
R

ie
sl

in
g

K
ri

m
18

96
2

4
6

46
30

3
48

28
96

98
25

R
üd

es
he

im
er

H
in

te
rh

au
s

18
93

3
1

4
1

0
8

3
8

0
47

1
0

6
nq

5
0

7
57

A
lp

ia
rc

a
18

96
85

41
22

0
35

1
2

0
5

3
6

12
3

82
H

ei
m

er
sh

ei
m

er
R

ut
h

18
95

18
7

44
20

2
1

2
2

nq
nq

74
46

St
ei

nb
er

g
18

93
40

25
83

59
nq

nq
11

6
46

R
üd

es
he

im
er

Be
rg

12
6

72
2

7
1

10
4

35
25

2
67

54
Sc

y
18

92
16

4
34

25
5

1
6

2
46

17
4

98
82

Bo
rd

ea
ux

18
92

83
31

15
5

77
nq

nq
11

0
46

G
ei

se
nh

ei
m

er
M

äu
er

ch
en

18
93

74
9

5
12

0
92

18
12

1
2

9
7

41
S.

ku
dr

ia
vz

ev
ii

W
ür

zb
ur

g
(S

te
in

)
42

29
10

6
54

nq
nq

68
40

W
in

ni
ng

en
65

46
15

1
68

23
nq

85
68

*
nq
=

no
tq

ua
nt

ifi
ed

;+
=

pr
on

ou
nc

ed
va

lu
es

ar
e

sh
ow

n
in

bo
ld

an
d

hi
gh

lig
ht

ed
in

or
an

ge
.

82



Fermentation 2020, 6, 9

What was interesting to note is that some strains produced either high levels of hexanoic acid
ethylester (ethyl hexanoate) or high levels of acetic acid phenylethylester, but not of both substances.
This was observed when comparing Rüdesheimer Hinterhaus 1893 with Zell 1895 and Alpiarca 1896.
The first was low on hexanoic acid ethylester but produced high levels of 2-phenylethyl acetate,
while the latter strains produced high levels of hexanoic acid ethylester and much lower levels of
2-phenylethyl acetate (Table 3, Figure 3; see Section 4).

4. Discussion

Alcoholic beverage production has been carried out by spontaneous fermentation throughout
the ages, and today, often still the preferred method of fermentation for some. In beer and baking
enterprises, it was already realized in the middle ages that there are special properties in the slurry
that leavens bread and makes beer ferment and foam. It was the traditional occupation of a ‘Hefner’ in
Germany to maintain and provide sufficient supplies of this leavening activity [16]. Yet, as it was not
clear what the causal activity in the slurry was, the German ‘Reinheitsgebot’ (purity law) from 1516
only stated that beer should be brewed using barley malt, hops, and water. With the work of Pasteur,
published in his Etudes sur le vin and Etudes sur la biere, and the work of others, it became evident
that yeast, Saccharomyces cerevisiae, was responsible for the observed fermenting power.

The pure yeast strain isolation procedure worked out by Hansen was transferred to the wine
industry by the German Julius Wortmann, who founded the ‘Geisenheim Yeast Breeding Center’ in
1894 [1,2]. The isolation of pure yeast strains in Geisenheim had been initiated in the early 1890s
and these strains are still preserved today. Today’s strain maintenance relies on deep freezing of
culture collections at −80 ◦C, while supplies for the industry are generally provided as instant dry
yeasts [17,18].

Yet, at the Geisenheim Yeast Breeding Center, stocks were originally maintained as slants with
a paraffin overlay. Cultures were stored either in this manner or, even simpler, in plain water [5,6].
A recent report analyzed long-term storage (12 years) of >1000 stocks and provided evidence that
water storage yielded survival rates of 98.9%, closely resembling that of frozen stocks (99.5%), while
survival rates under a mineral oil layer were a bit less with 88.2% [10]. Two racks of Geisenheim
yeast stocks were kept over the years, more as display items than out of necessity. Such a long-term
storage has not been previously reported. In fact, it is not entirely clear anymore when exactly these
stocks were generated (besides the fact that they are very old and between 30 and 60 years of age).
Collectively, these studies show, however, that yeast strain collections can be routinely kept under a
zero-emission regime, which could be used as an incentive to reduce the energy-demanding storage of
cultures at −80 ◦C.

The ‘old’ Geisenheim yeast strains can be both a heritage and a source of new strains for yeast
breeding programs. As a heritage, they could be used to strengthen the local character of wines
produced with them and thus contribute to the terroir of these wines [19–21]. To be useful as a
breeding stock, these old strains need to be characterized in more detail, preferably including their
genomes [22,23]. In our study, the yeast with the most pronounced flavor production capability of
alcohols and esters was the S. cerevisiae strain Rüdesheimer Hinterhaus 1893 (‘Hinterhaus’ refers
to backyard). It was apparent that this strain is a remarkable producer of acetate esters, but not so of
medium chain fatty esters. The former are produced by the acetyl transferases Atf1 and Atf2, while
the latter are generated by the acyl-coenzymeA:ethanol O-acyltransferases Eeb1 and Eht1 [24,25].
This suggests strong activity of the ATF alcohol acetyl-coA transferases in the Rüdesheimer Hinterhaus
strain isolated already in 1893, with reduced formation of medium chain fatty acids. It will be
interesting to explore these properties through a full-scale wine fermentation trial and use in-depth
genomics and transcriptomics to generate molecular markers for yeast breeding.

The strive for more volatile aromas has spurred the search for alternative yeasts and renewed the
interest in spontaneous fermentations [26]. Yet, due to the unpredictable and inconsistent outcomes of
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spontaneous fermentations, the development of improved starter cultures or consortia may provide
better alternatives [27,28].

5. Conclusions

In conclusion, our study of yeast isolates stored for a very long period opens several new research
avenues in the use of these strains, either directly as starter cultures or as stocks for the Geisenheim
Yeast Breeding Center; both will be interesting to exploit in the future. For general use, our data and
previous work, e.g., on water cultures show that zero-emission strain-keeping of yeast cultures is
feasible and should be more generally exploited.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-5637/6/1/9/s1, Table S1.
Full list of aroma compounds.

Author Contributions: Conceptualization, J.W., D.R., and C.v.W.; methodology, K.M., B.B., S.B., H.S.; validation,
J.W., K.M., B.B., S.B., H.S.; formal analysis, J.W., K.M., S.B., H.S.; investigation, J.W., K.M., B.B., S.B., H.S.; resources,
J.W.; D.R., C.v.W. data curation, J.W., K.M., S.B., H.S.; writing—original draft preparation, J.W.; writing—review
and editing, J.W., D.R., C.v.W., K.M., B.B., S.B., H.S.; visualization, K.M. and J.W. supervision, J.W. and D.R.; project
administration, J.W. and D.R.; funding acquisition, J.W. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded in part by the European Union Marie Curie Initial Training Network
Aromagenesis 764364 (http://www.aromagenesis.eu).

Acknowledgments: We thank Judith Muno-Bender for taking photographs of the old yeast samples; Stefanie
Fritsch for calibrations of the analytical equipment and Bettina Mattner for excellent technical service and all
Department members for input and support of this project.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hansen, E.C. Recherches sur la physiologie et la morphologie des ferments alcooliques V. Methodes pour
obtenir des cultures pures de Saccharomyces et de mikroorganismes analogues. C R Trav. Lab. Carlsberg 1888,
2, 143–167.

2. Wortmann, J. Anwendung und Wirkung Reiner Hefen; Verlagsbuchhandlung Paul Parey: Berlin, Germany, 1895.
3. Gélinas, P. Active dry yeast: Lessons from patents and science. Compr. Rev. Food Sci. Saf. 2019, 18, 1227–1255.

[CrossRef]
4. Wellman, A.M.; Stewart, G.G. Storage of brewing yeasts by liquid nitrogen refrigeration. Appl. Microbiol.

1973, 26, 577–583. [CrossRef] [PubMed]
5. Castellani, A. Viability of some pathogenic fungi in distilled water. J. Trop. Med. Hyg. 1939, 42, 225–226.
6. Hartsell, S.E. The longevity of bacterial cultures under paraffin oil. J. Bacteriol. 1947, 53, 801. [PubMed]
7. Hartung de Capriles, C.; Mata, S.; Middelveen, M. Preservation of fungi in water (castellani): 20 years.

Mycopathologia 1989, 106, 73–79. [CrossRef] [PubMed]
8. Rodrigues, E.G.; Lírio, V.S.; Lacaz, C.d.S. Preservation of fungi and actinomycetes of medical importance in

distilled water. Rev. Inst. Med. Trop. Sao Paulo 1992, 34, 159–165. [CrossRef]
9. Richter, D.L. Revival of saprotrophic and mycorrhizal basidiomycete cultures after 20 years in cold storage

in sterile water. Can. J. Microbiol. 2008, 54, 595–599. [CrossRef]
10. Karabicak, N.; Karatuna, O.; Akyar, I. Evaluation of the viabilities and stabilities of pathogenic mold and

yeast species using three different preservation methods over a 12-year period along with a review of
published reports. Mycopathologia 2016, 181, 415–424. [CrossRef]

11. Henry, B.S. Viability of yeast cultures preserved under mineral oil. J. Bacteriol. 1947, 54, 264. [CrossRef]
12. Hamelin, R.C.; Berube, P.; Gignac, M.; Bourassa, M. Identification of root rot fungi in nursery seedlings by

nested multiplex pcr. Appl. Environ. Microbiol. 1996, 62, 4026–4031. [CrossRef] [PubMed]
13. Schneider, A.; Gerbi, V.; Redoglia, M. A Rapid HPLC method for separation and determination of major

organic acids in grape musts and wines. Am. J. Enol. Vitic 1987, 38, 151–155.
14. Belda, I.; Ruiz, J.; Esteban-Fernández, A.; Navascués, E.; Marquina, D.; Santos, A. Microbial contribution

to wine aroma and its intended use for wine quality improvement. Molecules 2017, 22, 189. [CrossRef]
[PubMed]

84



Fermentation 2020, 6, 9

15. Camara, J.S.; Alves, M.A.; Marques, J.C. Development of headspace solid-phase microextraction-gas
chromatography–mass spectrometry methodology for analysis of terpenoids in Madeira wines.
Anal. Chim. Acta 2006, 555, 191–200. [CrossRef]

16. Meusdoerffer, F.G. A Comprehensive History of Beer Brewing. In Handbook of Brewing: Processes, Technology,
Markets; Eßlinger, H.M., Ed.; WILEY-VCH: Weinheim, Germany, 2009.

17. Querol, A.; Barrio, E.; Huerta, T.; Ramon, D. Molecular monitoring of wine fermentations conducted by
active dry yeast strains. Appl. Environ. Microbiol. 1992, 58, 2948–2953. [CrossRef]

18. Beltran, G.; Torija, M.J.; Novo, M.; Ferrer, N.; Poblet, M.; Guillamon, J.M.; Rozes, N.; Mas, A. Analysis of
yeast populations during alcoholic fermentation: A six year follow-up study. Syst. Appl. Microbiol. 2002, 25,
287–293. [CrossRef]

19. Bokulich, N.A.; Thorngate, J.H.; Richardson, P.M.; Mills, D.A. Microbial biogeography of wine grapes is
conditioned by cultivar, vintage, and climate. Proc. Natl. Acad. Sci. USA 2014, 111, E139–E148. [CrossRef]

20. Gilbert, J.A.; van der Lelie, D.; Zarraonaindia, I. Microbial terroir for wine grapes. Proc. Natl. Acad. Sci. USA
2014, 111, 5–6. [CrossRef]

21. Capozzi, V.; Garofalo, C.; Chiriatti, M.A.; Grieco, F.; Spano, G. Microbial terroir and food innovation: The case
of yeast biodiversity in wine. Microbiol. Res. 2015, 181, 75–83. [CrossRef]

22. Peter, J.; De Chiara, M.; Friedrich, A.; Yue, J.X.; Pflieger, D.; Bergstrom, A.; Sigwalt, A.; Barre, B.; Freel, K.;
Llored, A.; et al. Genome evolution across 1,011 Saccharomyces cerevisiae isolates. Nature 2018, 556, 339–344.
[CrossRef]

23. Langdon, Q.K.; Peris, D.; Baker, E.P.; Opulente, D.A.; Nguyen, H.V.; Bond, U.; Goncalves, P.; Sampaio, J.P.;
Libkind, D.; Hittinger, C.T. Fermentation innovation through complex hybridization of wild and
domesticated yeasts. Nat. Ecol. Evol. 2019, 3, 1576–1586. [CrossRef] [PubMed]

24. Saerens, S.M.; Delvaux, F.R.; Verstrepen, K.J.; Thevelein, J.M. Production and biological function of volatile
esters in saccharomyces cerevisiae. Microb. Biotechnol. 2010, 3, 165–177. [CrossRef]

25. Saerens, S.M.; Verstrepen, K.J.; Van Laere, S.D.; Voet, A.R.; Van Dijck, P.; Delvaux, F.R.; Thevelein, J.M.
The Saccharomyces cerevisiae EHT1 and EEB1 genes encode novel enzymes with medium-chain fatty acid
ethyl ester synthesis and hydrolysis capacity. J. Biol. Chem. 2006, 281, 4446–4456. [CrossRef] [PubMed]

26. Bougreau, M.; Ascencio, K.; Bugarel, M.; Nightingale, K.; Loneragan, G. Yeast species isolated from Texas
High Plains vineyards and dynamics during spontaneous fermentations of Tempranillo grapes. PLoS ONE
2019, 14, e0216246. [CrossRef] [PubMed]

27. Jolly, N.P.; Varela, C.; Pretorius, I.S. Not your ordinary yeast: Non-Saccharomyces yeasts in wine production
uncovered. FEMS Yeast Res. 2014, 14, 215–237. [CrossRef] [PubMed]

28. Bagheri, B.; Bauer, F.F.; Setati, M.E. The impact of Saccharomyces cerevisiae on a wine yeast consortium in
natural and inoculated fermentations. Front. Microbiol. 2017, 8, 1988. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

85





fermentation

Article

Identification of Yeasts with Mass Spectrometry
during Wine Production
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Abstract: The aim of the present study was to identify yeasts in grape, new wine “federweisser”
and unfiltered wine samples. A total amount of 30 grapes, 30 new wine samples and 30 wine
samples (15 white and 15 red) were collected from August until September, 2018, from a local
Slovak winemaker, including Green Veltliner (3), Mūller Thurgau (3), Palava (3), Rhein Riesling
(3), Sauvignon Blanc (3), Alibernet (3), André (3), Blue Frankish (3), Cabernet Sauvignon (3), and
Dornfelder (3) grapes; federweisser and unfiltered wine samples were also used in our study. Wort
agar (WA), yeast extract peptone dextrose agar (YPDA), malt extract agar (MEA) and Sabouraud
dextrose agar (SDA) were used for microbiological testing of yeasts. MALDI-TOF Mass Spectrometry
(Microflex LT/SH) (Bruker Daltonics, Germany) was used for the identification of yeasts. A total of
1668 isolates were identified with mass spectrometry. The most isolated species from the grapes was
Hanseniaspora uvarum, and from federweisser and the wine—Saccharomyces cerevisiae.

Keywords: yeasts; grape; federweisser; wine; microbiota identification; MALDI-TOF MS Biotyper

1. Introduction

Yeasts naturally occur in wines and vineyards and are especially common on the grapes. Population
of yeast species on the grape is not constant and increases during the ripening process. Kloeckera apiculata
is a lemon-like cell shape yeast, which colonizes the grape surface [1]. Kloeckera apiculata comprises more
than 50% of the total healthy grape microbiota. Other yeasts like Kloeckera were isolated from the surface
of the grapes, which included mainly genera Metschnikowia, Candida, Cryptococcus, Pichia, Rhodotorula,
Zygosaccharomyces or Kluyveromyces [2]. The presence of yeasts of the genus Aureobasidium attracted
attention as a transitional genus between yeast and microscopic fungi. All the yeasts associated with
natural microbiota of grapes are wild yeast strains or non-saccharomyces. Despite the presence of
those yeasts on the surface of grapes, the wine production consists of subsequent fermentation stages,
which are typical for only particular yeast genera [3]. The Saccharomyces genus is the most important
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for the wine making process; however, this yeast is found on the grapes only in very small amounts.
Previous studies that counted Saccharomyces on grapes found as little as 50 CFU/g. Mostly wild yeasts
cultures could be found on the grapes and in freshly pressed must with colonization rates of 103 to
105 CFU/mL. During alcoholic fermentation, Saccharomyces cerevisiae is dominant, while yeasts in the
Pichia and Candida genera are widespread in finished wine. The osmotolerant yeasts Zygosaccharomyces
were reported in wines with higher content of residual sugar; yeasts of the Brettanomyces genus were
common for wines in barrels [4,5].

The most important yeasts associated with wine production were Hanseniaspora uvarum
(anamorph Kloeckera apiculata), Metschnikowia pulcherrima, Rhodotorula mucilaginosa, Rhodotorula
glutinis, Aureobasidium pullulans, Cryptococcus magnus, Pichia manshurica, Pichia membranifaciens
(anamorph Candida valida), Pichia fermentans, Pichia kluyveri, Pichia occidentalis (anamorph Candida
sorbosa), Wickerhamomyces anomalus (anamorph Candida pelliculosa; Pichia anomala is synonymous),
Cyberlindnera jadinii (Pichia jadinii is synonymous), Kregervanrija fluxuum (anamorph Candida
vini), Candida stellata, Candida inconspicua, Meyerozyma guilliermondii, Zygosaccharomyces bailii,
Brettanomyces bruxellensis (teleomorph Dekkera bruxellensis), Saccharomycodes ludwigii, Torulaspora
delbrueckii and Saccharomyces cerevisiae. Kluyveromyces marxianus and Debaryomyces hansenii
associated with grapes and are known as a contaminant in wine production. The microbiota of grapes
creates better conditions for the growth of yeasts rather than bacteria. Low pH (pH 3–3.3), high content
of sugars (mainly glucose) in grapes, and an anaerobic environment in must are necessary for ethanol
fermentation of sugars, converting them into alcohol (ethanol) and CO2 [5–8].

The aim of this study was to identify yeasts in grapes, federweisser and wine samples.

2. Materials and Methods

2.1. Collection of Grape, Federweisser and Wine Samples

An amount of 90 samples, including grape berries (n = 30), federweisser (n = 30) and wine (n = 30)
of Vitis vinifera were collected aseptically in the viticultural area of Vrbové (approximately 48◦37′12” N
and 017◦43′25” E) in 2018. The grape berry samples were transported on ice and stored at −20 ◦C until
processing. The white grape varieties Green Veltliner, Mūller Thurgau, Palava, Rhein Riesling and
Sauvignon Blanc as well as red grape varieties Alibernet, André, Blue Frankish, Cabernet Sauvignon
and Dornfelder were collected. Three sampling points in distal spatial points of different rows were used
for sampling of grape berries. Grape samples were collected in August, and processed independently.

Samples of “federweisser” were collected at the end of August 2018 and in the middle of September
2018 from the same winery as the grapes. Samples were collected into 200 mL sterile plastic bottles
and stored at 8 ± 1 ◦C in a refrigerator. Before testing, the samples (n = 30) were diluted with
sterile physiological saline (0.85%). A total of 100 μL of each dilution (10−1 to 10−5) was used for
microbiological testing.

An amount of 200 mL of each unfiltered wine (before microfiltration) and immediately after were
stored at 6–8 ◦C in a refrigerator. Collected wine samples were fermented with Saccharomyces cerevisiae
in the producing process. The samples were later incubated in the laboratory at room temperature
(25 ± 2 ◦C) for one week until the laboratory testing was initiated.

2.2. Cultivation Media

Wort agar (WA) (HiMedia, Mumbai, India), yeast extract peptone dextrose agar (YPDA) (Conda,
Madrid, Spain), malt extract agar (MEA) (Biomark, Maharashtra, India) and Sabouraud dextrose agar
(SDA) (Conda, Madrid, Spain) were used for identification of yeasts. All media were supplemented
with chloramphenicol (100 mg/L) to inhibit bacterial growth. Chloramphenicol (Biolife, Monza, Italy)
was added into cultivation media before sterilization by autoclaving at 115–121 ◦C for 15 min. The acid
base indicator bromocresol green (BG, Biolofe, Monza, Italy) (20 mg/L) (pH range: 3.8–5.4) was
added into the MEA and WA cultivation media before sterilization. Media for yeast cultivation were
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inoculated with 100 μL of the sample suspension. Inoculated agars were incubated at 25 ◦C for
3–5 days and the yeasts were identified by colony morphology (colour, surface, edge and elevation)
and reinoculated onto trypton soya agar (TSA) (Oxoid, Basingstoke, UK). Yeast species were identified
with a MALDI-TOF MS Biotyper.

2.3. Identification of Isolates with Mass Spectrometry

Qualitative analysis of yeasts isolates was performed with MALDI-TOF mass spectrometry (Bruker
Daltonics, Bremen, Germany). Isolates were put in 300 μL of distilled water and 900 μL of ethanol, and
the suspension centrifuged for 2 min at 14,000 rpm. The pellet was centrifuged repeatedly and allowed
to dry. An amount of 30 μL of 70% formic acid was added to the pellet and 30 μL of acetonitrile.
Tubes were centrifuged for 2 min at 14,000 rpm and 1 μL of the supernatant was used for MALDI
identification. Once dry, every spot was overlaid with 1 μL of an HCCA matrix and left to dry at
room temperature before analysis. Generated spectra were analyzed on a MALDI-TOF Microflex
LT (Bruker Daltonics, Bremen, Germany) instrument using Flex Control 3.4 software and Biotyper
Realtime Classification 3.1 with BC-specific software. Criteria for reliable identification were a score of
≥2.0 at species level [9].

2.4. Statistical Analysis

The statistical processing of the data obtained from each evaluation was done with Statgraphics
Plus version 5.1 (AV Trading, Umex, Dresden, Germany). For each replication the mean was calculated,
and the data set were log transformed. Descriptive statistics and logical-cognitive methods and
one-way analysis ANOVA were used in the evaluation and statistical analysis.

3. Results and Discussion

Grapes are inhabited by versatile microbial groups and have a complex microbial ecology,
including filamentous fungi, yeasts and bacteria. These microorganisms pose different physiological
characteristics and may affect the wine quality. Some species of parasitic fungi or environmental
bacteria might be only found in grapes, while other microorganisms like yeast, lactic acid and acetic
acid bacteria occur during the winemaking process [10].

The yeast count in grape ranged from 2.34 (Greener Veltliner) to 2.67 (Dornfelder) log CFU/g on
MEA, from 2.19 (Mūller Thurgau) to 2.38 (Dornfelder) log CFU/g on WA, from 2.46 (Greener Veltliner)
to 2.66 (Dornfelder) log CFU/g on YPDA, and from 1.55 (Greener Veltliner) to 1.88 (Dornfelder) log
CFU/g on SDA. The colonization of grapes with yeasts is shown in Table 1.

Table 1. Yeasts counts in grape berries on different media.

Sample
MEA WA YPDA SDA

Microbial Counts log CFU/g

Green Veltliner 2.37 ± 0.14 2.22 ± 0.06 2.46 ± 0.05 1.55 ± 0.14
Mūller Thurgau 2.34 ± 0.09 2.19 ± 0.04 2.49 ± 0.04 1.66 ± 0.22

Palava 2.36 ± 0.13 2.20 ± 0.07 2.52 ± 0.01 1.69 ± 0.17
Rhein Riesling 2.43 ± 0.01 2.17 ± 0.06 2.51 ± 0.02 1.67 ± 0.16

Sauvignon Blanc 2.40 ± 0.03 2.19 ± 0.04 2.49 ± 0.02 1.65 ± 0.12
Alibernet 2.64 ± 0.10 2.26 ± 0.08 2.53 ± 0.03 1.73 ± 0.16

André 2.66 ± 0.07 2.33 ± 0.10 2.57 ± 0.06 1.79 ± 0.05
Blue Frankish 2.64 ± 0.03 2.36 ± 0.06 2.59 ± 0.06 1.82 ± 0.04

Cabernet Sauvignon 2.66 ± 0.03 2.34 ± 0.09 2.64 ± 0.01 1.84 ± 0.02
Dornfelder 2.67 ± 0.05 2.38 ± 0.04 2.66 ± 0.04 1.88 ± 0.06

WA—wort agar; YPDA—yeast extract peptone dextrose agar; MEA—malt extract agar; SDA—Sabouraud
dextrose agar.
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ANOVA analysis was performed to inspect the significant differences among the microbial count
for individual wine varieties when different cultivation media were used (Table 2).

Table 2. One-way ANOVA for analyzed wine varieties—grapes.

Cultivation
Media

Source
Sum of
Squares

Degrees of
Freedom

Mean
Square

F Statistic p-Value

treatment 0.5779 9 0.0642 9.55 1.65 × 10−5

MEA error 0.1347 20 0.0067
total 0.7125 29

treatment 0.1755 9 0.0195 4.26 0.0025
WA error 0.0868 20 0.0043

total 0.2623 29

treatment 0.1179 9 0.0131 8.74 3.77 × 10−5

YPDA error 0.0307 20 0.0015
total 0.1487 29

treatment 0.2863 9 0.0318 1.13 0.1287
SDA error 0.3513 20 0.0176

total 0.6376 29

WA—wort agar; YPDA—yeast extract peptone dextrose agar; MEA—malt extract agar; SDA—Sabouraud
dextrose agar.

Statistically significant differences among microbial counts for individual cultivation media were
found in three of the four cultivation media used (Table 3).

Table 3. Significant differences among analyzed grape varieties for individual cultivation media.

Treatments Pair Tukey HSD p-Value Tukey HSD Inferfence

MEA

A vs. F 0.0180304 * p < 0.05
A vs. G 0.0085086 ** p < 0.01
A vs. H 0.0180304 * p < 0.05
A vs. I 0.0076352 ** p < 0.01
A vs. J 0.0068497 ** p < 0.01
B vs. F 0.0085086 ** p < 0.01
B vs. G 0.0039776 ** p < 0.01
B vs. H 0.0085086 ** p < 0.01
B vs. I 0.0035659 ** p < 0.01
B vs. J 0.0032002 ** p < 0.01
C vs. F 0.0130929 * p < 0.05
C vs. G 0.0061450 ** p < 0.01
C vs. H 0.0130929 * p < 0.05
C vs. I 0.0055127 ** p < 0.01
C vs. J 0.0049454 ** p < 0.01
E vs. G 0.0247440 * p < 0.05
E vs. I 0.0222763 * p < 0.05
E vs. J 0.0200452 * p < 0.05

WA

D vs. H 0.0395384 * p < 0.05
D vs. J 0.0206542 * p < 0.05

YPDA

A vs. H 0.0262122 * p < 0.05
A vs. I 0.0010053 ** p < 0.01
A vs. J 0.0010053 ** p < 0.01
B vs. I 0.0068426 ** p < 0.01
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Table 3. Cont.

Treatments Pair Tukey HSD p-Value Tukey HSD Inferfence

YPDA

B vs. J 0.0011070 ** p < 0.01
C vs. J 0.0085840 ** p < 0.01
D vs. I 0.0210350 * p < 0.05
D vs. J 0.0034566 ** p < 0.01
E vs. I 0.0043409 ** p < 0.01
E vs. J 0.0010053 ** p < 0.01
F vs. J 0.0168484 * p < 0.05

A—Green Veltliner; B—Mūller Thurgau; C—Palava; D—Rhein Riesling; E—Sauvignon Blanc; F—Alibernet;
G—André; H—Blue Frankish; I—Cabernet Sauvignon; J—Dornfelder; WA—wort agar; YPDA—yeast extract
peptone dextrose agar; MEA—malt extract agar; SDA—Sabouraud dextrose agar.

Different studies have evaluated the surface microbiota of grape berries due to a possible impact
on the hygienic state of the grapes and the direct influence on the winemaking process and wine
quality [11–18].

The yeasts count in “federweisser” ranged from 3.51 in Greener Veltliner and Palava to
3.80 log CFU/mL in Dornfelder on MEA. On WA, the yeasts count from 3.30 in Palava to 3.53 log CFU/mL
in Dornfelder were observed. On YPDA, the yeasts count varied from 3.24 in Rhein Riesling to
3.45 log CFU/mL in Dornfelder, and from 3.13 (Sauvignon Blanc) to 3.33 (Dornfelder) log CFU/mL on
SDA. Yeasts counts in federweisser are summarized in Table 4.

Table 4. Yeast counts in “federweisser” on different media.

Sample
MEA WA YPDA SDA

log CFU/g

Green Veltliner 3.51 ± 0.15 3.41 ± 0.06 3.37 ± 0.14 3.21 ± 0.01
Mūller Thurgau 3.54 ± 0.10 3.38 ± 0.06 3.30 ± 0.04 3.19 ± 0.03

Palava 3.51 ± 0.05 3.30 ± 0.06 3.27 ± 0.04 3.16 ± 0.05
Rhein Riesling 3.58 ± 0.06 3.34 ± 0.01 3.24 ± 0.01 3.14 ± 0.02

Sauvignon Blanc 3.56 ± 0.10 3.36 ± 0.05 3.27 ± 0.05 3.13 ± 0.02
Alibernet 3.67 ± 0.08 3.40 ± 0.06 3.29 ± 0.06 3.17 ± 0.03

André 3.70 ± 0.07 3.43 ± 0.02 3.36 ± 0.05 3.18 ± 0.06
Blue Frankish 3.74 ± 0.02 3.46 ± 0.05 3.39 ± 0.05 3.24 ± 0.09

Cabernet Sauvignon 3.76 ± 0.05 3.48 ± 0.06 3.41 ± 0.01 3.30 ± 0.04
Dornfelder 3.80 ± 0.07 3.53 ± 0.03 3.45 ± 0.06 3.33 ± 0.01

WA—wort agar; YPDA—yeast extract peptone dextrose agar; MEA—malt extract agar; SDA—Sabouraud
dextrose agar.

In study in Slovakia [19], the highest yeasts counts were on MEA for Pinot Noir—6.43 log CFU/mL
and the lowest for Moravian Muscat—4.62 log CFU/mL. The highest yeasts count on WA were in Pinot
Noir—6.39 log CFU/mL, but the lowest in Irsai Oliver—5.38 log CFU/mL. The highest count of yeasts
on wild yeast medium (WYM) was in Blue Frankish 6.33 log CFU/mL and the lowest in Dornfelder
4.20 log CFU/mL [19].

As the results show, a higher number of yeasts were detected in “federweisser” than in grape.
The young wine is a product of fermentation where S. cerevisiae was mostly found. Other species like
Hanseniaspora uvarum, Metschnikowia pulcherrima or the genera Pichia or Candida may be present during
the individual fermentation stages when the alcohol content do not exceed 4–6% [5,20]. The main
microbiota of the grape is the yeast Hanseniaspora uvarum followed by Metschnikowia pulcherrima [4].
These species also initiate the pre-alcoholic fermentation but are being replaced by the dominant S.
cerevisiae 3–4 days after fermentation. Saccharomyces cerevisiae starts to multiply within 20 days after
inoculation into the must [21].
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ANOVA analysis was performed to inspect the significant differences among the microbial count
for individual wine varieties when different cultivation media were used (Table 5).

Table 5. One-way ANOVA results for the analyzed wine varieties—federweisser.

Cultivation
Media

Source
Sum of
Squares

Degrees of
Freedom

Mean
Square

F Statistic p-Value

treatment 0.3717 9 0.0413 6.36 0.0002
MEA error 0.1234 20 0.0062

total 0.4951 29

treatment 0.1305 9 0.0145 5.23 0.0007
WA error 0.0525 20 0.0026

total 0.1831 29

treatment 0.1426 9 0.0158 3.36 0.0056
YPDA error 0.0818 20 0.0041

total 0.2244 29

treatment 0.1194 9 0.0133 6.91 0.0002
SDA error 0.0397 20 0.0020

total 0.1591 29

WA—wort agar; YPDA—yeast extract peptone dextrose agar; MEA—malt extract agar; SDA—Sabouraud
dextrose agar.

Statistically significant differences among microbial counts for individual cultivation media were
found in three of the four cultivation media used (Table 6).

Table 6. Significant differences among analyzed federweisser samples for individual cultivation media.

Reatments Pair Tukey HSD p-Value Tukey HSD Inferfence

MEA

A vs. H 0.0368638 * p < 0.05
A vs. I 0.0238533 * p < 0.05
A vs. J 0.0055561 ** p < 0.01
B vs. H 0.0456379 * p < 0.05
B vs. I 0.0296858 * p < 0.05
B vs. J 0.0069685 ** p < 0.01

C vs. H 0.0410343 * p < 0.05
C vs. I 0.0266151 * p < 0.05
C vs. J 0.0062207 ** p < 0.01
E vs. H 0.0456379 * p < 0.05
E vs. I 0.0296858 * p < 0.05
E vs. J 0.0069685 ** p < 0.01

WA

C vs. H 0.0329699 * p < 0.05
C vs. I 0.0100494 * p < 0.05
C vs. J 0.0010463 ** p < 0.01
D vs. J 0.0084520 ** p < 0.01
E vs. J 0.0071077 ** p < 0.01

YPDA

D vs. J 0.0105986 * p < 0.05
E vs. J 0.0359336 * p < 0.05

SDA

B vs. J 0.0319805 * p < 0.05
C vs. I 0.0217427 * p < 0.05
C vs. J 0.0044497 ** p < 0.01
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Table 6. Cont.

Reatments Pair Tukey HSD p-Value Tukey HSD Inferfence

SDA

D vs. I 0.0081105 ** p < 0.01
D vs. J 0.0016306 ** p < 0.01
E vs. I 0.0036406 ** p < 0.01
E vs. J 0.0010053 ** p < 0.01
F vs. I 0.0466723 * p < 0.05
F vs. J 0.0098975 ** p < 0.01
G vs. J 0.0178947 * p < 0.05

A—Green Veltliner; B—Mūller Thurgau; C—Palava; D—Rhein Riesling; E—Sauvignon Blanc; F—Alibernet;
G—André; H—Blue Frankish; I—Cabernet Sauvignon; J—Dornfelder; WA—wort agar; YPDA—yeast extract
peptone dextrose agar; MEA—malt extract agar; SDA—Sabouraud dextrose agar.

The yeast counts in the unfiltered wines are summarized in Table 7. The yeast counts in wine ranged
from 1.51 (Greener Veltliner) to 3.23 (Dornfelder) log CFU/mL on MEA, from 1.43 (Greener Veltliner) to
2.89 (Dornfelder) log CFU/mL on WA, from 1.18 (Greener Veltliner) to 2.65 (Dornfelder) log CFU/mL
on YPDA and from 1.09 (Rhein Riesling) to 2.21 (Dornfelder) log CFU/mL on SDA.

Table 7. Yeast counts in wine on different media.

Sample
MEA WA YPDA SDA

log CFU/g

Green Veltliner 1.51 ± 0.27 1.43 ± 0.15 1.18 ± 0.06 1.13 ± 0.03
Mūller Thurgau 1.55 ± 0.32 1.52 ± 0.01 1.21 ± 0.06 1.18 ± 0.06

Palava 1.62 ± 0.34 1.49 ± 0.03 1.27 ± 0.11 1.12 ± 0.02
Rhein Riesling 1.73 ± 0.17 1.46 ± 0.05 1.27 ± 0.14 1.09 ± 0.06

Sauvignon Blanc 1.76 ± 0.11 1.48 ± 0.06 1.32 ± 0.23 1.14 ± 0.02
Alibernet 2.57 ± 0.50 2.37 ± 0.14 2.21 ± 0.05 1.51 ± 0.64

André 2.67 ± 0.42 2.41 ± 0.10 2.31 ± 0.13 1.83 ± 0.62
Blue Frankish 2.59 ± 0.28 2.44 ± 0.16 2.38 ± 0.11 2.13 ± 0.12

Cabernet Sauvignon 2.89 ± 0.37 2.51 ± 0.14 2.47 ± 0.04 2.17 ± 0.07
Dornfelder 3.23 ± 0.02 2.89 ± 0.27 2.65 ± 0.22 2.21 ± 0.06

WA—wort agar; YPDA—yeast extract peptone dextrose agar; MEA—malt extract agar; SDA—Sabouraud
dextrose agar.

ANOVA analysis was performed to inspect the significant differences among the microbial count
for individual wine varieties when different cultivation media were used (Table 8).

Table 8. One-way ANOVA results for analyzed wine varieties—unfiltered wine.

Cultivation
Media

Source
Sum of
Squares

Degrees of
Freedom

Mean
Square

F Statistic p-Value

treatment 11.0908 9 1.23 12.60 1.95 × 10−6

MEA error 1.45 20 0.0982
total 13.0552 29

treatment 8.05 9 0.9745 54.8807 3.84 × 10−12

WA error 0.3551 20 0.0178
total 9.1256 29

treatment 10.74 9 1.1542 65.9142 6.70 × 10−13

YPDA error 0.3502 20 0.0175
total 10.76 29

treatment 6.61 9 0.7118 8.13 3.51 × 10−5

SDA error 1.31 20 0.0827
total 8.0592 29

WA—wort agar; YPDA—yeast extract peptone dextrose agar; MEA—malt extract agar; SDA—Sabouraud
dextrose agar.
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Statistically significant differences among microbial count for individual cultivation media were
found in three of the four cultivation media used (Table 9).

Table 9. Significant differences among unfiltered wine samples for individual cultivation media.

Treatments Pair Tukey HSD p-Value Tukey HSD Inferfence

MEA

A vs. F 0.0141715 * p < 0.05
A vs. G 0.0064264 ** p < 0.01
A vs. H 0.0119733 * p < 0.05
A vs. I 0.0010053 ** p < 0.01
A vs. J 0.0010053 ** p < 0.01
B vs. F 0.0192566 * p < 0.05
B vs. G 0.0087792 ** p < 0.01
B vs. H 0.0162964 * p < 0.05
B vs. I 0.0012652 ** p < 0.01
B vs. J 0.0010053 ** p < 0.01
C vs. F 0.0342577 * p < 0.05
C vs. G 0.0158481 * p < 0.05
C vs. H 0.0290959 * p < 0.05
C vs. I 0.0023022 ** p < 0.01
C vs. J 0.0010053 ** p < 0.01
D vs. G 0.0381648 * p < 0.05
D vs. I 0.0057354 ** p < 0.01
D vs. J 0.0010053 ** p < 0.01
E vs. I 0.0078360 ** p < 0.01
E vs. J 0.0010053 ** p < 0.01

WA

A vs. F 0.0010053 ** p < 0.01
A vs. G 0.0010053 ** p < 0.01
A vs. H 0.0010053 ** p < 0.01
A vs. I 0.0010053 ** p < 0.01
A vs. J 0.0010053 ** p < 0.01
B vs. F 0.0010053 ** p < 0.01
B vs. G 0.0010053 ** p < 0.01
B vs. H 0.0010053 ** p < 0.01
B vs. I 0.0010053 ** p < 0.01
B vs. J 0.0010053 ** p < 0.01
C vs. F 0.0010053 ** p < 0.01
C vs. G 0.0010053 ** p < 0.01
C vs. H 0.0010053 ** p < 0.01
C vs. I 0.0010053 ** p < 0.01
C vs. J 0.0010053 ** p < 0.01
D vs. F 0.0010053 ** p < 0.01
D vs. G 0.0010053 ** p < 0.01
D vs. H 0.0010053 ** p < 0.01
D vs. I 0.0010053 ** p < 0.01
D vs. J 0.0010053 ** p < 0.01
E vs. F 0.0010053 ** p < 0.01
E vs. G 0.0010053 ** p < 0.01
E vs. H 0.0010053 ** p < 0.01
E vs. I 0.0010053 ** p < 0.01
E vs. J 0.0010053 ** p < 0.01
F vs. J 0.0037886 ** p < 0.01
G vs. J 0.0079079 ** p < 0.01
H vs. J 0.0143649 * p < 0.05
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Table 9. Cont.

Treatments Pair Tukey HSD p-Value Tukey HSD Inferfence

YPDA

A vs. F 0.0010053 ** p < 0.01
A vs. G 0.0010053 ** p < 0.01
A vs. H 0.0010053 ** p < 0.01
A vs. I 0.0010053 ** p < 0.01
A vs. J 0.0010053 ** p < 0.01
B vs. F 0.0010053 ** p < 0.01
B vs. G 0.0010053 ** p < 0.01
B vs. H 0.0010053 ** p < 0.01
B vs. I 0.0010053 ** p < 0.01
B vs. J 0.0010053 ** p < 0.01
C vs. F 0.0010053 ** p < 0.01
C vs. G 0.0010053 ** p < 0.01
C vs. H 0.0010053 ** p < 0.01
C vs. I 0.0010053 ** p < 0.01
C vs. J 0.0010053 ** p < 0.01
D vs. F 0.0010053 ** p < 0.01
D vs. G 0.0010053 ** p < 0.01
D vs. H 0.0010053 ** p < 0.01
D vs. I 0.0010053 ** p < 0.01
D vs. J 0.0010053 ** p < 0.01
E vs. F 0.0010053 ** p < 0.01
E vs. G 0.0010053 ** p < 0.01
E vs. H 0.0010053 ** p < 0.01
E vs. I 0.0010053 ** p < 0.01
E vs. J 0.0010053 ** p < 0.01
F vs. J 0.0154088 * p < 0.05

SDA

A vs. H 0.0103393 * p < 0.05
A vs. I 0.0071377 ** p < 0.01
A vs. J 0.0044827 ** p < 0.01
B vs. H 0.0168657 * p < 0.05
B vs. I 0.0116918 * p < 0.05
B vs. J 0.0073639 ** p < 0.01

C vs. H 0.0100244 * p < 0.05
C vs. I 0.0069202 ** p < 0.01
C vs. J 0.0043452 ** p < 0.01

D vs. H 0.0075929 ** p < 0.01
D vs. I 0.0052344 ** p < 0.01
D vs. J 0.0032871 ** p < 0.01
E vs. H 0.0116918 * p < 0.05
E vs. I 0.0080777 ** p < 0.01
E vs. J 0.0050746 ** p < 0.01

A—Green Veltliner; B—Mūller Thurgau; C—Palava; D—Rhein Riesling; E—Sauvignon Blanc; F—Alibernet;
G—André; H—Blue Frankish; I—Cabernet Sauvignon; J—Dornfelder; WA—wort agar; YPDA—yeast extract
peptone dextrose agar; MEA—malt extract agar; SDA—Sabouraud dextrose agar.

Altogether, 1668 isolates were identified with mass spectrometry with a score of ≥2.0 (Table 10).
The most isolated species from grape was Hanseniaspora uvarum (70 isolates), and from “federweisser”
and wine S. cerevisiae (85 and 120 isolates, respectively). Yeasts species of grape, “frederweisser” and
wine are shown in Figures 1–3.
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Table 10. Yeasts species in grape, “federweisser” and wine.

Yeast Species Grape
“Federweisser”

Wine
No. of Isolates

Aureobasidium pullulans 25 0 0
Candida inconspicua 5 0 5
Candida parapsilosis 5 0 10

Candida saitoana 5 0 5
Candida sake 5 0 5

Cyberlindnera jadinii 0 0 8
Debaryomyces hansenii 0 0 15

Dekkera bruxellensis 0 0 25
Filobasidium magnum 30 0 0
Hanseniaspora uvarum 70 25 0
Issatchenkia orientalis 38 0 0
Kazachstania exigua 33 0 0

Kluyveromyces marxianus 35 0 32
Kregervanrija fluxuum 0 0 25

Metschnikowia pulcherrima 28 50 55
Meyerozyma guilliermondii 0 0 52

Naganishia diffluens 25 0 0
Pichia fermentans 10 0 58

Pichia kluyveri 12 49 50
Pichia mandshurica 10 0 25

Pichia membranifaciens 25 0 15
Pichia norvegensis 10 0 5
Pichia occidentalis 10 35 45

Rhodotorula glutinis 40 0 20
Rhodotorula mucilaginosa 25 0 45
Saccharomyces cerevisiae 0 85 120

Starmerella magnolia 30 0 15
Torulaspora delbrueckii 12 0 39

Wickerhamomyces anomalus 15 0 75
Yarrowia lipolytica 20 0 10

Zygosaccharomyces bailii 15 0 52
Zygotorulaspora florentina 25 0 50

Total 563 244 861

Brettanomyces bruxellensis, Candida stellata, Saccharomyces cerevisiae and Zygosaccharomyces bailii
were the yeasts identified in wine [22–25]. In our study, Pichia mandshurica—the main contaminant
of wines—was present in 66% samples of white wines (10 out of 15) and in seven samples of red
wines (46%). Pichia membranifaciens was isolated from five samples of white (33%) and five samples
of red wines (33%). Saccharomyces cerevisiae was isolated from all white and red wines (100%).
Zygosaccharomyces bailii was found in 14 samples of white (93%) and two samples of red (13%) wines.
Our study shows that Z. bailii and P. mandshurica were isolated more frequently from white than
from red wines, while S. cerevisiae was identified in white and red wines. The occurrence of Pichia
manshurica and S. cerevisiae was different between the wine samples. According to Thomas [26],
the presence of Zygosaccharomyces in wine is unacceptable in terms of wine quality. The author has
stated that the minimum number of yeast present in wine spoils the product under appropriate
conditions [26]. Saccharomyces cerevisiae, Debaryomyces hansenii, Wickerhamomyces anomalus (Pichia
anomala), Pichia membranifaciens, Rhodotorula glutinis, Rhodotorula mucilaginosa, Torulaspora delbrueckii,
Kluyveromyces marxianus, Issatchenkia orientalis, Zygosaccharomyces bailii parapsilosis, Pichia fermentans
and Hanseniaspora uvarum are frequent contaminants of wines as well [27,28]. However, Renous [29]
did not describe associations between wine and Pichia manshurica, Kregervanrija fluxuum (Candida
vini), Candida inconspicua and Zygotorulaspora florentina. Saez [30] found that S. cerevisiae (13.93%),
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Wickerhamomyces anomalus (8.72%), Pichia fermentans (6.74%) and Metschnikowia pulcherrima (6.39%)
were the most abundant in wine. Pichia (Pichia manshurica, P. membranifaciens) and Brettanomyces are
producing volatile phenols, thereby affecting the quality of the wine [30].

Figure 1. Yeasts isolated from the grapes.

Figure 2. Yeasts isolated from the “federweisser”.
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Figure 3. Yeasts isolated from the wine.

Sporadically, Candida inconspicua (5 isolates, 0.58%), Candida saitoana (5 isolates, 0.58%), Candida sake
(5 isolates, 0.58%), Pichia norvegensis (5 isolates, 0.58%) and other species were isolated. Jolly et al. [31]
noticed the importance of Candida, Cryptococcus, Kloeckera and Rhodotorula species in the wine making
process. Candida was considered as the dominant genus, including their teleomorphic stages—Candida
pulcherrima (Metschnikowia pulcherrima), Candida vini (Kregervanrija fluxuum) and Candida valida (Pichia
membranifaciens) [31].

4. Conclusions

A total of 90 samples (30 from grapes, 30 of “federweisser” and 30 of wine) was studied for
characterization of the yeast species. The mass spectrometry method was used for identification of
1668 grape, “federweisser” and wine isolates. From grape, 26 species of 17 genera within 9 families,
and in “federweisser” 4 species of 3 genera and families were found. In wine, 26 species of 17 genera
within 6 families were identified. Rhodoturulla species were not included in any family and they were
classified as incertae sedis (not belonging anywhere).
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Abstract: Wine sensory experience includes flavor, aroma, color, and (for some) even acoustic traits,
which impact consumer acceptance. The quality of the wine can be negatively impacted by the
presence of off-flavors and aromas, or dubious colors, or sediments present in the bottle or glass, after
pouring (coloring matter that precipitates or calcium bitartrate crystals). Flavor profiles of wines are
the result of a vast number of variations in vineyard and winery production, including grape selection,
winemaker’s knowledge and technique, and tools used to produce wines with a specific flavor. Wine
color, besides being provided by the grape varieties, can also be manipulated during the winemaking.
One of the most important “tools” for modulating flavor and color in wines is the choice of the yeasts.
During alcoholic fermentation, the wine yeasts extract and metabolize compounds from the grape
must by modifying grape-derived molecules, producing flavor-active compounds, and promoting the
formation of stable pigments by the production and release of fermentative metabolites that affect the
formation of vitisin A and B type pyranoanthocyanins. This review covers the role of Saccharomyces
and non-Saccharomyces yeasts, as well as lactic acid bacteria, on the perceived flavor and color of
wines and the choice that winemakers can make by choosing to perform co-inoculation or sequential
inoculation, a choice that will help them to achieve the best performance in enhancing these wine
sensory qualities, avoiding spoilage and the production of defective flavor or color compounds.

Keywords: wine yeasts; lactic acid bacteria; co-inoculation; sequence inoculation; flavor compounds;
color pigments

1. Introduction

1.1. The Human Senses in Wine Evaluation

Five senses are involved in perceiving wine sensory quality: sight, taste, hearing, touch, and smell.
Color perception results from the stimulus of the retina by light (wavelengths 380 to 760 nm). In wine,
color and appearance are the first attributes by which quality is assessed. According to Spence [1],
color is the most important product-intrinsic indicator used by consumers when searching, purchasing,
and subsequently consuming food or a libation. Color, clarity, and hue affect the perception of other
attributes such as flavor due to the association with color. For example, a yellow/green beverage is
expected to have a lemon flavor and an acidic taste.

Taste is a chemical sense and happens when taste stimuli contact with the taste receptors located
on the tongue, called taste buds. Humans can distinguish six basic tastes: sweet, sour, salty, bitter,
umami, and fatty [2,3]. Between 20 and 30 levels of intensity can be distinguished for each taste, and
each taste quality represents different nutritional or physiological requirements, or a potential dietary
risk [4].
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Sound (waves which strike the eardrum, causing it to vibrate [5]) is also important when judging
a wine. For instances, when we hear a champagne cork popping, it is a sign that the wine has an
enjoyable gas.

Texture in wine can be defined as the total sum of kinesthetic sensations derived from oral
manipulation. It encompasses mouthfeel, masticatory properties, residual properties, and even visual
and auditory properties [6].

Aroma and flavor are chemical senses stimulated by the chemical properties of odor molecules
which must reach the olfactory bulb to interact with olfactory cells in the olfactory mucosa [7]; therefore,
to smell, molecules must be airborne (i.e., volatile). The sensory term which we call “flavor” is a
mingled experience based on human judgment, built on personal differences in perception thresholds.

In conclusion, and as reported by Swiegers et al. [8], all of the senses play a key role in wine/flavor
development—color, aroma, mouthfeel, sound, and, ultimately, taste. Altogether, these sensory
perceptions are very complex. Wine contains many flavor and aroma-active compounds. Terpenes,
methoxypyrazines, esters, ethanol and other alcohols and aldehydes impart distinct flavors and aromas
(floral, pepper, fruit, woody and vinylic flavors, among others) to wine [9–11]. The taste of wine can
be described as sweet, sour, salty, umami, bitter, and, to a lesser extent, fat [12]. These properties are
the result of the presence of sugars, polyols, salts, polyphenols, flavonoid compounds, amino acids,
and fatty acids. Compounds such as glycerol, polysaccharides, and mannoproteins contribute to the
viscosity and mouthfeel of wines [13]; grape anthocyanins contribute to the color [14], and ethanol, by
sheer mass, also carries other alcohols along, promoting a mouth-warming effect [15].

1.2. Main Wine Aroma and Flavor Compounds from the Fermentative Origin

Yeast and bacteria are vital to the development of wine flavor. Many biosynthetic pathways, in
wine yeast and malolactic bacteria, are responsible for the formation of wine aroma and flavor. However,
we cannot discard the other factors that can also influence the wine chemical composition, such as
viticultural practices, grape-must composition, pH, fermentation temperature, and technological
aspects associated with the vinification process [8]. So, depending on their origin, wine aroma and
flavor compounds can be named varietal aromas (originating from the grapes), fermentative aromas
(originating during alcoholic and malolactic fermentations), and aging aromas (developed during the
reductive or oxidative wine-aging that depends on storage conditions) [16].

Most of the wine aroma and flavor compounds are produced or released during wine fermentation
due to microbial activities of Saccharomyces and non-Saccharomyces yeast genera (Brettanomyces, Candida,
Debaryomyces, Hanseniaspora, Hansenula, Kloeckera, Kluyveromyces, Lachancea, Metschnikowia, Pichia,
Saccharomycodes, Schizosaccharomyces, Torulaspora, and Zygosaccharomyces). Both in spontaneous and
inoculated wine fermentations, non-Saccharomyces are important in early stages of the fermentation,
before Saccharomyces becomes dominant in the culture, and contribute meaningfully to the global
aroma profile of wines by producing flavor-active compounds [17,18].

A group of aroma compounds has been directly linked to specific varietal flavors and aromas
in wines [19,20]. Most of these compounds are present at low concentrations in both grapes and
fermented wine. These aroma compounds are found in grapes in the form of non-odorant precursors
that, due to the metabolic activity of Saccharomyces and non-Saccharomyces yeast during fermentation,
are transformed to aromas and flavor that are of great relevance in the sensory perception of wines [20]
(Table 1).
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Table 1. Main odorants contributing to varietal aromas of some monovarietal wines.

Compounds Main Cultivars Odour Descriptor Ref.

Geraniol Muscat, Gewurztraminer Citrus, floral, geranium [21]

Linalool Muscat, Gewurztraminer Floral, lavender [21]

Nerol Muscat Floral [21]

Tetrahydro-4-methyl-2-(2-methyl-1-propenyl)-
2,5-cis-2h-pyran (cis-rose oxide) Gewurztraminer Geranium oil [22]

3,6-Dimethyl-3a,4,5,7a-Tetrahydro-3h-1-
Benzofuran-2-One Gewurztraminer Coconut, woody, sweet [23]

3-Isobutyl-2-Methoxypyrazines Sauvignon blanc Bell pepper [24,25]

4-Methyl-4-Mercaptopentan-2-One Sauvignon blanc Black currant [24,25]

3-Mercapto-1-Hexanol (R Isomer) Sauvignon blanc Grapefruit, citrus peel [24,25]

1,1,6-Trimethyl-1,2-Dihydronaphthalene Riesling Kerosene [26]

3-Mercapto-1-Hexanol (S Isomer) Semillon Passion fruit [27]
Rotundone Shiraz Black pepper [28]

During alcoholic fermentation, some yeast, mainly non-Saccharomyces yeasts, can release
β-glucosidases that hydrolyze the glycosidic bonds of the odorless non-volatile glycoside linked
forms of monoterpenes (geraniol, linalool, nerol, among others), releasing the odor compounds to the
wine [29]. Volatile thiols that give Sauvignon blanc wines their characteristic aroma (bell pepper, black
currant, grapefruit, and citrus peel) are not present in grape juice but occur in grape must as odorless,
non-volatile, cysteine-bound conjugates. During fermentation, the wine yeasts are responsible for the
cleaving of the thiol from the precursor [30].

However, the major groups of aromas and flavor compounds from the fermentative origin are
ethanol, higher alcohols or fusel alcohols, and esters. The biosynthetic pathways responsible for the
formation of higher alcohols, the Ehrlich pathway, or the enzymes responsible for the formation of
esters, have been studied in wine yeasts [31].

Higher alcohols are derived from amino acid catabolism via a pathway that was first described by
Ehrlich [32] and later revised by Neubauer and Fromherz in 1911 [33]. Amino acids that are assimilated by
the Ehrlich pathway (valine, leucine, isoleucine, methionine, and phenylalanine), present in grape must
are metabolized by yeasts, sequentially, throughout the fermentation. Figure 1 shows the metabolism of
phenylalanine with the production of 2-phenylethanol and, after oxidation of phenylacetaldehyde, the
formation of phenylacetate. Both compounds possess a pleasant rose-like aroma/flavor.

Figure 1. Schematic representation of the Ehrlich pathway for the catabolism of the aromatic amino
acid, phenylalanine leading to the formation of 2-phenylethanol [34]. This biosynthetic pathway
consists of three steps (reactions 1, 2 and 3): first, amino acids are deaminated to the corresponding
α-ketoacids, in reactions catalyzed by transaminases. In a second step, α-ketoacids are decarboxylated
and converted to their corresponding aldehydes (five decarboxylases are involved in this process), in a
third step, alcohol dehydrogenases (Adh1p to Adh6p and Sfa1p) catalyze the reduction of aldehydes to
their corresponding higher alcohols [35].
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Studies have shown that profiles and concentrations of higher alcohols produced vary by yeast
species, even when the fermentation conditions are similar, which indicates that the mechanisms that
regulate the Ehrlich pathway are diverse in non-Saccharomyces yeasts compared to Saccharomyces [16,36].
So, Ehrlich pathway mechanisms should be explored in detail in non-Saccharomyces yeasts as it
contributes to the formation of important and flavorful wine aromas [36].

The most important esters are synthetized by yeasts during alcoholic fermentation as a
detoxification mechanism since they are less toxic than their correspondent alcohol or acidic
precursors. Moreover, their synthesis serves as a mechanism for the regeneration of free CoA
from its conjugates [16,37].

Esters (Figure 2) that contribute to wine aroma, derived from fermentation, belong to two
categories: the acetate esters of higher alcohols and the ethyl esters of medium-chain fatty acids
(MCFA). Acetate esters are formed inside the yeast cell, and in S. cerevisiae the reaction is metabolized
by two alcohol acetyltransferases, AATase I and AATase II (encoded by genes ATF1 and ATF2 [35,38]).
Eat1p is responsible for the production of acetate and propanoate esters [39,40]. Most medium-chain
fatty acid ethyl ester biosynthesis during fermentation is catalyzed by two enzymes, Eht1p and
Eeb1p [38,41].

Figure 2. Schematic representation of the most important wine esters: ethyl acetate (glue-like aroma),
isoamyl acetate (banana aroma), 2-phenylethyl acetate (roses and honey aromas), isobutyl acetate
(sweet-fruits aromas), and ethyl caproate and ethyl caprylate with a sour-apple aroma [38].

Volatile fatty acids also contribute to the flavor and aroma of the wine. During yeast fermentation,
long-chain fatty acids (LCFAs) are also formed via the fatty-acid synthesis pathway from acetyl-CoA
in concentrations varying from ng/L to g/L [42]. Medium-chain fatty acids (MCFAs (C6 to C12)) are
produced primarily by yeasts as intermediates in the biosynthesis of LCFAs that are prematurely
released from the fatty acid synthase complex. These acids (Table 2) directly contribute to the flavor
of wine or serve as substrates that participate in the formation of ethyl acetates [43]. As most have
unpleasant aromas (see Table 2), their formation should be minimized.
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Table 2. Main medium-chain fatty acids (MCFAs (C6 to C12)), produced by yeasts during
alcoholic fermentation.

Fatty Acid Associated Aroma Odor Threshold (μg/L) 1

Butanoic Acid Rancid butter or baby vomit aroma 173
Hexanoic Acid Sour, fatty, sweat, cheese 420
Octanoic Acid Fatty, waxy, rancid oily, vegetable, cheesy 500
Decanoic Acid Unpleasant rancid, sour, fatty, citrus 1000

2-Methylpropanoic Acid Acidic sour, cheese, dairy, buttery, rancid 2300
2- and 3-Methylbutyric Acid Sour, stinky feet, sweaty, cheese, tropical 33

1 Measured in model wine, water/ethanol (90 + 10, w/w) [44].

Sulfur-containing compounds can also be formed by yeasts during alcoholic fermentation. They are
usually perceived as off-flavors. The sulfur-containing compounds can be derived from the grape and
the metabolic activities of yeast and bacteria. They can also occur due to the chemical reactions during
the wine aging and storage and also due to environmental contamination [45]. They can be formed by
enzymatic mechanism as the products of metabolic and fermentative pathways whose substrates are
both amino acids and some sulfur-containing pesticides. When wine microorganisms metabolize these
thiols, the sulfur compounds formed are considered off-flavors [46] which convey negative notes such
as cabbage, garlic, onion, rotten eggs, rubber, and sulfur to wines [47]. However, there are some volatile
thiols that may confer enjoyable aromatic notes at trace levels, such as 4-mercapto-4-methylpentan-2-one
(4MMP), 3-mercaptohexan-1-ol (3MH), already mentioned in Table 1, and 3-mercaptohexyl acetate
(3MHA), important for the characterization of the typical Sauvignon Blanc wine aroma [24,25,48].

Finally, another important family of aromatic compounds present in wines are the carbonyl
compounds. In this group we may include acetaldehyde, acrolein, ethyl carbamate, formaldehyde, and
furfural [49]. Several factors may contribute to the presence of carbonyl compounds in wines, including
the fermentation of over-ripe grapes and increasing the maceration time, probably due to increased
concentration of the precursors like amino acids and glucose in the must [50]. Due to their carbonyl
group, carbonyl compounds present a high reactivity with the nucleophile’s cellular constituents [51]
and may cause cell damage. So, these compounds are toxic, and their formation should be avoided.

2. Yeast Modulation of Wine Aroma and Flavor Compounds

2.1. Non-Saccharomyces and Saccharomyces Co-inoculation vs. Sequential Inoculation

The wine industry attempts to diversify producing wines with distinctive characteristics and
creating high-quality new products. A true test for winemakers is to blend several grapes, grown
on different soil and climate conditions (terroir), with a developing science of yeast and bacterial
metabolism, to produce the most enjoyable wine [52]. Many winemakers today use commercial yeast
and bacteria starter cultures for alcoholic and malolactic fermentation, respectively. The selection of a
“fit-for-purpose” starter strain has a pivotal role in optimizing flavor and aroma.

There is no consensus on the impact of indigenous yeasts on wine sensory properties; while some
researchers show a positive effect, others show negative effects on the wine chemical composition and
sensory properties [53,54]. For example, Varela et al. [55] showed an increase in the concentration
of some higher alcohols and esters in wines produced with autochthonous yeasts compared to the
wines produced with commercial yeasts. Moreover, some non-Saccharomyces yeast may increase the
concentration of biogenic amines in wines [56].

In red winemaking, significant increases in the concentrations of desirable compounds such
as ethyl lactate (sweet, fruity, acidic, ethereal with a brown nuance aroma), 2,3-butanediol (buttery
aroma), 2-phenylethanol, and 2-phenylethyl acetate (both with a rose-like scent) can be obtained when
non-Saccharomyces yeasts are introduced into the fermentation process [57,58].
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Another selection criterion for non-Saccharomyces yeasts, when aiming to improve the wine
aroma, is the presence of β-glucosidase activity that favors the hydrolysis of the non-volatile aromatic
precursors from the grape [59,60]. Non-Saccharomyces species display superior β-glucosidase activity
to that of Saccharomyces species, which has been defined as intracellular and strain-dependent [23].

Budic-Leto et al. [61] found that Prosek, a traditional Croatian dessert wine, produced with native
and inoculated yeasts differed in its volatile compounds. Using descriptive sensory analysis, it was
shown that the sensory properties of the wines were significantly different depending on the type of
fermentation, namely determined for the attributes strawberry jam aroma, and fullness. So, recently,
non-Saccharomyces yeast species have been suggested for winemaking as they could contribute to the
improvement of wine quality mostly in terms of aromatic characteristics [62,63]. Thus, starter cultures
composed of non-Saccharomyces yeasts together with S. cerevisiae have been used for co-, or sequential
wine fermentations [64].

Co-inoculation involving S. cerevisiae and non-Saccharomyces yeasts species typically results in the
disappearance (or the presence in relative low amounts) and loss of viability of non-Saccharomyces [65,66].
Though S. cerevisiae dominance can be explained by the depletion of sugar and nutrients from the
grape must followed by ethanol production and lack of oxygen, some direct mechanisms for yeast
species antagonism have also been described: (i) killer factors (so-called killer toxins or killer
proteins), which are secreted peptides, encoded by extrachromosomal elements of S. cerevisiae that
affect other yeast species [67]; (ii) similar compounds have also been described for Torulaspora
delbrueckii species [68] and for the genera Pichia, Kluyveromyces, Lachancea, Candida, Cryptococcus,
Debaryomyces, Hanseniaspora, Hansenula, Kluyveromyces, Metschnikowia, Torulopsis, Ustilago, Williopsis,
and Zygosaccharomyces, indicating that the killer phenomenon is indeed widespread among yeasts. [69];
(iii) S. cerevisiae are also able to secret antimicrobial peptides (AMPs) during alcoholic fermentation
that are active against wine-related yeasts (e.g., Dekkera bruxellensis) and bacteria (e.g., Oenococcus oeni).
These AMPs correspond to fragments of the S. cerevisiae glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) protein [70].

Several authors agree that the sequential culture is better than the mixed culture, especially because
it allows for a greater expression of the metabolism of non-Saccharomyces yeasts at the beginning of
fermentation [71,72]. However, as recently reported by Loira et al. [73], the winemaker selection criteria
for performing co-inoculation or sequential inoculation with the appropriate non-Saccharomyces is
dependent on the characteristics of the wine to be produced, including the desired sensory properties.
The ratio of inoculation (non-Saccharomyces vs. Saccharomyces) is also a subject that must be considered.
Moreover, the contribution of the inoculation of non-Saccharomyces strains to wine fermentation can
be direct or indirect, through biological interactions with S. cerevisiae. Recently, Renault et al. [74,75]
described a synergic interaction between S. cerevisiae and T. delbrueckii resulting in increased levels
of 3-sulfanylhexan-1-ol a compound that presents a sulphurous aroma and an initially fruity flavor.
However, with over-aging, the aroma/flavor evolves to savory and chicken meaty with roasted coffee
shades and a hint of fruitiness [76].

Not long ago, García et al. [63] performed small-scale fermentations where they studied the
oenological characterization of five non-Saccharomyces native yeast species under several co-culture
conditions in combination with a selected strain of S. cerevisiae, aiming to improve the sensory
characteristics of the Malvar wines. Sequential inoculations were elaborated with S. cerevisiae CLI 889
in combination with several non-Saccharomyces: (i) T. delbrueckii CLI 918, which produced wines with a
lower ethanol content and higher fruity and floral aroma; (ii) C. stellata CLI 920, which augmented
the aroma complexity and glycerol content; (iii) L. thermotolerans 9-6C, which produced an increase
in acidity and floral and ripe-fruit aroma and a lower volatile acidity; (iv) Schizosaccharomyces pombe,
which produced wines with fruity aromas; and (v) M. pulcherrima, which produced wines with lower
volatile acidity and an increase of glycerol and ripe-fruit aroma.

Continuing their work on Malvar wines, García et al. [77] performed fermentations at the pilot scale,
using sequential-inoculation strategies which resulted in wines that tasters were able to distinguish
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from the controls. Moreover, the wines were most appreciated, namely, those produced in sequential
cultures with T. delbrueckii CLI 918/S. cerevisiae CLI 889 and C. stellata CLI 920/S. cerevisiae CLI 889
and, also, with mixed and sequential cultures of L. thermotolerans 9-6C/S. cerevisiae CLI 889 strains.
Studies have shown that sequential cultures can produce more different wines, when compared
with the controls, providing sensory properties associated with the non-Saccharomyces strains. Some
strains of T. delbrueckii in sequential fermentation with S. cerevisiae can produce significant amounts of
3-ethoxy-1-propanol [78], with a fruity-like aroma with a low perception threshold, 0.1 mg/L [79].

However, sequential inoculation is not only favorable for positive aromas sequential. It is a
fermentation technique that can be used to prevent or diminish the production of some undesirable
compounds, augmenting the production of others. Viana et al. [80] reported a decrease in the higher
alcohol’s concentration (considered as possessing a fuel-like aroma) from 452.5 mg/L (control) to
306.2 mg/L when carrying out mixed fermentations with H. osmophila and S. cerevisiae. Moreover,
higher concentrations of 2-phenylethyl acetate (rose-like aroma) were obtained. A higher intensity of
fruitiness was also detected in these wines when compared to the control wine, obtained throughout
the fermentation of a pure S. cerevisiae culture.

2.2. Saccharomyces and Lactic Acid Bacteria co inoculation vs. Sequential Inoculation

The vinification involves different microbiological processes, mainly alcoholic fermentation (AF)
conducted by Saccharomyces cerevisiae and malolactic fermentation (MLF) conducted by lactic acid
bacteria (Oenococcus oeni). These two distinctive fermentation processes represent an essential step in
the improvement of the quality of red wines [81].

MLF naturally occurs after AF, however, the timing of the start of MLF depends on several
parameters like temperature, pH, alcoholic degree and the concentration of sulfur dioxide (SO2),
as well as on certain yeast metabolites available, such as medium-chain fatty acids and peptidic
fractions [82,83]. The success of spontaneous MLF is not always guaranteed, and the addition of starter
culture can improve its viability. To overcome this issue, the winemakers may carry out traditional
LAB inoculation after alcoholic fermentation (sequential inoculation), or simultaneous inoculation in
the must with yeast (co-inoculation). The co-inoculation has, in the last several years, been adopted by
some winemakers, particularly in warm climates with higher temperatures, where high concentrations
of ethanol can inhibit LAB growth [84].

There are not many studies focusing on the impact of the co-inoculation technique on the aromatic
and biochemical profile of wines. Abrahamse and Bartowsky [85] and Knoll et al. [86] have shown that
the timing of inoculation with LAB in both white and red wines could influence the profile of aromatic
yeast-derived compounds such as higher alcohols, terpene, esters, and fatty acids. However, these
works were performed at the lab scale, and no sensory evaluation was performed on the wines.

Antalick and collaborators [87] demonstrated the impact of the timing of inoculation with LAB
on the metabolic profile of wines manufactured at production scale. They have clearly shown
that this technique has an impact on the aromatic profile of the wines, mainly in the presence of
lactic and fruity notes. Co-inoculation can modulate the intensity of these descriptors, due to the
production/degradation of metabolites or by the development of an aromatic mask over the short
and long term. Moreover, they discuss that the metabolic and aromatic changes that occur with
co-inoculation depend strongly on the yeast and LAB strains, as well as on the composition of the must.
Co-inoculation of musts at the beginning of vinification can also lead to a faster vinification process
without an excessive increase in volatile acidity [88].

Due to the importance of the interaction between yeasts (Saccharomyces and non-Saccharomyces)
and bacteria during wine processing, Berbegal et al. [89] applied a next-generation sequencing
(NGS) analysis to several fermentation modalities: uninoculated must, pied-de-cuve, S. cerevisiae,
S. cerevisiae, and Torulaspora delbrueckii co-inoculated and sequentially inoculated, along with S.
cerevisiae and Metschnikowia pulcherrima co-inoculated and sequentially inoculated, continued by
spontaneous malolactic consortium to perform MLF. Each experimental trial led to the different
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taxonomic composition of the bacterial communities of the malolactic consortia, in terms of prokaryotic
phyla and genera. Among other interesting findings, they found that MLF was delayed when
M. pulcherrima was inoculated and was even inhibited when the inoculated yeast strain was T.
delbrueckii [89]. Thus, an antagonistic effect of M. pulcherrima and especially T. delbrueckii on lactic
bacteria population has been proven, which may be due to the ability of T. delbrueckii to produce
“toxins” or killer factors that prevent bacteria growth [68] and to the ability of M. pulcherrima to produce
high amounts of pulcherrimin (an iron chelator) that inhibits the growth of bacteria [90].

3. Yeast Modulation of Wine Color and Pigment Formation

Anthocyanins and their derivatives, originating in the grapes, are the main pigments responsible
for the red wine color, and their structural modifications result in a characteristic variation of color in
red wines, from pale ruby (young red wine) to deep purple-red color (aged red wine) [91,92]. Such
variations can also result in changes in wine mouthfeel and flavor.

Saccharomyces yeasts can directly or indirectly contribute to wine color, altering color parameters
such as intensity and tonality by: (i) increasing the formation of stable pigment precursors (vinyl
phenols, acetaldehyde, and pyruvic acid); and (ii) modifying the pH due to organic acid metabolism
(production or consumption) [73].

Pyruvic acid and acetaldehyde promote the formation of vitisins of types A and B, respectively [93,
94], during must fermentation, (Figure 3A). Vitisins contribute more to wine color parameters than
unmodified anthocyanins and exhibit a hypsochromic shift, i.e., a change of spectral band position (in
the absorption, reflectance, transmittance, or emission spectrum) to a shorter wavelength corresponding
to a higher frequency. Vitisins can change towards an orange-red hue due to the long conjugation
afforded by pyran ring [95]. Moreover, their color expression remains stable against discoloration due
to the presence of sulfur dioxide (bleaching capacity) or changes in pH [95] (Figure 4).

Figure 3. (A) Structures of vitisin A and vitisin B generated from malvidin-3-O-glucoside. (B) The
formation mechanism of vitisin A produced by condensation of an anthocyanin (malvidin-3-O-glucoside)
with pyruvic acid [92,96,97].
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Figure 4. UV-visible spectra of malvidin-3-O-glucoside and vitisins A and B. Adapted from [98].

During the fermentation process, practices like pellicular maceration that increase the extraction
of anthocyanins from the skins of grape berries will promote the formation of vitisins [14]; also,
acetaldehyde and pyruvic acid, as mentioned before, are important intermediate compounds in yeast
metabolism and influence wine vitisin content [93,99,100].

During sugars’ fermentation by yeasts, pyruvate is metabolized into acetaldehyde, with the
latter being the terminal electron acceptor in the formation of ethanol. Acetaldehyde and pyruvate,
formed in yeast cytoplasm, are rapidly metabolized (the first is reduced to ethanol, and the second is
either decarboxylated to acetaldehyde or used in the formation of acetyl-CoA). However, some of the
acetaldehyde and pyruvate molecules, through cell lysis, pass to the wine medium and are sufficiently
reactive to attack other molecules, enabling the transformation of anthocyanins into compounds such as
pyranoanthocyanins and their secondary generated pigments (anthocyanin oligomers and polymeric
anthocyanin) [92,97]. Pyroanthocyanins are the most important group of anthocyanin derivatives
present in fermented beverages, including wine, and the A-type vitisins or carboxy-pyroanthocyanins
are produced, as mentioned before, by condensation of anthocyanin with pyruvic acid [97] (Figure 3B).

In terms of vitisin kinetic formation, during S. cerevisiae fermentation, type-A vitisins are produced
in the first six days of fermentation (when pyruvic acid is available). At the end of fermentation, when
nutrients are limited, the amount of acetaldehyde is high enough to lead to the formation of type-B
vitisins [93,99]. So, to generate a more pleasant red wine color, before fermentation the winemaker
must select the wine yeast strains that will be able to increase anthocyanin extraction and/or can
produce more pyruvic acid and acetaldehyde. Postponing or starting MLF early can prevent the
consumption of pyruvic acid and acetaldehyde by lactic acid bacteria [101], increasing the possibility
for vitisin synthesis.

Oxidative fermentation (fermentation in barrels or with micro-oxygenation) and wine aging in
wood give rise to pyruvic acid and acetaldehyde, increasing the vitisin levels and, consequently, color
intensity and stability [97]. Yellowish α-pyranone-anthocyanins called oxovitisins were also described
by He et al. [102] in aged red wines derived from the direct oxidation of A-type vitisins. Moreover,
A-type vitisins are the pyranoanthocyanins detected in higher concentrations in port wines. Port wine
is made by stopping the fermentation process with the addition of wine spirit “aguardente”, leaving
the wine with a high concentration of sugars. So, when fermentation is stopped, the pyruvic acid
concentration is relatively high and increases after wine fortification [97].

Vinylphenolic pyroanthocyanin adducts result from the condensation between vinyl phenols
and anthocyanins. These color compounds also show high color stability [94]. Yeast strains are also
able to affect the concentration and the composition of wine tannins as well as the degree of tannin
polymerization [103], thus, indirectly throughout yeast actions affecting stabilization of anthocyanins,
and consequently, stabilization of color can occur due to reaction between anthocyanins and tannins
forming pigmented tannins and through copigmentation of anthocyanins [104].

Additionally, what about non-Saccharomyces wine yeasts? Well, we have already mentioned that
an improvement in fermentation quality, efficiency, and wine pleasantness is obtained when sequential
or co-inoculation of non-Saccharomyces and Saccharomyces yeast is performed.
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Torulaspora delbrueckii is one non-Saccharomyces species available commercially (Viniflora®

Harmony.nsac and Viniflora® Melody.nsac, Zymaflore® Alpha, BIODIVA®, and Viniferm NS-TD® are
some commercial examples), therefore, this yeast could be a good candidate for wine color improvement
as it is reported to have a positive influence on the taste and aroma of wines. For instance, Pinotage
grape must inoculate with T. delbrueckii originated red wines improved in color intensity (anthocyanins)
and mouthfeel (flavanols) when compared to the control (musts inoculated with S. cerevisiae) [105].
However, T. delbrueckii has poor production of acetaldehyde [106], thus being a poor candidate for
wine color improvement in the context of B-type vitisins.

Other non-Saccharomyces yeasts, not yet available as commercial products, but studied in the
academic community, could be good candidates for wine color improvement. Medina et al. [107]
reported that in the case of co-fermentation of Metschnikowia and Hanseniaspora with S. cerevisiae, only an
increase in the content of B-type vitisins occurred, probably due to the enhanced acetaldehyde formation.

Further experiments performed by sequential inoculation of Schizosaccharomyces pombe and
Lachancea thermotolerans exposed an increase of type-A vitisins when compared with the control S.
cerevisiae [108]. Also, several authors detected interesting features in non-Saccharomyces yeasts. P.
guilliermondii strains presenting a high hydroxycinnamate decarboxylase activity may improve the
formation of vinylphenolic pyranoanthocyanins; non-Saccharomyces yeasts, such as Candida valida,
Metschnikowia pulcherrima, Kloeckera apiculata and Starmerella bombicola, which synthesize and release
pectolytic enzymes, can improve wine color due to the extraction of a greater amount of polyphenolic
compounds during fermentation and by facilitating clarification and filtration processes [73,98,109,110].

4. The Role of Saccharomyces and non-Saccharomyces Mannoproteins in Aroma and Color of
Wines

Mannoproteins are highly glycosylated glycoproteins located on the external layer of the yeast
cell wall, representing 35% to 40% of the S. cerevisiae cell wall (Figure 5) [111]. Mannoproteins are
composed of 10% to 20% protein and 80% to 90% d-mannose associated with residues of d-glucose and
N-acetylglucosamine [112].

Figure 5. Schematic representation of the yeast cell wall. The yeast cell wall is composed of
mannan–oligosaccharide (mannoproteins), complex polymers of β-(1,3)/(1,6) glucan, and chitin. As
shown in Figure 5, mannoproteins are located on the surface of the cell wall.

In wine, we can find two groups of mannoproteins: one made up of those secreted into wine by
yeast during alcoholic fermentation (100–150 mg/L) with molecular weights from 5000 to more than
800,000 Da [113], the other one composed by those that are released into the wine due to the autolysis
of yeasts during aging on lees, probably through the cleavage of linkages between mannoproteins,
glucans, and chitin [113,114].

The presence of these mannoproteins in wines has many positive consequences, from the reduction
of the protein haze in white wines [115] to decreasing astringency of red wines, by increased inhibition
of tannin aggregation [116,117]. Among other positive factors, mannoproteins also interact with wine
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volatile compounds [118]. So, these yeast-derived glycoprotein complexes can have positive effects on
the technological and sensorial properties of wines [119].

In terms of improving wine palatability and mouth feel, yeast mannoproteins promote the increase
of wine sweetness [120] and improve the aroma persistence and complexity [114,121]. However,
the number of mannoproteins released by yeast into wine can vary concerning the strain and the
chemical–physical and compositional conditions of the wine system [121,122].

Their presence can also affect the release of volatile compounds, affecting the final perception of the
wine [121]. The physicochemical interactions between aroma compounds and mannoproteins depends
on the nature of the volatile, since a greater degree of interaction is often observed with hydrophobic
compounds [123], as well as the conformational structure of the mannoproteins [114]; moreover, Chalier
et al. [114] demonstrated that both the glycosidic and peptidic parts of the mannoproteins may interact
well with the aroma compounds.

It has been shown that the use of mannoproteins (in low amounts) or the contact of the wine
with fine lees increases the levels of esters (ethyl hexanoate, methyl, and ethyl hexadecanoate, which
present fruity aromas), due to the esterification of fatty acids released during yeast fermentation or
yeast autolysis [121,124], while higher amounts increase, in excess, fatty acid content, producing yeasty,
herbaceous, and cheese-like smells [125]. However, it has been suggested that mannoproteins can be
used to remove or reduce the incidence of wine off-flavors—4-ethylguaiacol and 4-ethylphenol. The
sorption of these compounds to the yeast walls could be due to their interactions with the functional
groups of the mannoproteins and the free amino acids on the surface of the cell walls [126].

The release of mannoproteins into the wine is not a physiological characteristic of just S. cerevisiae
yeast strains. In 2014, Domizio and collaborators [127], studied eight non-Saccharomyces wine strains
(H. osmophila, L. thermotolerans, M. pulcherrima, P. fermentans, S. ludwigii, S. bacillaris, T. delbrueckii, and Z.
florentinus) in mixed inocula fermentations of a synthetic polysaccharide-free grape juice for their ability
to release mannoproteins. The eight non-Saccharomyces yeasts confirmed a higher capacity to release
polysaccharides when compared to S. cerevisiae. Moreover, Pérez-Través et al. [128] also studied the
ability of natural hybrids of S. cerevisiae × S. krudriavzevii to release mannoproteins. Interestingly, they
found that this strain, in the fermentation conditions studied, was able to produce a higher quantity of
mannoproteins when compared with the sample in which only S. cerevisiae was used. Furthermore, the
authors also found that the genome interaction in hybrids creates a biological ecosystem that boosts
the release of mannoproteins.

As mentioned before, the presence of mannoproteins in wines, namely red wines, promotes
tannin stability and reduction of astringency [116,117]. The interaction between mannoproteins and
wine phenolic compounds is a matter of interest, as studies show that they may have an impact on
color stability [129,130]. However, results are contradictory, as some authors state that there was no
positive interaction between mannoproteins and color compounds and that the interaction between
mannoproteins and tannins results in a decrease of wine tannin content due to the precipitation
of tannin and mannoprotein [112,120,131,132], thus being responsible for a decrease in wine color
intensity or lower filterability [133], whereas, others state that mannoproteins appear to stabilize
anthocyanin-derived pigments, from a colloidal point of view, avoiding their aggregation and further
precipitation [134]. The study of the exhaustive pigment composition of wines has shown that the
addition of mannoproteins can stabilize type-A vitisins and other derivative pigments [134].

5. Final Remarks

Wines are complex and evolve physiochemically and sensorially through time. Most of the wine
aroma and flavor compounds are produced or released during wine fermentation due to microbial
activity of Saccharomyces, non-Saccharomyces yeast genera, and lactic acid bacteria. A true challenge for
winemakers is the selection of a “fit-for-purpose” microbial starter culture or culture strains that can
have a crucial role in optimizing flavor, aroma, and color of wines, among other sensory properties.
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Co-inoculation involving S. cerevisiae and non-Saccharomyces yeasts species may result in the
death or loss of variability of non-Saccharomyces, once S. cerevisiae dominates the fermentation and
is stress-resistant to the inhibitory ethanol effect. So, several authors suggest that the sequential
inoculation (non-Saccharomyces followed by S. cerevisiae) is a better technique than the mixed culture,
allowing a higher expression of the metabolism of non-Saccharomyces. Nevertheless, the ratio of
inoculation (non-Saccharomyces vs. Saccharomyces) must be taken into account, especially if the wine
should present a special and desirable characteristic such as the expression of a peculiar aroma-flavor, or
even the inhibition of the production of a specific family of compounds like, for instance, higher alcohols.

Concerning the MLF, the co-inoculation process has been adopted by some winemakers, in
warm climates, where high concentrations of ethanol can inhibit lactic acid bacteria (LAB) growth.
Co-inoculation of musts at the beginning of vinification can also accelerate the process without an
excessive increase in volatile acidity. However, winemakers must be aware of the possible interactions
between yeasts (Saccharomyces and non-Saccharomyces) and LAB during wine processing. LAB feed
on dead and lysed yeast cells but some non-Saccharomyces may delay (M. pulcherrima) or inhibit (T.
delbrueckii) bacterial growth, thus inhibiting the occurrence of MLF.

Regarding wine color characteristics, especially red wine, Saccharomyces and non-Saccharomyces
yeasts can directly or indirectly contribute to wine intensity and tonality, by increasing the formation
of stable pigment precursors (vinyl phenols, acetaldehyde, and pyruvic acid) and by modifying the
pH due to organic acid metabolism. Pyruvic acid is necessary for vitisin synthesis; these important
pigments contribute more to wine color parameters than unmodified anthocyanins. Concerning
acetaldehyde, this compound has several negative impacts (one on health, the other as a potent binder
of SO2), so its formation, although beneficial to wine color, should be avoided. Also, it is important to
choose the right time for promoting MLF, either spontaneously or by inoculation of a commercial LAB
strain, to prevent consumption of pyruvic acid by lactic acid bacteria and to promote vitisin synthesis.

Finally, mannoproteins may have a positive effect on sensory perception of red wine, reducing
astringency and bitterness and encouraging aroma revelation and odor complexity, but further
studies are necessary in order to unravel the possible stabilization mechanism and the relationship
between Saccharomyces and non-Saccharomyces mannoprotein characteristics and their ability to stabilize
wine color.

So, in conclusion, knowledge and control of yeast and bacteria can help winemakers enhance the
sensory quality of their wines for flavor and color.
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Abstract: This study investigates the effects of simultaneous inoculation of a selected Saccharomyces
cerevisiae yeast strain with two different commercial strains of wine bacteria Oenococcus oeni at the
beginning of the alcoholic fermentation on the kinetics of malolactic fermentation (MLF), wine chemical
composition, and organoleptic characteristics in comparison with spontaneous MLF in Tempranillo
grape must from Castilla-La Mancha (Spain). Evolution of MLF was assessed by the periodic analysis
of L-malic acid through the enzymatic method, and most common physiochemical parameters and
sensory traits were evaluated using a standardized sensory analysis. The samples were analyzed
by GC/MS in SCAN mode using a Trace GC gas chromatograph and a DSQII quadrupole mass
analyzer. Co-inoculation reduced the overall fermentation time by up to 2 weeks leading to a lower
increase in volatile acidity. The fermentation-derived wine volatiles profile was distinct between the
co-inoculated wines and spontaneous MLF and was influenced by the selected wine bacteria used
in co-inoculation. Co-inoculation allows MLF to develop under reductive conditions and results in
wines with very few lactic and buttery flavors, which is related to the impact of specific compounds
like 2,3-butanedione. This compound has been also confirmed as being dependent on the wine
bacteria used.

Keywords: Simultaneous inoculation; Alcoholic fermentation; Malolactic fermentation; Sacccharomyces
cerevisiae; Oenococcus oeni; PN4TM; OmegaTM; Aroma profile

1. Introduction

Malolactic fermentation (MLF) occurs in wine as the result of the metabolic activity of wine lactic
acid bacteria. It can take place after the alcoholic fermentation, normally carried out by yeasts, but it
can occur earlier. MLF reduces wine acidity by the conversion of dicarboxylic L-malic acid (malate)
into monocarboxylic L-lactic acid (lactate) and carbon dioxide, which implies a modification in wine
flavor and its microbiological stability, both of which are considered to be beneficial effects for wine
quality [1,2]. Sensory studies carried out in the 1980s by Davis et al. [3] showed that malolactic activity
of bacteria imparts recognizable changes to the flavor characteristics of wine. These modifications
come from the biotransformation and enzymatic processing of grape nutrients into flavor-active
compounds [4].
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Several studies show that the combination of selected wine yeasts and bacteria strains has different
sensory effects in wines due to the production of certain impact metabolites. They are synthesized in
different amounts by these organisms according to the grape variety and bacterial strain, giving us
the opportunity to determine if their contribution to aroma and flavor depends on the species or
strains [5–7]. Research performed by Pozo-Bayón et al. revealed different malolactic behavior for
Oenococcus oeni and Lactobacillus plantarum, concluding that MLF by both species may contribute to
wine quality by modifying the concentration of some of the amino acids and aroma compounds of wine
because of metabolic differences [8]. However, according to other previous studies, it was proved that
the influence of lactic acid bacteria on wine sensory attributes is strain specific. Experiments carried out
using different strains of O. oeni showed significant changes in aroma and flavor compounds, such as
the modifications in fruity characters in red wines or the greater complexity acquired in Sauvignon
Blanc wines [9–11].

Lactic acid bacteria can also produce undesirable aroma and flavor compounds, such as volatile
phenols or biogenic amines, both related with quality loss and health problems for humans [12,13].
This problem could be solved with a custom selection of bacterial strains, according to the type of wine
and its organoleptic properties, which would be modulated depending on the searched sensory profile
and consumer preferences [10,14]. Additionally, the use of selected strains of wine bacteria allows for
better control of the timeframe of L-malic acid degradation [15,16].

Once the wine bacterial strains are selected, another relevant parameter to study is the timing
of the bacteria starter addition and the number of cells and viability in the wine after inoculation,
since these can influence the sensory profile of wine. Three different strategies are being investigated:
(i) inoculation at any time during alcoholic fermentation often performed simultaneously with yeast
(co-inoculation); (ii) inoculation at pressing; and (iii) inoculation after the alcoholic fermentation
(sequential inoculation) [17]. Co-inoculation of yeast and bacteria during fermentation shows several
benefits when compared to the other strategies, as it shortens vinification times, enhances the wine
organoleptic characteristics and reduces the probability of microbial spoilage [2]. Co-inoculation
also influences the volatile chemical composition and the potential sensory attributes of the wine,
often giving fruitier notes, as opposed to butter or nuts when the MLF begins after the end of the
alcoholic fermentation [18].

The aim of the present study is to determine the effect of the coexistence of inoculated commercial
yeast and novel selected lactic acid bacteria strains and its impact on the aroma profile and sensory
traits of Tempranillo red wine, by analyzing chemical, physical, and sensory parameters.

2. Materials and Methods

2.1. Microorganisms

The yeast strain selected to perform alcoholic fermentation was Viacell C-58® (Lallemand Inc.,
Montreal, Quebec, Canada). This Saccharomyces cerevisiae yeast strain was isolated in Germany and
used according to the manufacturer’s recommendations. It has the ability to release polysaccharides to
the wine, stabilizing color in red wines, and decreasing astringency of green tannins. Furthermore,
it stimulates the development of fruity aromas that persist after barrel aging. This yeast strain also shows
a high adaptation to low temperatures, which makes it suitable for cold pre-fermentative maceration.

The commercial wine lactic acid bacteria (LAB) used were O. oeni PN4TM (Lallemand Inc., Montreal,
Quebec, Canada) and O. oeni OmegaTM (Lallemand Inc., Montreal, Quebec, Canada). LAB strain
PN4TM was isolated and selected at the Edmund Mach Institute (San Michele all’Adige, Trentino,
Italy). This LAB stands out for being a robust strain, which showed the ability to complete malolactic
fermentation in red and white wines under adverse conditions of pH, alcohol, SO2, and temperature.
In red wines, PN4TM seems to contribute to spicy notes. LAB strain O. oeni OmegaTM was isolated
and selected in the Languedoc region in France by the Institut Française de la Vigne et du Vin (IFV).
According to the previous studies made by the manufacturer, it stands out for its ability to finish
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rapidly malolactic fermentation in a wide range of applications. This LAB endures low pH and high
alcohol levels. It is effective in red, rose, and white wines. It complements a fresh and direct fruit style
and helps to stabilize color due to its slow degradation of acetaldehyde. Both LAB had been described
by the manufacturer (Lallemand Inc., Montreal, Quebec, Canada) to be highly suitable for the use as
components of a mixed yeasts/bacteria co-inoculum.

2.2. Vinifications

Tempranillo grape-berries were harvested at the optimum technological maturity (23–25 ◦Brix)
during the 2018 vintage in the Castilla-La Mancha winemaking area. Once grapes were received in the
cellar, they were crushed and treated with 4 g/hL of SO2, and then a dose of 2 g/hL of IOC enzyme
(Lallemand Inc., Montreal, Quebec, Canada) was added to favor the color extraction. The initial
chemical composition of must was: ◦Brix 23.50; total acidity 5.35 g/L; pH 3.85, and L-malic acid 1.95 g/L.
Must with crushed grapes was homogeneously divided after crushing into six stainless steel vessels
with a capacity of 100 L. Two of the vessels were used as control (AF1), in which AF means Alcoholic
Fermentation and no lactic acid bacteria strains were added, and after alcoholic fermentation with the
selected S. cerevisiae, wines carried out malolactic fermentation spontaneously. The four remaining
deposits were inoculated with commercial O. oeni lactic acid bacteria strains 24 h after yeast inoculation,
two of them with PN4TM (AF2) and the other two with OmegaTM (AF3). The obtained wines were
cold-stabilized at –3 ◦C for 25 days, and afterwards they were filtered and bottled. Once they were
bottled, wines were sensorily and chemically analyzed.

2.3. Microbiological Control

Determination of microbial population was carried out as stated by Izquierdo-Cañas et al. [16].
The viable count of yeasts was performed by plating samples in malt extract agar media (Cultimed,
Barcelona, Spain), and incubated at 28 ◦C for 48 h. In order to quantify lactic acid bacteria, samples
were plated onto MLO Agar (MLOA, O. oeni Medium, Scharlab, Barcelona, Spain) supplemented
with 10% v/v tomato juice, 50 mg/L sodium azide, and 100 mg/mL of cycloheximide. Plates were
incubated under anaerobic conditions (Gas Pack System, Oxoid Ltd, Basingstoke, UK) at 30 ◦C for
5 days. The results were expressed in colony forming units per mL (CFU/mL) of wine.

The implantation of the inoculated lactic acid bacteria was assessed by the random selection of
isolated colonies from MLOA plates at different fermentation times after inoculation, when L-malic
acid concentration had decreased to 50% and when L-malic acid content was below 0.2 g/L.

2.4. FML Progress and Physicochemical and Spectrophotometric Analysis

FML evolution was determined by the periodic analysis of L-malic acid content, using the
enzymatic method established by the International Organization of Vine and Wine (OIV) [19].
Most common physiochemical parameters, such as alcoholic strength, pH, total acidity, total and free
SO2, glucose and fructose content, and Folin–Ciocalteu index to determine the total phenolic content
of wines were also measured following the recommendations of the official methods of the OIV [20].
Colorimetric parameters were measured at pH 3.6 by a CIE-Lab* color system following the protocol
proposed by Ayala et al. [21]. Total anthocyanin content was measured by the sulfur dioxide bleaching
method according to Riberèau-Gayon and Stonestree [22]. Concentration of different carboxylic acids
(malic, lactic and citric acid) and glycerol content were determined by an isocratic HPLC system
that was set up with a column block heater and refractive index detector. The mobile phase was
8 mmol/L H2SO4, 0.6 mL/min, and set at 75 ◦C in an Aminex HPX-87H 300 × 7.8 mm column. Finally,
tannin content in wines was quantified by precipitation with methylcellulose following the protocol
proposed by Sarneckis et al. [23].
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2.5. Volatile Compound Analysis

Volatile compound extraction was performed according to the protocol described by
Ibarz et al. [24]. SPE cartridges (Li-Chrolut EN, Merck, 0.2 g of phase, Darmstadt, Germany) and
4-nonanol (0.1 g/L) were used as internal standards. The extracts obtained were concentrated to a
final volume of 150 μL by distillation in a Vigreux column and then under a nitrogen stream. Samples
were kept at –20 ◦C until further analysis. A Focus-GC system coupled to a mass spectrometer
ISQ with electron impact-ionization source and quadrupole analyzer with an auto-sampler Tri-Plus
(Thermo-Quest, Waltham, MA, USA) was used to assess the free volatile composition of wines. We used
a BP21 column (SGE, Ringwood, Australia) with a 50 m × 0.32 mm internal diameter and 0.25 μm
thick of Free Fatty Acid Phase (FFAP). The chromatographic conditions were as follows: carrier helium
gas (1.4 mL min−1, split 1/57); injector temperature, 220 ◦C; and oven temperature, 40 ◦C for 15 min,
2 ◦C min−1 to 100 ◦C, 1 ◦C/min to 150 ◦C, 4 ◦C/min to 210 ◦C, and 55 min at 210 ◦C. The detector
conditions were as follows: impact energy, 70 eV; electron multiplier voltage, 1250 V; ion source
temperature, 250 ◦C; and mass scanning range, 40–250 amu. Volatile compounds were detected
by chromatographic retention times and mass spectra, using commercial products as standards.
Quantification of volatile compounds was carried out by analyzing the characteristic m/z fragment
for each compound using the internal standard method. Concentrations of non-available volatile
compounds were expressed at μg/L or mg/L as 4-nonanol equivalents obtained by normalizing the
peak area to that of the internal standard and multiplying by the concentration of the internal standard.

2.6. Sensory Analysis

Descriptive and triangular tests were first performed to determine the differences among treatments.
Fifteen tasters were selected to carry out a descriptive sensory analysis according to the Sensory Profile
method, based on a scale from 0 (absence of the descriptor) to 5 (maximum intensity), and established
by the ISO standard [25]. Selected attributes were color intensity, purplish-red color, aroma of red fruits,
aroma of ripe red fruits, aroma of raisins, floral bouquet, aroma of spices, milky aromas, fresh aroma,
astringent flavor, noble mature tannins in the mouth, and lengthy finish in the mouth.

2.7. Statistical Analysis

Significant differences among samples were determined for each chemical compound by analysis of
variance (ANOVA) and paired Student’s t-test (p = 0.05) for each chemical compound. A cobweb graph
was performed to determine significant differences of the attributes after sensory analysis. Statistical
analysis was performed with 20.0 SPSS (IBM Inc. Chicago, IL, USA) for Windows statistical package.

3. Results

3.1. Evolution of Microbial Populations and Fermentation Kinetics

The progress of alcoholic fermentation of the commercial S. cerevisiae Viacell C-58® strain was
evaluated for each vessel by daily density measurement under the established experimental conditions:
spontaneous malolactic fermentation, co-inoculation with O. oeni PN4TM, and co-inoculation with
O. oeni OmegaTM. After seven days, since density was always below 993 g/L, alcoholic fermentation
was considered to be finished with similar results in all wines (Figure 1).

Although the presence of native LABs could have an adverse effect in non-sterile must fermentation,
our results showed the favorable effect on the start-up period of inoculating pure LAB cultures.
The presence of native lactic acid bacteria in the first stages of alcoholic fermentation did not affect the
progressive decrease of density in wine (Figure 1). In fact, in the spontaneous malolactic fermentation
(control), it was observed that population of S. cerevisiae was affected by the presence of native lactic
acid bacteria, maintaining an average concentration of 106 cells/mL when must density decreased,
until LAB took part in malolactic fermentation (Figure 1). In the co-inoculated vinification with the
O. oeni PN4TM strain, the development of the bacterial population showed a good adaptation to
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fermentation conditions, following fermentative kinetics similar to the corresponding kinetics of Viacell
C-58® yeast. Conversely, in the co-inoculated fermentation with OmegaTM, a different behavior was
observed in presence of Viacell C-58® during the first days of the alcoholic fermentation, reaching
concentrations between 107 and 108 cells/mL, while it reached similar populations to PN4TM during
the rest of the alcoholic fermentation (Figure 1).

Figure 1. Progress of the yeast Viacell C-58® (Δ) and lactic acid bacteria population (dashed lines) and
must density (continuous lines) during the three wine alcoholic fermentations denoted as (AF1, AF2,
and AF3) and performed with Tempranillo musts using the following inoculation strategies: no lactic
acid bacteria (LAB) inoculation (•); inoculation with LAB PN4TM (�); and inoculation with LAB
OmegaTM (�). Data represented correspond to mean values obtained from duplicate fermentations;
in all cases standard deviation was <1.5. MLF means malolactic fermentation.

3.2. Malolactic Fermentation

Malolactic fermentation dynamics were controlled by the daily determination of L-malic and
L-lactic acid content. In co-inoculated fermentation with PN4TM and OmegaTM strains, the behavior
was similar during the first days, but variations in L-malic acid consumption appeared in the final
stages of the alcoholic fermentation (Figure 2). The strain PN4TM could completely consume L-malic
acid in 10 days in the presence of S. cerevisiae starters, while the OmegaTM strain did the same two days
later. Regarding the spontaneous malolactic fermentation, the consumption of L-malic acid was started
from day 12, finishing MLF in 26 days (Figure 2). Again, this fact confirms that lactic acid bacteria
co-existed with S. cerevisiae Viacell C-58® until L-malic acid was almost finished. It is important to
highlight that the L-malic acid consumption was reduced between 14 and 16 days when O. oeni PN4TM

and OmegaTM strains were inoculated compared to the spontaneous MLF.

3.3. Determination of Physic-Chemical Parameters of Fermentations and Color

Despite observing significant differences when comparing residual sugars in both co-inoculated
and control vinifications, in all cases must sugars were completely consumed, and dry wines were
obtained. Regarding acetic acid levels, they decreased to 0.28 g/L for PN4TM and 0.26 g/L for OmegaTM

values, which were lower than those obtained for spontaneous MLF wine, 0.35 g/L (Table 1).
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Figure 2. Progression of L-malic acid consumption (g/L) during vinification of Tempranillo must in
the two samples inoculated with LAB PN4TM (�) and with LAB OmegaTM (�) at the beginning of the
alcoholic fermentation and the uninoculated one (•). Data represented correspond to mean values
obtained from duplicate fermentations; in all cases standard deviation was <1.5.

Table 1. Physicochemical parameters, organic acid concentrations, and color values of wines.
Data represented correspond to mean and standard deviation values obtained from duplicate
vinifications. Characters a, b, and c mean significant differences at p < 0.05.

Spontaneous MLF PN4TM OmegaTM

Alcoholic strength (% v/v) 13.34 ± 0.66 a 13.45 ± 0.15 a 13.52 ± 0.23 a

Total acidity (g/L) 3.49 ± 0.03 a 3.62 ± 0.18 a 3.63 ± 0.18 a

pH 4.07 ± 0.08 a 4.04 ± 0.07 a 4.01 ± 0.03 a

Volatile acidity (g/L) 0.35 ± 0.01 b 0.28 ± 0.03 a 0.26 ± 0.00 a

L-malic acid (g/L) 0.07 ± 0.04 a 0.05 ± 0.01 a 0.08 ± 0.02 a

L-lactic acid (g/L) 1.27 ± 0.00 c 1.22 ± 0.02 b 1.12 ± 0.06 a

Citric acid (g/L) 0.07 ± 0.03 a 0.20 ± 0.04 b 0.19 ± 0.04 b

Glycerol (g/L) 9.69 ± 0.93 a 9.91 ± 0.26 a 9.85 ± 0.28 a

L* 17.13 ± 3.29 a 15.34 ± 0.36 a 19.26 ± 2.23 a

a* 43.39 ± 1.31 a 43.46 ± 0.68 a 44.38 ± 0.09 a

b* 22.13 ± 0.84 a 21.28 ± 0.18 a 20.99 ± 0.82 a

Color intensity 6.44 ± 0.83 a 6.79 ± 0.32 a 5.89 ± 0.55 a

Color tone 0.83 ± 0.00 b 0.76 ± 0.04 a 0.79 ± 0.04 ab

Total anthocyanins (mg/L) 446.00 ± 39.60 a 432.00 ± 33.94 a 426.50 ± 27.58 a

Catechins (mg/L) 694.05 ± 67.39 a 730.10 ± 107.48 a 614.60 ± 55.58 a

Tannins (mg/L) 0.61 ± 0.12 a 0.64 ± 0.15 a 0.51 ± 0.30 a

Folin–Ciocalteu 33.00 ± 4.24 a 34.50 ± 3.54 a 31.00 ± 1.41 a

There were no significant differences in volatile acidity concentrations between the two
co-inoculated wines, while the spontaneous MLF showed a higher volatile acidity (Table 1). Total acidity,
glycerol, and pH were similar in all cases, which indicates that co-inoculation with commercial lactic
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acid bacteria did not affect in a negative way the chemical properties of wine (Table 1). L-lactic acid
values differed for the three experimental conditions, and co-inoculated wine with the LAB OmegaTM

showed the lowest values and the spontaneous MLF the highest. On the other hand, a decrease in citric
acid content was observed in the spontaneous malolactic fermentation (Table 1). This fact indicates
that citric acid degradation depends on the LAB strain used. In this study, the commercial strains
degraded less citric acid and, as a consequence, the volatile acidity produced was lower than that of
the non-co-inoculated one (Table 1). It is well known that during MLF, wine discoloration can take
place. However, in this work, it was proved that there were no important differences in the spectral
characteristics of wine color, and intensity was similar in all cases. Co-inoculation did not decrease
wine color. No significant differences were observed in the rest of analyzed parameters (Table 1).

3.4. Volatile Compound Analysis

Aromatic profiles from the three different wines are shown in Table 2. Metabolism from Viacell
C-58® and the native and commercial lactic acid bacteria decisively influenced the volatile composition
of wine, including secondary aromas related to MLF. It is appreciated that esters and alcohols were
significantly higher, and fatty acid content was lower in wines made by co-inoculation with commercial
LAB strains compares to that made by spontaneous MLF, used as a control.

Ethyl acetate content was significantly different between the three fermentation strategies (Table 2).
Fermentations carried out with the O. oeni OmegaTM strain showed a higher isoamyl acetate and hexyl
acetate content, which are remarkable compounds in Tempranillo wines when compared to the other
two wines. The lower content of 2-phenyl acetate was lower in the wine co-inoculated with the O. oeni
PN4TM strain (Table 2). Regarding the ethyl lactate, the LAB strain OmegaTM contributed to lower
levels of lactic aromas, while the isoamyl acetate concentration was higher (Table 2).

Ethyl hexanoate is responsible for the fruity notes in red wines, and it was observed that its
content was significantly higher in those wines made with O. oeni PN4TM and OmegaTM, if compared
to spontaneous MLF (Table 2). The same happened with 1-hexanol, which contributed to herbaceous
notes (Table 2). It should also be emphasized that ethyl butyrate was significantly higher in wines
made with OmegaTM (Table 2). No significant differences in the ethyl octanoate and ethyl decanoate
contents were found between the three wine trials (Table 2).

Carboxylic acids are responsible for fatty, rancid, and buttery notes (Table 2). It was shown that
co-inoculated wines had lower levels of hexanoic acid, octanoic acid, and decanoic acid with respect to
the spontaneous MLF, highlighting that O. oeni PN4TM notably reduced butyric acid and hexanoic
acid content.

Taking into account that acetaldehyde content decreased during MLF, a decline was observed
in wines with spontaneous MLF, in contrast with LAB co-inoculated wines, where PN4TM showed
the highest level of the compound. The 2,3-butanodione is a decisive compound in MLF, since it is
mainly derived from lactic acid bacteria metabolism. High concentrations of this metabolite give heavy
milky notes. Therefore, it is interesting to obtain it in low concentrations, as it will contribute to wine
smoothness. High quantities of this compound were produced in spontaneous MLF wine in contrast
to the co-inoculated ones. This fact can be very promising for wines produced by co-inoculation
of commercial LAB since they have less lactic notes (octanoic and decanoic acid, 2,3-butanodione),
which avoids the masking of fruity notes that give personality to Tempranillo wines made with the
co-inoculation of O. oeni PN4TM and OmegaTM strains.

3.5. Sensory Analysis

Regarding the sensory profile of wines and according to the tasters, differences in organoleptic
properties were observed (Figure 3). Wines made by spontaneous MLF showed higher aromas of raisins,
milky aromas, and color intensity. In contrast, wines developed by the inoculation of commercial lactic
acid bacteria highlighted the fresh aroma and lengthy finish flavor and ripe red fruit character and less
milky aromas (Figure 3).
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Table 2. Data (Mean ± S.D.) of volatile composition related to the uninoculated fermentations (S) and
inoculated fermentations with two commercial LAB strains (PN4TM and OmegaTM). Characters a, b,
and c mean significant differences at p ≤ 0.05.

Spontaneous MLF PN4TM OmegaTM

Ethyl acetate (mg/L) 80.00 ± 15.89 a 95.18 ± 0.13 b 108.65 ± 2.93 c

Isoamyl acetate (mg/L) 5.85 ± 0.76 a 6.13 ± 0.10 a 8.85 ± 0.89 b

2-Phenylethyl acetate (μg/L) 182.61 ± 7.24 b 141.89 ± 7.89 a 170.63 ± 31.80 b

Hexyl acetate (μg/L) 13.54 ± 1.77 a 13.75 ± 0.84 a 21.21 ± 7.18 b

Ethyl lactate (mg/L) 145.86 ± 19.96 b 137.78 ± 6.11 b 117.54 ± 1.24 a

Ethyl butyrate (μg/L) 632.50 ± 106.77 a 687.50 ± 30.41 a 896.00 ± 94.75 b

Ethyl hexanoate (μg/L) 739.82 ± 26.96 a 790.88 ± 57.99 ab 866.78 ± 85.64 b

Ethyl octanoate (μg/L) 716.64 ± 49.17 a 677.01 ± 90.65 a 785.66 ± 85.41 a

Ethyl decanoate (μg/L) 97.26 ± 8.89 a 90.29 ± 14.61 a 100.97 ± 10.01 a

1-propanol (mg/L) 62.83 ± 8.25 a 54.74 ± 5.25 a 54.55 ± 0.51 a

Isobutanol (mg/L) 30.48 ± 3.71 a 28.96 ± 0.51 a 30.65 ± 1.20 a

1-butanol (mg/L) 1.46 ± 0.30 a 1.65 ± 0.12 a 1.46 ± 0.23 a

Isoamylic alcohols (mg/L) 342.50 ± 36.63 a 332.19 ± 1.25 a 327.92 ± 10.87 a

1-octanol (μg/L) 13.82 ± 2.45 a 16.14 ± 2.27 a 17.33 ± 1.77 a

3-methyl-1-pentanol (μg/L) 167.16 ± 42.26 a 212.66 ± 6.96 c 181.06 ± 1.16 ab

3-ethoxy-1-propanol (μg/L) 53.47 ± 13.10 a 48.15 ± 3.02 a 45.46 ± 2.95 a

1-hexanol (mg/L) 3.24 ± 0.12 a 3.46 ± 0.16 b 3.53 ± 0.08 b

t-3-hexenol (μg/L) 74.70 ± 0.47 a 75.24 ± 9.86 a 74.74 ± 0.86 a

c-3-hexen-1-ol (μg/L) 513.62 ± 88.94 516.16 ± 21.29 560.66 ± 4.26

2-phenylethanol (mg/L) 23.68 ± 2.79 a 26.07 ± 1.58 a 22.54 ± 1.49 a

Isobutiric acid (μg/L) 460.53 ± 49.70 a 428.63 ± 51.80 a 426.93 ± 10.52 a

Butyric acid (μg/L) 570.86 ± 1.69 b 436.89 ± 2.96 a 513.28 ± 91.90 b

Isovaleric acid (mg/L) 1.43 ± 0.05 c 1.31 ± 0.08 b 1.22 ± 0.06 a

Valeric acid (μg/L) 13.68 ± 3.89 b 7.71 ± 2.71 a 6.68 ± 4.72 a

Hexanoic acid (mg/L) 8.29 ± 0.46 b 7.28 ± 0.57 a 7.80 ± 0.34 ab

Octanoic acid (mg/L) 7.25 ± 1.65 b 5.02 ± 0.08 a 5.41 ± 0.16 a

Decanoic acid (mg/L) 3.78 ± 0.94 b 2.08 ± 0.10 a 1.92 ± 0.17 a

γ-nonalactone (μg/L) 6.35 ± 0.53 a 5.39 ± 0.56 a 6.14 ± 0.55 a

δ-dodecalactone (μg/L) 9.58 ± 0.67 a 6.89 ± 1.05 a 7.56 ± 3.70 a

δ-ethoxycarbonyl-δ-butyrolactone (μg/L) 321.46 ± 39.16 ab 275.65 ± 26.25 a 355.95 ± 31.85 b

Damascenone (μg/L) 6.03 ± 0.81 a 6.27 ± 0.23 a 5.74 ± 0.97 a

3-oxo-α-ionol (μg/L) 55.82 ± 0.60 a 49.64 ± 7.01 a 53.82 ± 4.76 a

Acetaldehyde (mg/L) 9.28 ± 0.05 a 10.87 ± 0.96 b 14.00 ± 1.16 c

2.3 Butanodione (mg/L) 18.35 ± 1.67 c 14.77 ± 1.61 b 8.55 ± 0.48 a

1-octen-3-ona (μg/L) 14.25 ± 0.59 a 14.02 ± 1.84 a 14.19 ± 2.08 a

3-methyl-thio-propanol (μg/L) 277.33 ± 85.07 a 311.44 ± 66.18 a 211.11 ± 10.75 a

Furaneol (μg/L) 12.32 ± 1.26 b 5.94 ± 3.73 a 10.39 ± 2.52 b

Guaiacol (μg/L) 12.39 ± 1.65 a 18.44 ± 0.37 b 19.88 ± 5.18 b
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Table 2. Cont.

Spontaneous MLF PN4TM OmegaTM

Eugenol (μg/L) 3.97 ± 0.36 b 2.52 ± 0.79 a 2.71 ± 0.13 a

Phenol (μg/L) 8.33 ± 0.98 a 9.41 ± 0.66 a 10.24 ± 3.49 a

4-metil-2, 6-ditercbutil-fenol (μg/L) 95.91 ± 29.03 b 66.28 ± 8.35 a 63.06 ± 0.07 a

Figure 3. This figure shows the polar coordinate (cobweb) graph of mean sensory score ratings of
“color intensity”, “purplish-red color”, “red fruit”, “ripe red fruit”, “aroma of raisins”, “floral bouquet”,
“aroma of spices”, “milky aroma”, “fresh aroma”, “astringent flavor”, “noble mature tannins”,
and “lengthy finish in the mouth” for the spontaneous Tempranillo wine and the PN4™ and Omega™
LAB strains. In sensorial variables indicated with an asterisk (*) a difference between trials was verified
for p ≤ 0.05.

Panelists concluded that wines fermented with LAB reached more fruity and floral flavors,
and spontaneous wines were less fruity and had stronger astringency and milky, raisin flavors.
LAB Omega™ had strongly fruity and floral aromas, and PN4 in spices and fresh aromas in the
Tempranillo wines. Spontaneous LAB produced the least ripe red fruit, floral, spices, and fresh aromas
wines in this comparison. These wines tended to have milky, raisin, and astringent flavors. Statistical
analysis revealed that the descriptors that the descriptors differed significantly in non-inoculated
Tempranillo wines from those ones, which were inoculated,) suggesting that the different LAB strains
deeply affected the flavor compounds of the wines (Figure 3).

4. Discussion

Under normal conditions, spontaneous malolactic fermentation (MLF) takes place once alcoholic
fermentation has finished. This fact is due to a competition for must nutrients between yeast and
lactic acid bacteria (LAB) naturally occurring in grapes. S. cerevisiae develops rapidly and consumes
the essential nutrients for lactic acid bacteria growth, in addition to the production of ethanol and
other byproducts that avoid their proliferation in the first stages of fermentation [26,27]. However,
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as alcoholic fermentation finishes, yeast suffer what is called lysis or autolysis, where they free
intracellular nutrients that will be used as nitrogen and carbon sources to those lactic acid bacteria
that resisted the ethanol concentration of the final wine [27]. Then, lactic acid bacteria population
will exponentially proliferate to carry out MLF. It is possible to reproduce this natural phenomenon
in controlled conditions. When winemakers use selected or commercial yeast starters to perform
alcoholic fermentation, generally they inoculate lactic acid bacteria in sequential steps reproducing the
succession that would take place naturally.

Other winemakers decide to co-inoculate LAB with fermentative yeast at the beginning of
fermentation or just before alcoholic fermentation finishes [27–29]. This technique is gaining popularity
because not only MLF is assured, but also carries recognized advantages by enologists and winemakers.
One of the most important benefits of simultaneous inoculation of yeast/LAB is the reduction of total
time of fermentation [18]. Jussier et al. [30] observed a significant reduction of MLF time in Chardonnay
wines at pH of 3.53 and 13% ethanol (v/v) in co-inoculation when compared to sequential AF/MLF.
This study corroborates this assertion at a pilot scale and is consistent with previous investigations
performed at the laboratory scale [29,31–34].

Reduction of MLF times can be explained by specific interactions that occur between S. cerevisiae
and O. oeni during AF and MLF, when the chosen strategy is the co-inoculation of both starter
cultures [35]. In the experiments of this study, Viacell C-58® was used as fermentative yeast and two
O. oeni (PN4 TM and OmegaTM) as commercial LAB as a mixed co-inoculum of yeast/bacteria. Yeast and
LAB strains had been described by the producers to be highly suitable for the use as component of
a mixed yeast/bacteria co-inoculum. It can be observed that interactions between the yeast and the
commercial co-inoculated bacteria are different from those that take place in spontaneous fermentation.
The concentration of the inoculated yeast was about 106 CFU/mL in all cases for the commercial LAB,
while the LAB initial population of spontaneous elaborations was 104 CFU/mL, a little higher than that
reported in red wine musts [36]. MLF also occurred when AF was finished, but the duration of the
total process was substantially superior than in the case of the two starter culture inoculations, due to
the adaptation of bacterial starter to the must environment from the beginning of AF. Furthermore,
viability of S. cerevisiae starter did not get influenced during the simultaneous progress of AF and MLF,
as the yeast exponential growth phase did not decrease before reaching the stationary phase [32–37].
These evidences are consistent with those obtained in previous studies in Cabernet Franc, Tempranillo,
and Merlot wines with other LAB and yeast strains [16,38] and Neroamaro wines [29].

This study also confirmed that MLF can take place in the presence of fermentable sugars without
a significant increasing of acetic acid, in contrast with data obtained in other studies where the content
of acetic acid increased in yeast and LAB co-inoculations [12,39,40]. This variability in the reduction
of volatile acidity in co-inoculated wines with PN4TM and OmegaTM strains could depend on the
yeast strain used, on the LAB starter used, or both. This result shows consistency with those obtained
by Tristezza et al. [29] in Neroamaro wines and du Plessis et al. [41] in Shiraz wines. In fact, in the
vinification experiments, approximately 50% of the malic acid was consumed at the 7th day of the AF,
and the total consumption of malic acid took place after the AF (days 7–12). This result reconfirmed a
previous study of this research group in which an improvement of organoleptic properties of Cabernet
Franc, Merlot, and Tempranillo wines was observed [16,38].

Regarding the color, no significant differences were observed in the spectral properties of color
in co-inoculated MLF when compared to the control, but in contrast, lower shades were found in
LAB co-inoculated wines. According to Burns and Osborne [42], MLF can affect red wine color
independently of pH change. The species O. oeni could change the concentration of phenolic and
non-phenolic compounds involved in red wine color development independently of pH change.
As stated before, there were no strain specific differences in the color, but the tonality could be related
to the O. oeni strain used.

The obtained results not only confirm that the correct selection of yeast and LAB strains for the
performing of MLF by co-inoculation has a positive influence in the reduction of fermentation times
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and volatile acidity production, but also in the aromatic composition of wine. In fact, it was clearly
proved the considerable effect of co-inoculation of the commercial yeast with two different LAB strains
on the organoleptic properties of Tempranillo wines obtained, when compared with those obtained by
spontaneous MLF. Recent investigations have highlighted the variation in aromatic profile in wine
produced by different LAB inoculation processes [16,18,38,39]. Our data suggest that coexistence of
yeast Saccharomyces with the lactic acid bacterial strain OmegaTM increases some ester levels, improving
the fruity aroma according to the sensory analysis, as showed by Tristezza et al [29]. Nine esters were
identified and quantified, and wines produced by co-inoculation contained higher concentrations of
diethyl and monoethylsuccinate, ethyl lactate, 2-phenyl acetate, and ethyl fatty acids esters [2,29].

In general, the co-inoculation of both LAB strains gave as a result a significant change in the
ester profile of wine, those of ethyl fatty acid being the most representative. This suggests that
coexistence of yeast and lactic acid bacteria stimulates the formation of medium chain fatty acids
and, consequently, the concentration of fatty acid esters varies in wine [29,38,43]. On the other
hand, the presence of 2,3-butanodiol shows that, in the case of co-inoculation, bacteria were able to
degrade diacethyl, a derived-MLF compound with high impact on wine organoleptic properties [18,39].
When this compound appears in high concentrations in wine, it can affect in a negative way its
aroma, conferring buttery notes that interfere with fruity aromas [44]. Consequently, applying the
co-inoculation technique, it is possible to reduce unwanted buttery and lactic notes, allowing the
fruity ones to prevail, bringing out the characteristic varietal aroma of Tempranillo wines. Moreover,
after sensory analysis, the wines from non-inoculated LAB fermentations had the majority of high
scores for these descriptors, while those fermented with LAB had the lowest scores.

It is well known that the period from the end of the AF to the beginning of the FML is
specifically conducive to the development of Brettanomyces/Dekkera. Early wine inoculation with
LAB, immediately after AF or co-inoculation, has been proved a simple and effective method to
prevent Brettanomyces development and the production of off-flavors due to high concentrations of
ethylphenols [45]. This study showed that phenol content in wine elaborated by co-inoculation of
LAB starters was significantly lower than those ones by spontaneous MLF. Co-inoculation reduced
the overall fermentation time by up to 2 weeks leading to a lower increase in volatile acidity and an
increase of the aromatic quality of wines with more varietal and fruity notes.

Co-inoculation allows MLF to develop under reductive conditions and results in wine with very
few milky and buttery flavors, related to the impact of specific compounds like 2,3-butanedione.
This compound has also confirmed as being dependent on the wine bacteria used.
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Abstract: The high concentration of sugars in Icewine juice causes formidable stress for the fermenting
Saccharomyces cerevisiae, causing cells to lose water and shrink in size. Yeast can combat this stress by
increasing the internal concentration of glycerol by activating the high osmolarity glycerol response
to synthesize glycerol and by actively transporting glycerol into the cell from the environment.
The H+/glycerol symporter, Stl1p, has been previously characterized as being glucose repressed
and inactivated, despite osmotic stress induction. To further investigate the role of Stl1p in Icewine
fermentations, we developed a rapid single plasmid CRISPR-Cas9-based genome editing method to
construct a strain of the common Icewine yeast, S. cerevisiae K1-V1116, that lacks STL1. In an Icewine
fermentation, the ΔSTL1 strain had reduced fermentation performance, and elevated glycerol and
acetic acid production compared to the parent. These results demonstrate that glycerol uptake by
Stl1p has a significant role during osmotically challenging Icewine fermentations in K1-V1116 despite
potential glucose downregulation.

Keywords: Icewine; Saccharomyces cerevisiae; hyperosmotic stress; CRISPR-Cas9; glycerol transport;
STL1

1. Introduction

Icewine is a signature sweet dessert wine that is fermented from the juice of naturally frozen
grapes. Since much of the water in the grape is frozen at harvest, the pressed Icewine juice is highly
concentrated in solutes such as sugars, organic acids, and nitrogenous compounds. For Icewine
juice produced in the Niagara Peninsula of Ontario, Canada, the average sugar concentration for
Vidal Icewine juice was reported at 39.3 Brix for 298 Icewine juice samples (approximately 450 g/L
sugar) [1]. The high sugar concentration presents a significant osmotic stress for the fermenting
Saccharomyces cerevisiae. High osmotic stress, commonly referred to as hyperosmotic stress, causes
prolonged fermentation times, less than ideal alcohol yields, reduced biomass growth, and elevated
levels of undesired metabolites [2,3]. The undesired metabolites, namely acetate, acetaldehyde, and
ethyl acetate, indirectly arise because of the increased synthesis of glycerol, the primary compound
responsible for the adaptation to hyperosmotic stress [4]. Synthesis of glycerol is a two-step process
that involves the reduction and dephosphorylation of the glycolytic intermediate, dihydroxyacetone
phosphate (DHAP). Glycerol synthesis is not redox neutral, as one equivalent of NADH (nicotinamide
adenine dinucleotide (NAD+) + hydrogen (H)) is required per synthesized glycerol, resulting in the
production of NAD+ [5,6]. Therefore, a second reaction is required to reduce the generated NAD+ back

Fermentation 2019, 5, 93; doi:10.3390/fermentation5040093 www.mdpi.com/journal/fermentation135



Fermentation 2019, 5, 93

to NADH. The NADH generating step of glycolysis, the oxidation of glyceraldehyde 3-phosphate by
glyceraldehyde 3-phosphate dehydrogenase, is balanced by coupling this step to alcoholic fermentation,
where acetaldehyde is reduced to ethanol by alcohol dehydrogenase, regenerating NAD+ and making
this a redox neutral process. Excess oxidation of NADH through glycerol synthesis can lead to a
significant shift in the NAD+/NADH ratio [7]. Due to the importance of NADH for the reduction of
acetaldehyde to ethanol, reduced levels of NADH relative to NAD+ causes insufficient acetaldehyde
reduction, thus leading to elevated levels of acetaldehyde, and subsequently acetate, due to acetaldehyde
oxidation by aldehyde dehydrogenases [7–9].

In addition to glycerol synthesis, yeast can also actively uptake glycerol from the extracellular
environment [10]. One such transporter, Stl1p, is a plasma membrane H+/glycerol symporter.
The proton-glycerol symport mechanism of Stl1p allows for extracellular glycerol to be imported
against a concentration gradient, at the cost of H+ influx into the cell [11]. As the name STL (sugar
transporter like) suggests, the protein is one of 34 sugar permeases in yeast and is part of the major
facilitator superfamily (MFS) [12]. In laboratory yeast strains of S. cerevisiae, STL1 is reported as
upregulated by salt-induced osmotic stress and repressed and inactivated by glucose, but glucose
repression was overcome at high temperatures [11,13]. Previous gene expression analysis on the
short-term hyperosmotic stress response in wine yeast to grape must inoculation revealed that STL1 was
highly expressed between the first 10 and 30 minutes, before rapid downregulation to near undetectable
levels [14]. Another gene expression analysis study found that STL1 expression upregulation was very
low in S. cerevisiae wine yeast throughout table wine fermentations and in glucose-containing stress
conditions [15]. Conversely, we have previously reported that STL1 is the most highly upregulated gene
in S. cerevisiae K1-V1116 during osmotically challenging Icewine fermentations, with a 25-fold increase
relative to that measured in table wine fermentation being seen on the fifth day of fermentation [16].

While gene expression analysis is a useful tool for identifying potential gene targets associated
with a given phenotype, further investigation is often required to confirm protein function and
phenotypic impact. Genetic modification is one such tool that can be used for gene function elucidation.
Given the hyperosmotic conditions of Icewine, and the differences between laboratory yeast strains
and wine yeast strains, constructing engineered wine yeast strains would be optimal for studying
Icewine hyperosmotic stress condition responses [17–19]. While S. cerevisiae is amendable with
existing genome editing techniques, primarily through the chromosomal integration of selectable
markers in haploid auxotrophic strains, applying these techniques to industrially relevant diploid and
polyploid strains, like wine yeasts, can be challenging and time-consuming [20,21]. Luckily, with the
advent of CRISPR-Cas9 genome editing methods, yeast strain engineering has become rapid, efficient,
and multiplexed [22,23]. At the time of this work, there has only been one other published study on
the use of CRISPR-Cas9 for genome editing in wine yeasts. The work of Vigentini et al. (2017) used a
double plasmid CRISPR-Cas9 method to eliminate CAN1, an arginine permease, in the popular wine
yeast strains, EC-1118 and AWR1796, thus lowering urea production [24].

In this work, we developed a rapid and effective CRISPR-Cas9 genome editing method for the
wine yeast S. cerevisiae strain, K1-V1116, which is commonly used for Icewine production. Using a
single linearized CRISPR-Cas9 plasmid, that is repaired in vivo with a linear DNA fragment containing
the target sequence of the sgRNA, we were able to construct a K1-V1116 strain featuring the complete
removal of the STL1 open reading frame. Subsequent Icewine fermentations were conducted with
K1-V1116 and K1-V1116 ΔSTL1 strain. The reduced fermentation performance, along with increased
glycerol and acetic acid production per gram of sugar consumed, of the ΔSTL1 strain, provides further
evidence that Stl1p contributes to the osmotolerance of K1-V1116 during Icewine fermentations, despite
the high concentration of glucose.
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2. Materials and Methods

2.1. Yeast Strains and Media

The commercial wine yeast used in this work was S. cerevisiae K1-V1116 (Lallemand, Montreal,
QC, Canada). K1-V1116 strains were propagated using YPD (0.5% (w/v) Yeast Extract, 1% (w/v)
Peptone, and 2% (w/v) Dextrose), unless otherwise stated. For solid media, 1% (w/v) agar was added.
For selection media geneticin (G418) (Teknova, Hollister, CA, USA) was supplemented on YPD plates
at 200 μg mL−1.

2.2. Description of CRISPR-Cas9 Method

The CRISPR-Cas9 method used in this work was built upon the work by the Tom Ellis lab [25].
The plasmid used, pWS173, contains cassettes for the yeast expression of both Cas9 and sgRNA
(Figure 1). The yeast-optimized Cas9 contains a nuclear localization sequence and is driven by the
PGK1 promoter. The optimized sgRNA cassette contains a yeast tRNA and 5’ HDV ribozyme and is
flanked by 500 bp junk DNA homology arms. In pWS173, the sgRNA cassette contains a BsmBI-flanked
GFP dropout for the 20 bp protospacer sequence required for targeted endonuclease activity. The method
relies on the repair of a BsmBI linearized pWS173 with a 1.1 kb linear DNA fragment, which has
the sgRNA cassette, with a 20 bp protospacer sequence, inserted within. The sgRNA repair DNA is
generated using pWS173 as a template, with two PCR amplicons containing primer overhangs that
encode for the protospacer sequence and the terminal sequence of the adjacent fragment. The two
protospacer encoding amplicons are then assembled using overlap extension PCR, as described in
Section 2.3. When the linearized plasmid, sgRNA repair DNA, and donor DNA are transformed into
yeast, the homology arms on the sgRNA repair DNA and pWS173 are recognized and the plasmid
is circularized (Figure 2a). The circularization of the plasmid restores its functionality, offering G418
resistance and expression of CRISPR-Cas9 and the active sgRNA species (Figure 2b).

Figure 1. Representation of pWS173 plasmid (Benchling).
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Figure 2. Schematic of DNA components which are transformed in yeast (a) and in vivo repair
of pWS173, and subsequent expression of CRISPR-Cas9, sgRNA, and G418 resistance cassettes (b).
The CRISPR-Cas9 ribonucleoprotein recognizes the genomic target sequence and cleaves the site,
resulting in a double-stranded DNA break in the genomic DNA. Subsequent homology directed repair
with the exogenous donor DNA results in successful genome editing (c).

2.3. Cloning

The plasmid used in this work, pWS173, was a gift from Tom Ellis (Addgene plasmid # 90960).
Plasmids were propagated in NEB Stable™ Competent Escherichia coli (New England Biolabs), under the
selection of LB (1% (w/v) Tryptone, 0.5% (w/v) Yeast Extract, 1% (w/v) Sodium Chloride) supplemented
with 50 μg mL−1 kanamycin (Tocris Biosciences, Bristol, UK). The plasmid was isolated using QIAprep
Spin Miniprep (Qiagen, Hilden, Germany), linearized using BsmBI (New England Biolands, Ipswich,
MA, USA) and used without gel extraction. The sequences from EC-1118 [26] were used in place of
K1-V1116 for all construct and primer design purposes, since the sequence of EC-1118 was available
on the Ensembl genome browser. Benchling (San Francisco, CA, USA) was used for plasmid and
construct design. The target sequence for CRISPR-Cas9 sgRNA, used in K1-V1116, was designed
using the Benchling CRISPR tool, with the default parameters for the NGG PAM single guide RNA for
Cas9. The R64-1-1 S. cerevisiae reference genome was used for off-target analysis. The target sequence
used can be found in Table A1. Donor DNA and sgRNA repair DNA was synthesized using 2-part
overlap extension PCR, using Q5 polymerase (New England Biolands, Ipswich, MA, USA) and the
primers in Table A2. An initial annealing temperature of 55 ◦C was used for most PCR reactions, with
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the temperature adjusted empirically to resolve low yield reactions. An extension time of 15 second
per kb and 35 cycles was used for all PCRs. For overlap extension PCR, 0.5 μL of the PCR mix each
fragment was used as templates in a 50 μL reaction. Genomic DNA was isolated and purified from
K1-V1116 using the Fungi/Yeast Genomic DNA Isolation Kit (Norgen Biotek, Thorold, ON, Canada).
PCR amplified DNA was purified using QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany).
DNA was quantified using a NanoDrop Lite Spectrophotometer (ThermoFisher, Waltham, MA, USA).
PCR amplicons were visualized using 1% agarose-TAE (40 mM Tris, 20 mM acetate, and 1 mM EDTA),
containing 0.003% (v/v) RedSafe nucleic acid staining solution (iNtRON Biotechnology, Seongnam,
Korea).

2.4. Strain Construction

The S. cerevisiae strain, K1-V1116, was transformed using a modified electroporation protocol,
which was largely based off the protocol described by DiCarlo et al. (2013) [27]. A colony of K1-V1116
was inoculated into 5.5 mL of YPD. The culture was then incubated overnight at 30 ◦C in a roller drum.
The following day, the culture was centrifuged at 8000 G for 1 min in a microcentrifuge. The media was
removed, and the pellets were resuspended in 250 μL of room-temperature water and consolidated
into a single tube. The cells were washed twice more, using 1 mL of water, and then resuspended
in 1.5 mL of 500 mM lithium acetate with 5 mM of dithiothreitol (DTT) before being incubated for
30 min at 30 ◦C in a roller drum. Following conditioning, the cells were collected by centrifugation
and washed twice with 1.5 mL of ice-cold electroporation buffer (1 M sorbitol and 1 mM calcium
chloride). The final cell pellet was then resuspended in 950 μL of ice-cold electroporation buffer and
kept on ice. For each transformation, 100 μL of cells were mixed with linearized pWS173 plasmid,
sgRNA repair DNA, and donor DNA. The mixture was then transferred to an ice cold 0.2 cm gap
electroporation cuvette and electroporated at 2.5 kV, 25 μF, and 200 Ω. The electroporated cells were
recovered in 900 μL of room-temperature recovery media (0.5 M sorbitol and 0.5x YPD) and incubated
for 4 h at 30 ◦C in a roller drum. After recovery, 50 μL of culture was plated onto YPD, supplemented
with 200 μg mL−1 G418 (geneticin) and incubated at 30 ◦C for 24 to 48 h. The remaining recovered
culture was saved at 4 ◦C and plated again if required. Integration events were confirmed with colony
PCR using Q5 polymerase (New England Biolabs, Ipswich, MA, USA). To obtain colony PCR DNA,
a single colony was mixed into 25 μL of 20 mM sodium hydroxide and boiled at 90 ◦C for 10 min.
PCR products were visualized using agarose gel electrophoresis, as described in Section 2.2.

2.5. Icewine Juice

Vidal Icewine juice was previously acquired from Huebel Grape Estates in Niagara-on-the-Lake,
Ontario, Canada and stored at −35 ◦C until use. The Icewine juice was thawed at 7 ◦C for 24 h,
before being racked off and filtered through a series of coarse, medium, and fine pore size pad filters
using the Bueno Vino Mini Jet filter (Vineco, St. Catharines, ON, Canada). The juice was then filter
sterilized using 0.45 μm membrane cartridge (Millipore, Etobicoke, ON, Canada). The final sterile
filtered Icewine juice (40.2 Brix) was used for Icewine fermentations. The sterile filtered Icewine juice
contained 447 g L−1 sugar, pH 3.79, titratable acidity of 7.0 g L−1 tartaric acid, glycerol at 8.67 g L−1,
acetic acid at 0.06 g L−1 and yeast assimilable nitrogen (YAN) at 441 mg N L−1.

2.6. Permissive Condition Growth Kinetics Characterization

Permissive condition growth kinetics characterization was conducted aerobically in YPD liquid
media at 30 ◦C in an orbital shaker. In a sterile bottle with a stir bar, 250 mL of YPD was added,
along with 450 mg of yeast cells from an agar plate, for each strain. This culture was stirred for 5 min
on a stir plate and then was sampled into 75 mL aliquots in 250 mL Erlenmeyer flasks with sponge
stoppers. The flasks were then placed in an orbital incubator set to 120 RPM and 30◦ C, and were
sampled every two hours. Optical density at 600 nm (OD600) values were obtained using a Genesys
10S UV-Vis Spectrometer (Thermo Scientific, Waltham, MA, USA) set to 600 nm in absorbance mode,
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with methacrylate cuvettes. Dilutions were made with sterile YPD as needed, to stay under a reading
of 1.0. All readings were done in triplicate.

2.7. Icewine Fermentations and Samplings

The K1-V1116 strains used for fermentations were prepared as starter cultures. The starter culture
consisted of filter sterilized Icewine juice diluted to 10 Brix, with an additional 2 g L−1 of diammonium
phosphate (DAP). From YPD plates, four freshly cultured yeast colonies were collected and used to
inoculate 100 mL of starter culture media. The culture was incubated until the cell concentration
reached 2 × 108 cells mL−1, or approximately 17 h, using a shaker table incubator set to 30 ◦C.

The starter culture was used to inoculate 1 L of Icewine juice to a final cell density of approximately
1 × 107 cells mL−1. The fermentations were incubated at 17 ◦C for 34 days. Samples were taken every
day between days 0 and 6, every other day between days 8 and 16, and every three days between
days 19 and 34. Before sampling, the fermentations were stirred for 5 min to ensure homogeneity,
after which 2 mL of the culture was taken. After centrifugation, the supernatant of the sample was
transferred to a clean tube and stored at −35 ◦C for later metabolite analysis. The remaining cell pellet
was used for total and viable cell counts using methylene blue on a hemocytometer. Larger 50 mL
samples were taken from the initial juice and final wine and stored at −35 ◦C for later analysis. Colony
PCR was conducted on the strains at the beginning and end of fermentation to verify the genotype.
The fermentations were conducted in triplicate for each strain.

2.8. Metabolite Analysis

Soluble solids were determined by ABBE bench top refractometer (model 10450; American Optical,
Buffalo, NY, USA). Acidity was determined by pH measurement using a sympHony pH meter (model
B10P; VWR, Mississauga, ON, Canada), and titratable acidity by titration against 0.1 mol L−1 NaOH,
to an endpoint of pH 8.2 [28]. Glucose, fructose, glycerol, acetic acid, amino nitrogen, and ammonia
nitrogen were measured using Megazyme assay kits (K-FRUGL, K-ACET, K-GCROL, K-PANOPA,
K-AMIAR; Megazyme International Ireland, Ltd., Bray, Co. Wicklow, Ireland). Ethanol was determined
by gas chromatography (Model 6890; Agilent Technologies Inc., Palo Alto, CA, USA) equipped with a
flame ionization detector (FID), split/split-less injector, and Chemstation software (version E.02.00.493).
Separations were carried out with a DB®-WAX (30 m, 0.25 mm, 0.25 μm) GC column (122-7032 model;
Agilent Technologies, Santa Clara, CA, USA) with helium as the carrier gas, at a flow rate of 1.5 mL
min−1. Metabolite production during fermentation was calculated by the difference in the respective
metabolite concentration measured between the time zero point (immediately after inoculation) and
at each sampling time point throughout fermentations. Normalized metabolite production was
determined by dividing the final metabolite production by the final sugar consumed.

2.9. Statistical Analysis

XLSTAT-Pro by Addinsoft (New York, NY, USA) was used for statistical analysis. Analysis of
variance (ANOVA) with mean separation by Tukey’s Honest Significant Difference (p < 0.05) and
Student’s t-Test (p < 0.05, p < 0.01, p < 0.001) were used to evaluate differences between variables.

3. Results

3.1. Development of a CRISPR-Cas9 Genome Editing Protocol for K1-V1116

3.1.1. K1-V1116 Drug Sensitivity Testing

To assess the selection potential of Geneticin (G418) for the isolation of successful transformants,
the wild type resistance of K1-V1116 needed to be determined. Given the proven effectiveness of G418
in previous studies [23,27], a rapid approach was used to determine wild type sensitivity: 200 μL of
stationary phase K1-V1116 cultured in YPD was plated onto a series of YPD plates with G418 (140,

140



Fermentation 2019, 5, 93

280, 560, 710, and 850 μg mL−1) and incubated at 32 ◦C. After three days, only one colony appeared
on the lowest concentration plate. As such, YPD with 200 μg mL−1 G418 was selected as the future
selection media.

3.1.2. Initial K1-V1116 Transformations

The following step was to assess the G418 positive selection functionality of the intact and
linearized pWS173, as well as validate the electroporation protocol developed. As the goal of this
work was to develop a rapid and facile genome editing method, testing the use of stationary phase
cultures as the source of cells for electroporation was desired. The use of stationary phase cultures
would eliminate the need to monitor the OD600, allow for more schedule flexibility and reduce the
hands-on time by over 5 h on the day of transformation. While convenient, the previously reported
cost of using stationary phase yeast is reduced transformation efficiency, thus we needed to determine
if using stationary phase culture would be a viable strategy for future strain construction [29,30]. Three
YPD cultures of K1-V1116 were incubated at 32 ◦C in a roller drum until log phase (OD600 of 1.8), 18 h
of growth, and 40 h of growth, until prepared and transformed with either 300 ng of non-linearized
pWS173 or 300 ng of linearized pWS173 plus 1 μg of sgRNA repair DNA, which would produce a
truncated, non-functional sgRNA (Figure 3).

Figure 3. Log transformation efficiency of log phase culture, 18-hour culture, and 40-hour culture,
with 300 ng of pWS173 or 300 ng of linearized pWS173, with 1 μg of non-functional sgRNA repair
DNA. Single transformations were plated in triplicate on YPD with 200 μg mL−1 G418. Transformation
efficiency represents the average ± standard deviation.

There was a difference in transformation efficiency between the log phase culture, 18-hour culture,
and 40-hour culture. For the repaired pWS173 plasmid, the transformation efficiency of the log
phase culture was 14x greater than the 18-hour culture, and 541x greater than the 40-culture. Despite
this difference, the 18-hour culture still achieved a transformation efficiency of 1.6 × 105 ± 5.1 × 103

CFUs per μg of DNA. The same trend of transformation efficiency between cell culture phases was
shown using the intact pWS173. The transformation efficiency measured at each growth phase of the
repaired pWS173 appears greater than that observed with the intact pWS173, although we cannot say
if this difference is significant due to the experimental design. The transformation efficiency seen in
the 18-hour culture was deemed acceptable for future strain construction given the isogenic goal of
this work.
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3.1.3. Construction of a K1-V1116 ΔSTL1 Strain

Upon validation of the electroporation protocol and the G418 positive selection of the pWS173,
K1-V1116 ΔSTL1 was constructed. For this, the sgRNA repair DNA that contained a target sequence
within the STL1 open reading frame was synthesized (Figure 4a). The donor DNA for homology-directed
repair contained 500 bp homology arms, and would result in the deletion of the entire STL1 open
reading frame (Figure 4b). K1-V1116 was transformed with 525 ng of linearized pWS173, 1 μg of
sgRNA repair DNA, containing a target in STL1, and 1.3 μg of donor DNA. The transformation
efficiency was 932 ± 62 CFUs per μg of DNA. Of four selected transformants, all four had the genotype
which corresponded with the intended integration event (Figure 4c).

Figure 4. Schematic of STL1 and mechanism of CRISPR-Cas9 genome edit. CRISPR-Cas9 cleaves at the
depicted location, resulting in homology directed repair with the ΔSTL1 donor DNA (a). PCR genotype
scheme used to validate the integration (b). Gel image of STL1 genotype of K1-V1116 in lane 2 and
K1-V1116 ΔSTL1 transformants in lanes 3 to 6 (c).

Further testing of an additional 15 transformants revealed that one isolate was a ΔSTL1
heterozygote with an additional two transformants maintaining a wild type genotype, thus resulting in
an overall homozygous editing efficiency of 84%. Eight transformants were streaked to single colonies
on YPD with G418, followed by two more rounds on YPD, in order to eliminate pWS173. The final
K1-V1116 ΔSTL1 strain used for further testing was negative for pWS173.
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3.2. ΔSTL1 Growth Characterization in Permissive Conditions and Icewine Fermentations

3.2.1. ΔSTL1 Growth Kinetics in Permissive Conditions

To ensure that the modification to the ΔSTL1 strain did not cause any unintended permissive
growth defects, its growth kinetics were characterized in permissive conditions. As STL1 is reported
as having remarkably low expression during conditions containing glucose, especially in absence of
significant osmotic stress, this strain was expected to have a similar growth kinetic profile to the parent
strain in YPD [11]. The YPD OD600 growth curve of K1-V1116 and K1-V1116 ΔSTL1 did reveal similar
growth kinetics between the two strains (Figure 5). Interestingly, K1-V1116 ΔSTL1 consistently reached
a slightly higher stationary phase OD600 value compared to K1-V1116.

Figure 5. Growth kinetics of K1-V1116 ΔSTL1 (�) and K1-V1116 (�) cultured aerobically in YPD liquid
media at 30 ◦C. Cultures were setup and measured in triplicate. Samples were taken every 2 h, with
each point representing a corrected OD600 average ± standard deviation.

3.2.2. ΔSTL1 Icewine Fermentation

The fermentation performance of the K1-V1116 ΔSTL1 compared to K1-V1116 was compared in
Icewine juice. Within the first 10 days of the fermentation, K1-V1116 ΔSTL1 began to lag in sugar
consumption compared to K1-V1116 (Figure 6). The sluggish performance continued for the remainder
of the fermentation, with sugar consumption continuing even as K1-V1116 reached a plateau at around
day 25.

The total cell concentrations of strains on day 7 revealed that K1-V1116 ΔSTL1 had only reached
around 3.5 × 107 cells mL−1, versus the 5.5 × 107 cells mL−1 of K1-V1116 (Figure 7a). The reduction in
viable cells seen in K1-V1116 later in the fermentation was not as prominent with K1-V1116 ΔSTL1
(Figure 7b).

The average total amount of glycerol and acetic acid produced throughout fermentation by
K1-V1116 ΔSTL1 is lower than K1-V1116 but K1-V1116 ΔSTL1 produces more glycerol and acetic acid
per gram of sugar consumed (Figure 8). The differences in glycerol production appear in the first few
days of fermentation, while the differences in acetic acid production appear after day 5.
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Figure 6. Reducing sugar consumed during fermentation. Fermentations of K1-V1116 ΔSTL1 (�) and
K1-V1116 (�) were performed in triplicate, with samples from each trial being analyzed in duplicate.
Sugar values represent the average ± standard deviation.

Figure 7. Fermentation total cell concentration (a) and viable cell concentration (b) of K1-V1116 ΔSTL1
(�) and K1-V1116 (�). Fermentations were performed in triplicate, with counts being determined in
duplicate. Cell concentrations represent the average ± standard deviation.

The final wine parameters (Table 1) demonstrate the significant differences between K1-V1116
and K1-V1116 ΔSTL1. As a result of the difference in reducing sugar consumption, K1-V1116 Icewine
had 80% more alcohol than that of K1-V1116 ΔSTL1. The differences in total glycerol and acetic acid
were not statistically significant, despite the differences in the final alcohol and reducing sugar levels.

Table 1. Icewine juice and final wine chemical composition. Data represent the mean value ± standard
deviation from triplicate fermentations, with each sample tested in duplicate. Lowercase letters within
the same parameter indicate differences between treatments as tested by ANOVA, with mean separation
by Tukey’s Honest Significant Difference (HSD0.05).

Parameter Icewine Juice Wine from K1-V1116 Wine from K1-V1116 ΔSTL1

Reducing Sugars (g L−1) 447 ± 19 a 251 ± 11 c 333 ± 19 b
pH 3.79 ± 0.04 b 3.90 ± 0.02 a 3.84 ± 0.08 a,b

Titratable Acidity (g L−1) 7.0 ± 0.1 b 8.6 ± 0.2 a 8.6 ± 0.3 a
Yeast Assimilable Nitrogen

(mg N L −1) 441 ± 2 a 345 ± 13 c 396 ± 14 b

Glycerol (g L−1) 8.67 ± 0.32 b 17.42 ± 1.12 a 16.36 ± 0.32 a
Acetic Acid (g L−1) 0.06 ± 0.01 b 1.48 ± 0.07 a 1.39 ± 0.05 a

Ethanol (% v/v) 1.3 ± 0.0 c 12.3 ± 0.6 a 6.7 ± 0.6 b

144



Fermentation 2019, 5, 93

The final differences in normalized glycerol and acetic acid production were significant, despite
the insignificant differences in the total glycerol and acetic acid levels (Table 2). K1-V1116 ΔSTL1
produced nearly 49% more glycerol and 71% more acetic acid per gram of sugar consumed.

Figure 8. Average glycerol produced (a) and average acetic acid produced (b) over the time course of
the fermentation. Average glycerol produced (c) and average acetic acid produced (d) versus sugar
consumed over the course of the fermentation. Includes K1-V1116 ΔSTL1 (�) and K1-V1116 (�). Values
are the averages of triplicate fermentations, with each sample tested in duplicate for metabolite analysis.

Table 2. Consumption of juice components and production of yeast metabolites.

Parameter K1-V1116 K1-V1116 ΔSTL1

Reducing Sugar consumed (g L−1) 196 ± 13 ** 117 ± 21 **
Yeast Assimilable Nitrogen consumed (mg N L−1) 92 ± 17 * 44 ± 12 *

Glycerol produced (g L−1) 8.76 ± 0.84 7.68 ± 0.44
Acetic Acid produced (g L−1) 1.42 ± 0.07 1.35 ± 0.07

Normalized Glycerol production
(mg glycerol per g sugar consumed) 45 ± 3 * 67 ± 12 *

Normalized Acetic Acid production
(mg acetic acid per g sugar consumed) 7 ± 0 ** 12 ± 2 **

Production refers to the difference between the initial Icewine juice and the final wine of each strain. Data represent
the mean value ± standard deviation of duplicate measurements per sample (three winemaking replicates per
treatment). Asterisks (* p < 0.05, ** p < 0.01) indicate significant differences between yeast strains (Student’s t-Test).

4. Discussion

The CRISPR-Cas9 genome editing method developed was effective in modifying the commercial
wine yeast strain, K1-V1116, with various protocol optimization strategies. The use of a single plasmid
which contains all required elements, except for the protospacer sequence, in conjunction with overlap
extension PCR generated sgRNA repair DNA, allows for rapid testing of other loci. While the use of
primers and in vitro DNA assembly can lead to mutations, the resulting 1.1 kb sgRNA repair DNA can
be rapidly sequenced with Sanger sequencing. Alternatively, commonly used sgRNA repair DNA
fragments could be cloned into an E. coli vector for sequence verification and maintenance. The use of
overlap extension PCR to generate the ΔSTL1 donor DNA was fitting for an edit which is not sensitive
to single-nucleotide polymorphisms and indels, but such a cloning method is not appropriate for a
sequence sensitive edit, like a gene overexpression cassette. Future work that ventures into sensitive
edit types will need to rely on other high-fidelity and verifiable cloning methods.
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The initial antibiotic resistance testing of K1-V1116 demonstrated that the strain is no more resistant
than previously used strains. We believe the rapid test was sufficient, as notable background growth
was not encountered for the remaining transformations. The initial transformation trials, with various
K1-V1116 cultures as the source for electrocompetent cells, reinforced the previous findings that use of
stationary phase cells was many orders of magnitude less efficient than log phase cells [29,30]. For the
isogenic goal of this work, the use of stationary phase yeast for electroporation resulted in acceptable
transformation efficiencies and greatly reduced the work required for transformation. Whether future
work utilizes stationary phase cells will depend on the goal of the project. Conveniently, the use of
the repaired pWS173 and sgRNA repair DNA appears to be more effective than a larger circularized
plasmid. This observation indicates that the homologous recombination in K1-V1116 is active and
potentially comparable to that of many laboratory S. cerevisiae strains [31]. The editing efficiency seen
with the ΔSTL1 edit, 84%, was high enough for practical uses, and is within the ranges seen across
many CRISPR-Cas9 methods [22].

The Icewine fermentation trials conducted with K1-V1116 ΔSTL1 demonstrated the serious
consequences that removing the Stl1p transporter has on fermentation performance. The sluggish
fermentation, as indicated by the drastically reduced sugar consumption and total cell count, indicates
that cell growth was inhibited by the deletion. The higher level of normalized glycerol production
suggests that, since glycerol uptake is disrupted, the cell has an increased reliance on endogenous
glycerol synthesis to satisfy demand under the hyperosmotic conditions. With the increased glycerol
production per sugar consumed, the normalized acetic acid levels increased as well. Given the
current understanding of glycerol synthesis and the NAD+/NADH ratio during Icewine fermentations,
the increased glycerol demand correlates with higher acetic acid levels [4,8,16]. The exact cause
of the reduced fermentation performance still needs to be determined. The increased demand on
glycerol synthesis may further increase the NAD+/NADH ratio and disrupt the metabolic flux of
the many reactions which rely on NAD+/NADH [32,33]. The inability to meet the glycerol demand
could result in cell shrinkage, thus leading to the crowding of macromolecules and the slowing of
cellular processes [34]. The accumulation of the toxic fermentation intermediate, acetaldehyde, may
also contribute to the sluggish fermentation [35]. The exact cause of this phenomenon appears to
not be acutely toxic to the cells, as the viable cell concentration of K1-V1116 ΔSTL1 was relatively
stable throughout stationary phase. The maintained viability, despite the reduced performance, is not
abnormal for other known causes of sluggish fermentations [36].

These results, in conjunction with previous findings that STL1 was the most highly upregulated
gene during Icewine fermentations, strongly suggest that Stl1p has a role in maintaining internal glycerol
levels during the hyperosmotic stress conditions of an Icewine fermentation [4,16]. The previous studies
on STL1 expression reveal that expression is low when glucose is present, even in the relatively stressful
environments of table wine fermentations [11,13–15]. Our findings are similar to recent gene expression
analysis research in sugarcane bioethanol strains, which showed that STL1 glucose repression was
overcome in 30 and 35 ◦Brix conditions [37]. Future work should investigate whether overcoming
glucose repression and inactivation at high sugar concentrations is a shared attribute between strains,
or if certain strains have evolved the ability to overcome it. Considering many other yeast species
rely on glycerol uptake to satisfy osmotic stress glycerol demand, it appears natural for S. cerevisiae
strains like K1-V1116 to rely more on glycerol uptake during hyperosmotic stress conditions [38,39].
Furthermore, the role of initial glycerol levels in Icewine juice needs to be determined, as reduced
starting glycerol levels may negatively impact the effectiveness of Stl1p-mediated osmotolerance.

5. Conclusions

Our work demonstrates that CRISPR-Cas9 genome editing is an effective tool for studying the role
of glycerol uptake by Stl1p in the commercial wine yeast, K1-V1116. The CRISPR-Cas9 genome editing
method developed allows for rapid strain engineering method by employing time- and cost-saving
strategies typically only used with laboratory yeast strains. We found that K1-V1116 is not challenging

146



Fermentation 2019, 5, 93

to engineer despite the lack of genome sequence information and oenological nature. The use of the
engineered K1-V1116-lacking STL1 in Icewine fermentations generated significant data, which support
the idea that Stl1p contributes to osmotolerance during the harsh hyperosmotic conditions.
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Appendix A

Table A1. CRISPR-Cas9 Target sequence used for STL1 deletion.

Protospacer Sequence Protospacer Adjacent Motif

GGTAGGAACACTAGACGACG CGG

Table A2. Primers used in this work.

Primer Name Sequence

pWS173 sgRNA FW ATCAACAACAGAGGACATATGCCCTACCTCCATG

pWS173 sgRNA RV ATCCTGCACTCATCTACTACCCGCATCCC

STL1 sgRNA FW GCTATTTCTAGCTCTAAAACCGTCGTCTAGTGTTCCTACC
AAAGTCCCATTCGCCACCCG

STL1 sgRNA RV CGGGTGGCGAATGGGACTTTGGTAGGAACACTAGA
CGACGGTTTTAGAGCTAGAAATAGC

No target sgRNA FW GCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACAAAGT
CCCATTCGCCACCCG

No target sgRNA RV GCTGGGCAACACCTTCGGGTGGCGAATGGGACTTTGTTTT
AGAGCTAGAAATAGC

STL1 5’ homology arm FW CGCGGGGTATTCGGCGCTACG

STL1 5’ homology arm RV GTGTATGAATCAACCCTCAAAATTTGCTTTATCGTGGTCTAA
AACTTTCTATGTTCTAC

STL1 3’ homology arm FW TAAATAAAAAATAGAAAAGTAGAACATAGAAAGTTTTAGACC
ACGATAAAGCAAATTTTG

STL1 3’ homology arm RV GCAGTGTTCGAAAGTTGGTGGCTTTTTGTATGTTGC

STL1 genotyping FW CAGAATTGCAGTTCAGGAGTAGTCACAC

STL1 genotyping RV CGCTCCAATGTAATAACACGTCCACGTTATC

pWS173 KanR genotyping FW GGATGGCAAGATCCTGGTATCGG

pWS173 KanR genotyping RV ACTGAATCGGGAGGATCTGCTG
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Abstract: The management of the alcoholic fermentation (AF) in wine is crucial to shaping product
quality. Numerous variables (e.g., grape varieties, yeast species/strains, technological parameters)
can affect the performances of this fermentative bioprocess. The fact that these variables are often
interdependent, with a high degree of interaction, leads to a huge ‘oenological space’ associated
with AF that scientists and professionals have explored to obtain the desired quality standards in
wine and to promote innovation. This challenge explains the high interest in approaches tested to
monitor this bioprocess including those using volatile organic compounds (VOCs) as target molecules.
Among direct injection mass spectrometry approaches, no study has proposed an untargeted online
investigation of the diversity of volatiles associated with the wine headspace. This communication
proposed the first application of proton-transfer reaction-mass spectrometry coupled to a time-of-flight
mass analyzer (PTR-ToF-MS) to follow the progress of AF and evaluate the impact of the different
variables of wine quality. As a case study, the assessment of VOC variability associated with
different combinations of Saccharomyces/non-Saccharomyces was selected. The different combinations
of microbial resources in wine are among the main factors susceptible to influencing the content of
VOCs associated with the wine headspaces. In particular, this investigation explored the effect of
multiple combinations of two Saccharomyces strains and two non-Saccharomyces strains (belonging
to the species Metschnikowia pulcherrima and Torulaspora delbrueckii) on the content of VOCs in wine,
inoculated both in commercial grape juice and fresh grape must. The results demonstrated the possible
exploitation of non-invasive PTR-ToF-MS monitoring to explore, using VOCs as biomarkers, (i) the
huge number of variables influencing AF in wine, and (ii) applications of single/mixed starter cultures
in wine. Reported preliminary findings underlined the presence of different behaviors on grape juice
and on must, respectively, and confirmed differences among the single yeast strains ‘volatomes’.
It was one of the first studies to include the simultaneous inoculation on two non-Saccharomyces
species together with a S. cerevisiae strain in terms of VOC contribution. Among the other outcomes,
evidence suggests that the addition of M. pulcherrima to the coupled S. cerevisiae/T. delbrueckii can
modify the global release of volatiles as a function of the characteristics of the fermented matrix.
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1. Introduction

Wine is the result of alcoholic fermentation (AF) performed by yeasts that convert the sugars
present in grape must into ethanol and carbon dioxide. During this fermentation, other chemical
changes are produced as a consequence of yeast metabolic activities. Among the chemical changes,
a consistent part of volatile organic compounds (VOCs) is released, influencing wine flavor [1,2].
The interest in the monitoring of this bioprocess is high due to (i) the vast number of variables that can
affect AF performances, and (ii) the crucial relevant impact of AF on wine quality. Non-separative
approaches based on direct injection mass spectrometry (DIMS) have recently emerged as an alternative
for the high-throughput and cost-effective quantitative profiling of volatiles in food and beverages [3].
To the best of our knowledge, no study has explored the potential of DIMS techniques to assess online
VOC variability in association with alcoholic fermentation in wine [4].

Saccharomyces cerevisiae has a leading role in performing AF in wine [5,6]. However, an increasing
interest has been given to non-Saccharomyces yeasts as drivers of the differentiation of the quality
of final wines [7,8]. Non-Saccharomyces yeasts can possess enzymatic activities different from the
S. cerevisiae enzymatic inventory, catalyzing the synthesis and the release (from non-volatile bound
precursors) of VOCs able to modulate aromatic wine complexity [9,10]. Moreover, they may influence
other characteristics such as glycerol and mannoprotein content, volatile acidity, color stability,
and ethanol levels of wines [11,12]. Usually, as a reason for non-optimal fermentative performances,
non-Saccharomyces yeasts are used in combination with S. cerevisiae strains. Some studies have
shown that the strategy of co-inoculating S. cerevisiae starter together with selected non-Saccharomyces
yeasts at high cell density produces wines with distinctive characteristics [13]. The interaction
between the different yeast species influences the content of VOCs associated with fermentations [14].
Among the non-Saccharomyces species, Torulaspora delbrueckii, Metschnikowia pulcherrima, Candida
zemplinina, and Hanseniaspora uvarum are mostly cited and have been intensively investigated [9,15–21].
Strains belonging to the species Lachancea thermotolerans, Metschnikowia fructicola, Schizosaccharomyces
pombe, T. delbrueckii, Kluyveromyces thermotolerans, Pichia kluyveri, and M. pulcherrima are commercialized
or have patented applications [16,22]. Belonging to the class of direct injection mass spectrometry
(DIMS) approaches, proton transfer reaction mass spectrometry (PTR-MS) is an established method
for the rapid, direct, and non-invasive online monitoring of VOCs characterized by short response
time and high sensitivity [23]. The coupling of proton transfer ionization with time-of-flight (ToF)
mass spectrometers and automated sampling offers several advantages in terms of mass resolution,
throughput, and reproducibility [24–26]. This analytical strategy has found several applications
in the food field (e.g., [27–31]), with a specific interest in bioprocess monitoring associated with
microbial-based processes (e.g., [32–34]). Furthermore, several studies have applied PTR-based
approaches to monitor VOC release associated with yeast metabolisms [35], often in association with
food matrices [36–38]. In the case of matrices containing ethanol, consistent experimental efforts
have been performed to avoid the adverse effects of a high concentration of this alcohol (primary ion
depletion and ethanol–ethanol/water clusters formation responsible for the loss of efficiency in the
qualitative/quantitative detection) [34,39–42].

In the present work, PTR-ToF-MS was used for the online monitoring of AF in wine and to
compare the performance of four (autochthonous and commercial) yeast strains, both in single cultures
and in multiple inoculations, using two diverse model matrices as substrates (real grape must and
commercial grape juice). This study also aimed to preliminarily explore the interest in PTR-ToF-MS
analysis of flavor-related volatile compounds in the control, design, and application of single/mixed
starter cultures for wine.

152



Fermentation 2020, 6, 55

2. Materials and Methods

2.1. Microorganisms and the Determination of Microbial Population

The following microorganisms were used for grape juice and grape must inoculation: the
commercially available Saccharomyces cerevisiae strain DV10 (Lallemand, Montreal, QC, Canada,
autochthonous characterized S. cerevisiae I6 strain from the Apulian region (Southern Italy) [43], and the
commercially available non-Saccharomyces strains Metschnikowia pulcherrima FLAVIA (Lallemand, USA)
and Torulaspora delbrueckii BIODIVA (Lallemand, Montreal, QC, Canada). Yeast starters were purchased
in active-dried form. Rehydration procedures were done according to the suppliers’ instructions.
Starter cultures were prepared by growing pure cultures of the yeast strains separately grown in liquid
Yeast Peptone Dextrose (YPD) medium (2% glucose, 2% Bacto peptone, 1% yeast extract) at 28 ◦C.

The viable count of yeasts during the AF was enumerated on Wallerstein Laboratory (WL) agar
medium (Sigma-Aldrich, St. Louis, USA). WL discriminates between the used yeast species by colony
morphology and color (S. cerevisiae produces large white colonies, whereas non-Saccharomyces yeasts
produce green colonies on this medium). Plates were incubated at 28 ◦C for 48 h.

2.2. Micro-Vinifications and Wine Analysis

Starter cultures were prepared by growing strains in YPD medium as described above and then
inoculating the strains into commercial red grape juice (Vitafit, Lidl Stiftung & Co., Neckarsulm,
Germany) and red grape must from Apulian autochthonous grape varieties (20◦ Babo; 7.2 g/L total
acidity; 3.5 g/L malic acid; pH 3.5; free ammonium 163.5 mg/L). Fermentations were performed
inoculating at concentrations of 1 × 106 cfu/mL (colony-forming units per milliliter) of M. pulcherrima
FLAVIA, 1 × 106 cfu/mL of T. delbrueckii BIODIVA and 1 × 104 cfu/mL of S. cerevisiae strains (DV10 or
I6). Each fermentation experiment was carried out by performing three simultaneous independent
repetitions. With these four biotypes, 14 different combinations of strains were carried out (Table 1).
Fermentative kinetics from grape must were monitored daily by gravimetric determinations for
seven days. With this purpose, samples were weighed daily to follow the weight loss caused by
CO2 production.

Table 1. Microorganisms employed in different grape must/juice fermentations (trials 1–15).

Sample Code Inoculated Yeast Cultures

1 S. cerevisiae DV10
2 S. cerevisiae I6
3 M. pulcherrima FLAVIA
4 T. delbrueckii BIODIVA
5 S. cerevisiae DV10 + S. cerevisiae I6
6 S. cerevisiae DV10 +M. pulcherrima FLAVIA
7 S. cerevisiae DV10 + T. delbrueckii BIODIVA
8 S. cerevisiae I6 +M. pulcherrima FLAVIA
9 S. cerevisiae I6 + T. delbrueckii BIODIVA

10 S. cerevisiae DV10 + S. cerevisiae I6 +M. pulcherrima FLAVIA
11 S. cerevisiae DV10 + S. cerevisiae I6 + T. delbrueckii BIODIVA
12 S. cerevisiae DV10 +M. pulcherrima FLAVIA + T. delbrueckii BIODIVA
13 S. cerevisiae I6 +M. pulcherrima FLAVIA + T. delbrueckii BIODIVA
14 S. cerevisiae DV10 + S. cerevisiae I6 +M. pulcherrima FLAVIA + T. delbrueckii BIODIVA
15 Uninoculated grape must/juice

2.3. Samples Preparation and PTR-ToF-MS (Proton Transfer Reaction-Time of Flight-Mass
Spectrometry) Analysis

Nano-vinifications were performed in the vials using the above yeast combinations (Table 1) in
commercial red grape juice and fresh red grape must. Nitrogen flux in the vial headspace assured
maintaining the conditions comparable with those present in vinification. While the manufacturer
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sterilized the commercial grape juice, the must was not treated to reduce microbial presence.
When present in the same trial, yeasts were co-inoculated in the juice/must. The resulting AF
was monitored for three days. The whole experiment was performed in five replicates. For the
measurements, a commercial PTR-ToF-MS 8000 apparatus from Ionicon Analytik GmbH (Innsbruck,
Austria) was used in its standard configuration (V mode). The air associated with the headspace of
the sample was directly injected in the PTR-MS drift tube. An argon dilution system was applied
after headspace sampling. The dilution ratio was one part of headspace to three parts of argon.
The argon flow rate was 120 sccm and was controlled by a multigas controller (MKS Instruments,
Inc, Andover, MA, USA). Ionization conditions were as follows: 110 ◦C drift tube temperature,
2.30 mbar drift pressure, and 550 V drift voltage. These conditions led to an E/N ratio of about 140 Td
(1 Townsend = 10–17 cm2 V−1 s−1). The inlet line was a PEEK capillary tube (internal diameter 0.04 in.)
heated at 110 ◦C, with a flow set at 40 sccm. The acquisition rate of the instrument was one spectrum
per second.

2.4. Data Analysis

Deadtime correction, internal calibration of mass spectral data, and peak extraction were performed
according to the procedure described by Cappellin et al. [44,45]. Peak intensity in ppbv was estimated
using the formula described by Lindinger et al. [46] using a constant value for the reaction rate coefficient
(k = 2.10−9 cm3 s−1). This approach introduces a systematic error for the absolute concentration for
each compound that is, in most cases, below 30% and could be accounted for if the actual rate
constant coefficient is available [45]. All data detected and recorded by the PTR-ToFMS were processed
and analyzed using MATLAB R2017a (MathWorks Inc., Natick, MA, USA) and R (R Foundation
for Statistical Computing, Vienna, Austria). Principal component analysis, analysis of variance,
and Tukey’s post-hoc test were performed to spot the differences in the volatile aroma compounds
emitted by the 28 grape must and juice fermentations used in this study.

3. Results

3.1. Alcoholic Fermentation Kinetics and Yeast Dynamics

The kinetics of the 14 fermentations in red grape must were monitored daily for seven days,
evaluating the loss of weight due to the production of CO2 (data not shown). All fermentations
were completed in four days except for sample 3 (inoculated with a single culture of M. pulcherrima
FLAVIA), which was not able to complete the AF. The interactions between Saccharomyces spp. and
both non-Saccharomyces spp. of enological interest, M. pulcherrima FLAVIA and T. delbrueckii BIODIVA,
were investigated in terms of cell density. The differential morphology of the colonies on WL medium
allowed us to calculate the proportion of each yeast species in different phases of AF (Figure 1).
Only when both S. cerevisiae strains were co-inoculated the viable cell count was considered as total
S. cerevisiae viable cells without distinguishing between DV10 and I6 strains.

Results from plate counting revealed that the maximum cell density of the single cultures was
obtained after 48–72 h of the grape must inoculation both for S. cerevisiae (with an initial cell population
of 1 × 104 cfu/mL) and non-Saccharomyces yeasts (with an initial cell population of 1 × 106 cfu/mL)
(Figure 1, Experiments 1–4). In terms of single cultures studied, M. pulcherrima FLAVIA reached
the lowest cell concentration (slightly more than 1 × 107 cfu/mL) after 72 h of inoculation (Figure 1,
Experiment 3). Conversely, T. delbrueckii BIODIVA, even if with a different profile, achieved a biomass
concentration comparable to those of the two S. cerevisiae strains. Considering the strain combinations,
when two S. cerevisiae strains (DV10 and I6) were inoculated simultaneously, the growth behavior was
the same as when they were inoculated in a single form and reached the maximum yeast population
after 48 h of the inoculation (Figure 1, Experiment 5). Results from the co-inoculation of one strain
of S. cerevisiae with M. pulcherrima FLAVIA (Figure 1 Experiments 6 and 8) showed that in 24 h,
the S. cerevisiae strains were able to overtake the non-Saccharomyces yeast concentration, and in 48–72 h
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achieved the maximum yeast population. On the other hand, the M. pulcherrima FLAVIA population
decreased drastically after 72 h of inoculation. Contrary to M. pulcherrima FLAVIA, yeast T. delbrueckii
BIODIVA presented a high cell density when it was co-inoculated with one of the S. cerevisiae strains,
and with similar cell concentration levels to S. cerevisiae (Figure 1, Experiments 7 and 9). In the same
way, when the two S. cerevisiae strains, DV10 and I6, were co-inoculated with M. pulcherrima FLAVIA
or with T. delbrueckii BIODIVA strains, the growth behavior of the non-Saccharomyces strains was the
same than when they were inoculated with only one S. cerevisiae strain (Figure 1, Experiments 10
and 11). The simultaneous inoculation of one S. cerevisiae strain with both, T. delbrueckii BIODIVA
and M. pulcherrima FLAVIA (Figure 1, Experiments 12 and 13), revealed that S. cerevisiae strains
needed more time to reach the maximum cell concentration than when co-inoculated with only one
non-Saccharomyces strain, and T. delbrueckii BIODIVA presented a higher population than S. cerevisiae
strains for 48 h.

Figure 1. Viable cell count (cfu/mL) of different yeast single or mixed culture (Table 1) inoculated.
The cell enumeration was performed on Wallerstein Laboratory agar medium that discriminates
S. cerevisiae (large white colonies) from non-Saccharomyces yeasts (green colonies).

Inoculating the four starter cultures simultaneously (Figure 1, Experiment 14) triggered, as in the
previous cases, that S. cerevisiae strains required more time to reach the maximum cell population and,
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the maximum cell concentration was lower than when they were inoculated in a single culture form.
Furthermore, the population of S. cerevisiae and T. delbrueckii BIODIVA presented similar population
levels after 48 h of inoculation. Otherwise, the M. pulcherrima FLAVIA population decreased from the
inoculation time. Overall, biological interactions influenced single yeast growth behavior. Nevertheless,
in all of the studied experimental modes, the most significant changes related to yeast population
occurred during the first 72 h, which led us to focus on this temporal interval for the online monitoring
of VOCs associated with the considered experimental modes using the PTR-ToF-MS technology.

3.2. Automated Monitoring Volatile Organic Compound (VOC) Evolution in Red Grape Must and Juice
Fermentation by Different Yeast Mixed Cultures

A preliminary data exploration has been made to visualize the results of the PTR-ToF-MS grape
must and juice analysis through a principal component analysis (PCA). The first and second PCA
components (Figure 2) accounted for 84% of total variability and showed that the two matrices (grape
juice and must) used in this study led to clear changes of VOC release. Differences in the distribution
of variances were also observed concerning single yeasts or yeast combinations. It is easy to follow a
time-dependent dimension of the phenomena, observing the increasing dimensions of the symbols in
Figure 2.

Figure 2. Score plot of the principal component analysis of volatile organic compound (VOC) emission
evolution associated with the first three days of AF for each trial tested in this study. Data were
logarithmically transformed and centered. Different colors indicate the different yeast managements,
medium, and blank samples. The size of the points grew with the time of measurements. For a detailed
view of the figure, the original image is included in the Supplementary Materials (Figure S1).
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Separations and different evolutions were evident by comparing the matrices ‘grape must’ and
‘grape juice’. In the ‘must’ assays, it was clear the partition between the trials with only S. cerevisiae
strains inoculated (sample codes 1, 2, and 5; Table 1) and those that included, in the starter cultures,
non-Saccharomyces strains (sample codes 3, and 4; Table 1) (Figure 2). Additionally, a diverse behavior
was noticeable for the fermentations inoculated with pure cultures of M. pulcherrima FLAVIA and
T. delbrueckii BIODIVA strains, respectively. All the experiments that included both S. cerevisiae and
non-Saccharomyces strains (sample codes 6–14; Table 1) followed a trend that appeared more similar to
the non-Saccharomyces pure cultures. Concerning the ‘juice’ experimental plan, an uniform trend was
confirmed for the samples inoculated with the S. cerevisiae strains (Figure 2). In contrast, the behavior
observed for the pure inoculation of M. pulcherrima FLAVIA strain (sample code 3; Table 1) was
radically different. The pure culture of T. delbrueckii BIODIVA strain (sample code 4; Table 1) and all
the combinations of S. cerevisiae–T. delbrueckii (sample codes 7, 9, and 11; Table 1) followed trajectories
closer to those of S. cerevisiae strains than to the M. pulcherrima one. In contrast, all the other trials
(sample codes 6, 8, 10, and 12–14; Table 1) observed patterns of evolution similar to M. pulcherrima.
Concerning these last trials, some samples also included T. delbrueckii BIODIVA among the inoculated
strains. In the case of PCA, the loading plot (Figure 3) indicates the mass peaks related to the observed
evolution of the VOC profile in Figure 2.

Figure 3. Loading plot of principal component analysis of the mass peaks (ms) related to the observed
evolution of VOCs profile in Figure 2. For a detailed view of the figure, the original image is included
in the Supplementary Materials (Figure S2).

More than 70 mass peaks were identified among the four yeast commercial starters during online
monitoring throughout the three days of fermentation. For each of these mass peaks, it was possible to
perform a tentative identification (allowing a possible link of the ion with a given molecule/molecular
fragment) and to follow the evolution of the intensity in the time, allowing a direct analytic determination
to evaluate the yeast metabolic activity during the progress of AF.

More specifically, differences between the matrices used were observed when the score plot of
the PCA analysis on the distribution of variances associated with VOC emission during the first
three days of AF was represented separately for each trial (Figure 4). Negligible VOC evolution was
evident in uninoculated grape juice and slow evolution in grape must as revealed by the first PCA
dimension, which is related to the increase of volatile concentration in the sample headspace (Figure 4,
uninoculated trial, experiment 15). Regarding the inoculated yeasts, differences in the VOC emissions
were also found. For example, M. pulcherrima and T. delbrueckii in single culture (Figure 4, experiments
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3 and 4) tended to reach a lesser concentration of VOCs in juice, while both S. cerevisiae kept producing
more volatile compounds with time (Figure 4, experiments 1 and 2). Moreover, this graph confirmed
that there were differences between the different yeast combinations inoculated, as they were arranged
in the graph according to different patterns. This effect is of particular interest, if we consider that
together with the effect of different strains/species combinations we also tested the impact of the
increasing microbial diversity of the starter cultures inoculated.

Figure 4. Score plot of principal component analysis of VOC emission evolution associated with the
first three days of AF, separately represented for each trial (Table 1). Continuous lines indicate grape
must and broken lines indicate grape juice. For a detailed view of the figure, the original image is
included in the Supplementary Materials (Figure S3).

158



Fermentation 2020, 6, 55

4. Discussion

Wine is a peculiar commodity in the agrifood sector in terms of business opportunities and
innovative trends [47]. The management of AF deeply affects the optimization of the product quality
and the improvement of process sustainability [48–52]. Several variables can influence the performance
of AF such as grape variety, yeast species, yeast strain, nutrient availability for the yeasts, temperature of
the process, addition of chemical compounds, and technological regimen [49,53–55]. The fact that these
variables are often intimately connected leads to a huge ‘oenological space’ that needs to be explored.
This observation explains the high interest in approaches tested to monitor this bioprocess [53,56]
including those using VOCs as target molecules [57–61]. Furthermore, it is important to underline
that the study of VOC diversity has a dual significance; on one hand, VOC variability is the effect of
yeast metabolism, on the other, VOCs represent the molecular basis of the sensory perception of wine
tasting [1,62,63]. Among the DIMS techniques, no study has delved into the survey of the untargeted
diversity of volatiles associated with the wine headspace in order to (i) monitor online the progress of
AF, and (ii) evaluate the impact of the different variables of wine quality [4].

As a case study, the assessment of VOCs variability associated with different combinations of
Saccharomyces/non-Saccharomyces was selected. In fermented beverages such as wine, a relevant field
of study deals with the contribution of microbiological resources to the organoleptic and sensory
properties of the final product [64,65]. In the winemaking process, some of the most characteristic
flavor and aroma components are synthesized by yeasts during the AF [66]. S. cerevisiae is the main
responsible microorganism of the AF in wine, but nowadays, non-Saccharomyces yeasts are used in
industry to improve flavor, aroma, and stability [16,22,64,65]. This heterogeneous class of eukaryotic
microorganisms detains a wide enzymatic diversity [67–69]. In this light, it appears comprehensible
the interest in the formation of volatile compounds by both Saccharomyces and non-Saccharomyces
yeasts, which are important to maximize the sensorial quality of the final products. The present study,
in particular, tested the PTR-ToF-MS-based approach recently optimized to compare the performance
of different yeasts in cultural media [35]. This technology has been successfully employed in fermented
foods and beverages to monitor the effect of different microorganisms responsible for the fermentative
process, for instance, to discriminate wines inoculated with different malolactic starters [39], monitor
lactic fermentation driven by different yoghurt commercial starter cultures [33], and characterize
single commercial yeast starters in bread productions [36]. This study proposed the first application
of PTR-ToF-MS for the AF monitoring in wine, demonstrating the high potential of this analytical
approach to explore the huge number of variables influencing this bioprocess crucial in winemaking.

Concerning the yeast population kinetics, the respective inoculation of non-Saccaromyces and
Saccharomyces strains to promote/drive alcoholic fermentation in wine were generally performed (i)
by inoculating together the strains (generally with a ratio 100:1 in favor of the non-Saccharomyces
strain) (simultaneous inoculation) or (ii) inoculating the Saccharomyces strain with a delay of 24–48 h
compared to the non-Saccharomyces inoculation (sequential inoculation) [70–72]. Both approaches
aimed to maximize the development of non-Saccharomyces, concretizing an advantage for these
yeasts [73]. The oenological objective is to counteract the fermentative advantage of S. cerevisiae,
allowing non-Saccharomyces yeasts to influence wine quality [74]. The findings reported in the
present article suggest that simultaneous inoculation led to good growth/survival for the tested
non-Saccharomyces in combination with the selected S. cerevisiae strain. Cell concentration remained
particularly high for T. delbrueckii, confirming the ability of this non-Saccharomyces yeast to survive at
high ethanol concentrations [75]. For M. pulcherrima, the evidence was only partially in accordance to
that reported by Dutraive et al. [17], who observed an initial decline of this yeast between the second
and the third day after the inoculation, but followed by the complete annulment of the population.

The analysis included both commercial grape juice and fresh grape must to test the efficacy of the
technique both in model conditions and in the real winemaking conditions. In fact, commercial grape
juice, together with synthetic grape must [76] represents a common model medium for the fermentative
studies in oenology (e.g., [77,78]). We found an evolution of volatiles during the three days of the study,
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which was in accordance with the evolution of yeast cell counts carried out during the AF. The results
reported from the analysis of ‘volatomes’ associated with the development of single yeast species
depicted different trends that could be coherent with different claimed aromatic properties for three
commercialized strains, which received a considerable interest in the scientific literature (S. cerevisiae
DV10, e.g., [79–83]; M. pulcherrima FLAVIA, e.g., [17,19,84–87]; T. delbrueckii BIODIVA, e.g., [17,84–88]).
The study highlighted a global separation of VOC variability associated with the headspaces of the two
tested matrices that can be ascribable to the chemical differences and/or to variable microbiological
properties of the two media. Interesting, the behavior VOCs released by M. pulcherrima FLAVIA
radically changed, shifting from fresh must to commercial juice, meaning that chemical/microbiological
determinants of these media can directly or indirectly modulate VOC production by the yeasts.
Even if the effect of abiotic and biotic interaction in the wine environment have been extensively
investigated [89–91], further studies are needed to understand the biology affecting this phenotype,
particularly in light of the huge intraspecific variability in terms of oenological properties within
the species M. pulcherrima [92]. Intriguingly, variable patterns in must versus juice have also been
observed in the trials where M. pulcherrima was co-inoculated with S. cerevisiae and with T. delbrueckii.
A few studies have delved into the compatibility of S. cerevisiae combined in the same vinification
with more than one non-Saccharomyces species [69,93]. Except for the coupled Lachancea thermotolerans
and Schizosaccharomyces pombe that (used both in combination but not with also S. cerevisiae) has been
extensively explored [94–96], only one study has tested the sensory impact (but not the VOC analysis)
of this non-Saccharomyces multiple inoculation in wine [69]. In fact, usually, the articles considered the
impact on volatile diversity of single strains or mixed starters composed of one S. cerevisiae strain and
one non-Saccharomyces species. While the effect of multiple Saccharomyces yeast co-inoculations on
volatile wine composition has been assessed (yeast inocula differed substantially in volatile thiols and
other flavor compounds) [97,98], the interactions among different non-Saccharomyces wine yeast species
need to be further elucidated [69]. The present findings suggest that the addition of M. pulcherrima to
the coupled (in the case of the strains we tested) S. cerevisiae/T. delbrueckii can modify the global release
of volatiles during the AF in wine as a function of the fermented matrix.

The different behaviors of the ‘volatomes’ associated with the single and mixed cultures showed
promising results in terms of variability of the single mass peaks. The study of individual peak mass
profiles during the three first days of AF in association with the tested yeast combinations will be
the natural follow-up of the present communication. The objective will be focused to elucidate the
single mass peaks/molecules responsible for the strain/species-specific differences and the specific
yeast interactions/combinations, but also for the selection of candidate ‘volatile’ markers for the rapid
screening of new microbial resources for ‘flavoring’ starter culture design in wine fermentations.
Some findings have corroborated the evidence that the complexity of the microbial starter cultures
inoculated can be among the levers capable of improving sensory wine complexity, assuring the safety
of the productions (also for the possible exploitation in terms of biocontrol activity) [12,99–101]. It is
interesting to underline that the tested strategy could find an application also in testing the interaction
of yeast with malolactic bacteria [102–105]. Furthermore, it is important to stress how the proposed
exploration of the phenotypic space of yeast activity in oenology can open new research lines for
fundamental research in the field of yeast biology [106–108].

5. Conclusions

PTR-ToF-MS, combining high sensitivity/accuracy without neither sample preparation nor sample
destruction, allows rapid real-time determination of volatile organic compounds (VOCs). In this paper,
preliminary findings on the application of this analytical approach for the online monitoring of alcoholic
fermentation in wine is proposed. The study explored different single and multiple inoculation of
diverse oenological yeasts both in commercial grape juice and fresh must. The experiment highlighted
a variability of the global volatiles in association with (i) the different yeast species, (ii) the different
yeast combinations, and (iii) the different fermenting matrices. The evidence demonstrates the potential
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of PTR-ToF-MS in monitoring experimental variables associated with alcoholic fermentation in wine,
opening new opportunities to manage this crucial phase, thus improving the quality of the final
products and optimizing the processes.
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Abstract: A few yeast species have been tested frequently to improve the tastes, flavors, and
other important quality parameters of coffee. However, continuing evaluations of different yeast
species for fermenting green coffee beans will have a significant positive contribution to the coffee
industry. This experiment was conducted to evaluate the antioxidant properties, total phenol content
(TPC), total flavonoid content (TFC), total tannin content (TTC), and the consumer acceptability
of fermented green coffee beans with Wickerhamomyces anomalu. The coffee beans were roasted at
different roasting conditions (light, medium, and dark). There was no significant (p > 0.05) difference
between the yeast-fermented and non-fermented coffee with regard to the oxygen radical absorbance
capacity (ORAC) values in medium and dark roasted coffee. Similarly, the superoxide dismutase-like
(SOD)-like activity did not significantly differ in all roasting conditions. However, the SOD-like
activity was significantly different (p < 0.05), particularly within light roasted and medium roasted,
and between light roasted and dark roasted in both the control and fermented coffee extracts. The
2, 2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay and ferric reducing antioxidant
power (FRAP) were improved in fermented coffee beans. There was a significant (p ≤ 0.05) difference
between the yeast-fermented and non-fermented coffee with respect to the TPC and TFC in all roasting
types and the TTC in the light and dark roasting conditions. The fermentation of green coffee beans
with W. anomalus increased the TPC and TFC. However, the TTC was lower in the fermented coffee
beans compared to the non-fermented coffee beans in medium and dark roasted coffee. In general,
fermentation of green coffee beans with W. anomalus has the potential to improve the functionality of
coffee beans.

Keywords: antioxidant; coffee; fermentation; W. anomalus

1. Introduction

Fermentation has the potential to improve the functionality of foods. Fermentation is primarily
relied upon during the wet processing of coffee to remove mucilage. However, it is also improves
coffee’s sensory quality attributes [1]. Fermentation has been extensively applied in the food, chemical,
and pharmaceutical industries to aid in the manufacturing, extraction, and modification of bioactive
compounds [2,3]. Microbial fermentation is an interesting biotechnological processing system that can
improve the total phenolic content of foods and herbs by liberating their insolubly bound phenolics
and hence boost their nutritional value [4,5]. Numerous research papers provide a comparison of the
antioxidant properties of popular drinks such as coffee, tea, and cocoa [6–8]. Phenolic compounds
are found in a broad range of regularly consumed plant foods, such as vegetables, fruits, legumes,
and cereals, and in beverages of plant origin, such as coffee, tea, and wine [9,10]. Flavonoids naturally
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exist in plants with a variable phenolic structure. Functional hydroxyl groups in flavonoids mediate
their antioxidant effects by chelating metal ions and scavenging free radicals [11,12]. Flavonoids in food
are commonly responsible for the color, the taste, the prevention of fat oxidation, and the protection of
enzymes and vitamins [13].

Wickerhamomyces anomalus (formerly Pichia anomala) is an ascomycetous heterothallic yeast of
the family Wickerhamomycetaceae that propagates sexually through the development of hat-shaped
ascospores and asexually by budding [14]. W. anomalus strains are found in several environments and
have been isolated from cereal grains, fruits, maize silage, wine, and high-sugar food products [14].
W. anomalus is categorized as a biosafety level-one organism; it is deemed harmless for healthy
individuals and can grow under severe environmental stress conditions, such as high and low pH, high
osmotic pressure, anaerobic conditions, and low water activity [15]. As mentioned by Comitini et al. [16],
W. anomalus toxins have been examined as antimicrobial agents against some spoilage yeasts such as
Dekkera/Brettanomyces. Some researchers have reported that the wild species of W. anomalus strains have
the potential to use maltose and grow better than other commercial brewing yeasts [17]. However,
other studies have referred to its clear inability to metabolize maltose [18]. Considering these findings,
W. anomalus is preferred as a good starter culture in sequence or inoculated together with other yeasts
in winemaking [19]. p. anomala-mixed starters have been evaluated to improve the final quality of
cider [18]. Due to its positive effect on sensory quality, a mixed starter of W. anomalus and Saccharomyces
cerevisiae has been proposed for making Chinese baijiu [20].

Recently, studies have been conducted to improve the functionality of coffee through green
bean fermentation with selected microorganisms. In these studies, the Saccharomyces species [21,22],
Saccharomycopsis fibuligera [22], Rhizopus oligosporus [23], and Yarrowia lipolytica [24], have been used to
ferment green coffee beans. The fermentation of green coffee beans with R. oligosporus significantly
enhanced the compositions of aroma precursors [23]. As reported by Kwak et al. [21] and Mesfin and
Kang [22], the fermentation of green coffee beans improves antioxidant activity, total phenol content
(TPC), and total flavonoid content (TFC), and it reduces the total tannin content (TTC), which is mostly
responsible for coffee’s astringency. W. anomalus strain KNU18Y3 has the ability to produce a pectinase
enzyme, it was selected as a starter culture for coffee fermentation in the wet processing method [25].
Since this yeast has not been tested previously to ferment green coffee beans, this study was conducted
to evaluate the antioxidant activities of fermented coffee beans with W. anomalus (strain KNU18Y3).

2. Materials and Methods

2.1. Chemicals

Disodium phosphate (Na2HPO4), aluminium chloride (AlCl3·6H2O), monosodium phosphate
(NaH2PO4), sodium carbonate (Na2CO3), D-glucose, and sodium nitrite (NaNO2) were supplied by
Dae-Jung Chemicals & Metals Co., Ltd., (Jeongwang-dong, Shiheung-city, Gyeonggi-do, Republic
of Korea). Pyrogallol, 2,2’-azobis (2-amidinopropane) dihydrochloride (AAPH), and fluorescein
sodium were purchased from Santa Cruz Biotechnology, Inc. (Dallas, Texas, USA). NaCl,
ethylenediaminetetraacetic acid, yeast peptone dextrose, gallic acid, Folin-Ciocalteu’s phenol reagent,
quercetin, Trolox, 2,2-diphenyl-1-picrylhydrazyl, potassium ferricyanide(C6N6FeK3), trichloroacetic
acid (C2HCl3O2), and ferric chloride (FeCl3) were purchased from Sigma Aldrich LLC (St. Louis, MO,
USA). Methanol was supplied by Merck KGaA (Darmstadt, Germany), and HCl was purchased from
Junsei Chemical Co., Ltd. (4-4-16 Nihonbashi-honcho, Chuo-ku, Tokyo, Japan).

2.2. Fermentation of Green Coffee Beans

A freeze-dried W. anomalus (strain KNU18Y3) yeast cells were cultivated in a sterile yeast peptone
dextrose broth (0.5% w/v yeast extract, 2 % w/v dextrose and 1% w/v casein peptone) for 48 h at 30 ◦C.
The pH of the media was calibrated to 5.0 with 1 M HCl. Then, the yeast cells were collected via
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centrifugation at 8000× g. Finally, the collected yeast cells were washed twice using the deionized
distilled water (ddH2O) and mixed in a similar volume of 100 mM phosphate-buffered saline solution.

The green coffee beans (Coffea arabica L.) that imported from Kenya were used for this study.
The coffee beans (600 g) saturated in ddH2O at 4 ◦C for 24 h and then steamed at 80 ◦C for 40 min
to kill native yeasts that exist on the coffee beans. Next, the steamed coffee beans then allowed to
cool at 20–23 ◦C. The heat-treated green coffee beans were divided into two lots: fermented through
inoculation (1.0 × 104 colony-forming unit (CFU)/g of coffee beans) and non-inoculated (control). Then,
each lot was divided into three parts and underwent a different roasting treatment. Fermentation of
green coffee beans and roasting were done in three replications. The fermentation was carried out for
24 h at 30 ◦C. After that, the coffee beans were washed thoroughly using a ddH2O. The fermented
coffee beans were dried using oven at 45 ◦C until the moisture content reached between 10% and 12%.

The pH of the fermented solution (the water that used to ferment the coffee beans) was recorded
using a pH meter at 0 h and 24 h. A sample solution was taken after 24 h fermentation and serially
diluted and plated onto yeast peptone dextrose agar (YPDA) plates. The plates were incubated for
24 h at 30 ◦C to estimate the growth of yeast cells. The pH measurements and microbial counts were
made in five replications.

2.3. Coffee Roasting, Grinding, Extraction

The green coffee beans were roasted at 245 ◦C for 11.5 (light roast), 13.5 (medium roast) and 16
(dark roast) min using a coffee roaster (GeneCafe CR-100 coffee roaster, Genesis, Ansan, Korea) to
ensure uniform roasting conditions. Each roasting was done in triplicate. After roasting, the beans
were allowed to cool for 30 min and then ground by adjusting in a medium level on a coffee grinder
(Latina 600N electric grinder). Hot brew extraction made using a coffee maker (HD7450, Philips,
Nanjing, China) by mixing 36 g of coffee powder with 500 mL of water. A filter paper was used
during brewing. After each brewing, the coffee machine was cleaned prior to brewing the next sample.
The extraction was made in three replications. The analysis of antioxidant activities, TPC, TFC, and TTC
were measured from this extract.

2.4. Color Parameters

Chroma Meter (CR-400 Chroma Meter, Tokyo, Japan) was used to estimate the color of the roasted
coffee powder. A small coffee powder (5 g) was kept into a Petri dish for reading, and a* (redness), b*
(yellowness) and L* (lightness) were assessed. The color reading was made in triplicate.

2.5. Antioxidant Activity

2.5.1. Oxygen Radical Absorbance Capacity

The oxygen radical absorbance capacity (ORAC) was estimated with some modifications using
the protocol described by Ou et al. [26]. Fluorescein powder was dissolved using a phosphate buffer
(NaH2PO4-Na2HPO4, 10 mM, pH 7.0). The coffee extract (50 μL) was mixed with 25 mM of the
fluorescein solution (150 μL) and incubated in a dark environment for about 10 min. Then, 25 μL of
120 mM AAPH solution was mixed to the coffee extract and fluorescein mixture. Meanwhile, 10 mM
phosphate buffer was substituted instead of coffee extract and used as a control. The absorbance
was measured using a UV/visible spectrophotometer (U-2900, Hitachi High-Tech Corporation, Tokyo,
Japan). The readings were recorded at one minute interval for 30 min (excitation wavelength: 485 nm;
emission wavelength: 535 nm). The absorbance readings for ORAC estimation were made in triplicate
and expressed as a μM Trolox equivalent/mL of coffee (μM TE/mL). The ORAC estimated using the
formula stated below;

ORAC (μM TE/g) = (CTrolox × (AUCSample − AUCBlank) × k)/AUCTrolox − AUCBlank (1)
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where CTrolox, k, and AUC were the concentrations of Trolox (5 μM), the sample dilution factor, and the
area under the curve, respectively. AUC was computed according to the formula presented below;

AUC = 1 +
30∑

n=1

f n
f 0

(2)

where fn was the fluorescence at time n (min).

2.5.2. Superoxide Dismutase-Like Activity

The protocol suggested by Marklund and Marklund [27] used with some modifications to estimate
the SOD-like activity. Coffee extract (400 μL), Tris-HCl buffer (600 μL, 50 mM tris (hydroxymethyl)
aminomethane and 10 mM ethylenediaminetetraacetic acid, pH 8.0), and 7.2 mM pyrogallol (40 μL)
were mixed together and kept at 25 ◦C for 10 min. The reaction was terminated by mixing 0.1N HCl
(20 μL). Absorbance readings were done at 420 nm using a UV/visible spectrophotometer (U-2900,
Hitachi High-Tech Corporation, Tokyo, Japan). The absorbance readings for the estimation of the
SOD-like activity were performed in triplicate. SOD-like activity was computed with the formula
presented below:

SOD-like activity (%) = (1 − A/B) × 100 (3)

where A indicates the sample absorbance and B indicates the absorbance of the blank (control).

2.5.3. 2.,2-diphenyl-1-picrylhydrazyl (DPPH) Radical Scavenging Assay

The DPPH activity was measured using the protocol described by Pataro et al. [28], with some
modifications. DPPH was dissolved in methanol (0.1 mM) and 3.9 mL of it transferred into a cuvette,
then immediately the absorbance was measured at 515 nm (used as a control). The coffee extracts
(800 μL) from each sample were mixed with 3.2 mL of methanol-DPPH solution and placed in a dark
condition for 30 min. Then the absorbance was recorded. Methanol was used as a blank. The DPPH
assay was done in three replications. The DPPH inhibition percentage was calculated using the
following formula;

DPPH inhibition (%) = (Acontrol − Asample)/ Acontrol × 100 (4)

where Acontrol is the absorbance of control reaction (DPPH and Methanol), and Asample is the absorbance
in the presence of coffee extract.

2.5.4. Ferric Reducing Antioxidant Power (FRAP)

FRAP of the coffee extract was assessed using the method described by Oyaizu [29]. A 2.5 mL
of coffee extract was mixed with 2.5 mL of 200 mM sodium phosphate buffer (pH 6.6) 2.5 mL of
1% potassium ferricyanide. The mixture was incubated for 20 min at 50 ◦C following 2.5 mL of
10% trichloroacetic acid was added. Then, this mixture was centrifuged (2000× g for 10 min) and
5 mL of the supernatant was taken and mixed with 5 mL of water and finally added 1 mL of 0.1%
ferric chloride. The absorbance was measured at 700 nm using a spectrophotometer (U-2900, Hitachi
High-Tech Corporation, Tokyo, Japan) and the FRAP was subsequently determined using ascorbic
acid as standard. The FRAP analysis was done in three replications.

2.6. Total Phenol Content, Flavonoid Content, and Tannin Content

The total phenol content of the coffee extract was measured using a protocol described by
Singleton’s method [30], with some adjustments. The coffee extract (20 μL) was diluted with 1580 μL
ddH2O. Diluted coffee extract (160 μL) and Ciocalteu’s phenol reagent (10 μL) were mixed and kept
for 8 min. Then, 30 μL of 20% Na2CO3 solution was mixed and incubated in a dark environment
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for 2 h. The coffee extract was substituted with distilled water and used as a blank. The absorbance
readings were determined at 765 nm using a UV/visible spectrophotometer (U-2900, Hitachi High-Tech
Corporation, Tokyo, Japan). Gallic acid solutions (0–1 mg/mL) were used to generate a standard curve
(r2 = 0.997). The estimation of the TPC was done in triplicate. Results were expressed as mg gallic acid
equivalent/mL (mg GAE/mL) of coffee extract.

A protocol stated by Dewanto [31], applied with some modification to estimate the total flavonoid
content of the coffee extract. The mixture was prepared using 250 μL coffee extract, 1 mL of distilled
water and 75 μL of 5% NaNO2. The 5 min later, 10% AlCl3 6H2O solution (150 μL) was mixed and
incubated for 6 min. Finally, 1N NaOH (500 μL) was added and incubated for 11 min. The ddH2O used
as a blank sample. The absorbance was measured at 510 nm using a UV/visible spectrophotometer
(U-2900, Hitachi High-Tech Corporation, Tokyo, Japan). The standard solution was prepared using a
quercetin solution (0–1 mg/mL) to make a standard curve (r2 = 0.999). The estimation of the TFC was
done in triplicate. The total flavonoids in the coffee were expressed as mg quercetin equivalent/mL of
coffee extract.

The total tannin content (TTC) was measured using the Folin-Ciocalteu method, with some
modifications [32]. About 100 μL of the coffee extract was added to a tube (10 mL) containing 7500 μL
of distilled water, 500 μL of Folin-Ciocalteu phenol reagent, and 1000 μL of 35% sodium carbonate
solution and was then diluted to 10,000 μL with distilled water. The mixture was well-mixed and
placed at room temperature for 30 min. A set of standard solutions of tannic acid (20, 40, 60, 80,
100 μg/mL) were made as a reference. Absorbance for the test and standard solutions was measured
with a UV/Visible spectrophotometer (U-2900, Hitachi High-Tech Corporation, Tokyo, Japan) against
the blank (distilled water) at 700 nm. The estimation of the TTC was done in triplicate. The tannin
content was expressed in mg/mL of tannic acid in the coffee extracts.

2.7. Sensory Evaluation

The consumer responses of the coffee made from fermented and non-fermented coffee beans were
evaluated with 50 people (students and staffmembers of the horticulture department) at Kangwon
National University, Republic of Korea. The medium roasted coffee beans were selected for testing the
consumer acceptability since the Korean people widely used the medium roasted coffee. The coffee
was brewed using a coffee maker (HD7450, Philips, Nanjing, China) using 36 g of coffee powder with
500 mL of water. The prepared coffee was poured into a thermos to maintain the temperature. Each
consumer was provided with coffee sample (20 mL, 60 ± 2 ◦C) in a paper cup (150 mL) and a glass of
water (24 ± 2 ◦C) for cleansing palate after each taste. The scale was 1 to 7 and labeled as 1 = dislike
very much, 2 = dislike moderately, 3 = dislike slightly, 4= neither like nor dislike, 5 = like slightly, 6 =
like moderately, 7 = like very much.

2.8. Statistical Analysis

The results were compiled using Microsoft Excel 2013. Analysis of variance (ANOVA) was
performed using SAS 9.4 software (SAS Institute, 100 Campus Drive, Cary, Raleigh, North Carolina,
USA), to classify significant variations among samples.

3. Results and Discussion

3.1. pH and Colony Count (log CFU/mL)

The pH of the solution (the water that was used to ferment the coffee beans) was measured right
after the inoculation of the yeast (0 h) and after 24 h of fermentation. A pH reduction was observed in
both the yeast-inoculated and non-yeast-inoculated (control) treatments. However, the pH reduction
rate was higher in the yeast-inoculated sample. The pH in the control treatment was 6.02 at 0 h and
5.78 after 24 h (Figure 1A). In the fermented treatment, the pH was reduced from 6.05 to 5.46 within
24 h of fermentation (Figure 1A). The pH of the yeast-inoculated solution showed a higher reduction
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compared to the non-yeast-inoculated solution. The alkalinity and acidity of the solution are expressed
based on the pH values. The pH continues to decrease while fermentation takes place for various
reasons. Fermentation is responsible for the production of organic acids and the absorption of basic
amino acids, which substantially reduces the pH [33]. However, a small pH reduction was found in
the non-yeast-inoculated treatment. This reduction was expected because the water-soluble organic
acids leaked from the coffee beans into the water [21,34] and/or because of bacteria that naturally exist
on the coffee beans [21]. The yeast populations were measured; initially, they were 7.66 log CFU/mL,
and after 24 h, they reached 9.62 log CFU/mL (Figure 1B).

Figure 1. The pH in yeast inoculated and non-inoculated treatments (A) and yeast population (B).

3.2. Colorimeter Data

The fermented and non-fermented ground coffee after roasting is shown in Figure 2. A significant
(p < 0.05) differences were observed between the yeast-fermented and non-fermented treatments of
ground roasted (light roasting level) coffee with respect to the colorimetric parameter (L* and a*)
(Figure 3A,B). The L* and a* of ground roasted coffee did not significantly differ between the fermented
and control treatment in both medium and dark roasting condition. However, we observed that
the L* value increased and the a* value decreased as the roasting time increased. The b* value was
significantly higher in the fermented treatment at the light, medium and dark roasting level (Figure 3C).
Supporting reports showed that fermentation of green coffee beans with S. cerevisiae strains [21,22],
and S. fibuligera [22] resulted in high L*, a*, and b* values compared to non-fermented coffee beans.
During cocoa fermentation, gradually, a color change was observed as a result of a high amount of
phenolic compounds and flavonoids, which act as a substrate of polyphenol oxidase in the presence of
oxygen [35].

Figure 2. The fermented and non-fermented ground coffee that roasted at a different level.
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Figure 3. Colorimeter (L*, a* and b*) values of fermented roasted and ground coffee (A–C). Bars with
different letters indicate a significant difference (p < 0.5) among treatments.

3.3. Antioxidant Activity

3.3.1. SOD-Like and ORAC

The antioxidants of fermented and non-fermented coffee extract were evaluated in terms of the
oxygen radical absorbance capacity (ORAC) and superoxide dismutase (SOD)-like activity. The peroxyl
radical scavenging potentials of aqueous soluble components present in the coffee could be estimated
more accurately with a modified ORAC assay [36,37]. There was no significant (p > 0.05) difference
between the yeast-fermented and non-fermented coffee extracts with respect to the ORAC value in
medium (Figure 4A) and dark roasted coffee. The SOD-like activity was not significantly differed
between fermented and non-fermented coffee in all roasting conditions (Figure 4B). However, both
ORAC and SOD-like activity were significantly lower in both treatments in the light roasting condition.
The means of ORAC value for the yeast-fermented coffee extracts was 28.33, 46.08, and 47.82 μ MTE/mL
in the light, medium and dark roasted coffee, respectively (Figure 4A). The means of the SOD-like
activity of yeast-fermented coffee extracts was 59.56, 87.31, and 89.05% at the light, medium and
dark roasting levels, respectively (Figure 4B). The ORAC value was higher by 3.96 μ MTE/mL in
fermented coffee compared to non-fermented coffee in the light roasting condition (Figure 4A). We
found a significant improvement in the ORAC value and SOD-like activity in the medium and dark
conditions compared to the light roasted coffee regardless of the fermentation. The medium and
dark roasting conditions improved the ORAC by 21.93 and 23.94 μ MTE/mL in the control treatment.
However, it was increased by 17.75 and 19.49 μ MTE/mL in the fermented coffee extracts compared
to light roasted coffee, respectively. This is in agreement with previous reports on the influence of
roasting on antioxidant activity. Nicoli et al. [38] reported higher antioxidant activity for medium
and dark roast brews. Similarly, the elevated antioxidant activity for higher degrees of roasting has
been confirmed in studies [39–41]. As the roasting temperature increased the antioxidant activities
of the kernel, cashew nut and testa extracts increased [42]. Several publications have described
variations in coffee antioxidant contents as a cause of roasting conditions [43,44]. Del Castillo et al. [43]
noticed a higher antioxidant activity in the medium roasted coffee brew. However, Perrone et al. [45]
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found a greater antioxidant activity for light roast brews. The results from various investigations
regarding the antioxidant activity of coffee have been considerably diverse. The causes of such variable
research results can be associated with the development of melanoidin compounds, which increase the
antioxidant capacity despite the reductions in the polyphenol content. Nevertheless, other studies
have not detected any significant effects of roasting on antioxidant activity [46], nor any indications
that roasting for a longer duration at high temperature reduce antioxidant activity [44,47,48] when
polyphenol degradation is not compensated by melanoidin formation [49,50]. However, amongst
other coffees, this phenomenon was noticed for dark roasted Robusta coffee [40].

Figure 4. The oxygen radical absorbance capacity (ORAC) and superoxide dismutase-like (SOD)-like
activity of fermented coffee at different degrees of roast (A and B, respectively). Bars with different
letters indicate a significant difference (p < 0.5) among treatments.

3.3.2. DPPH and FRAP

DPPH and FRAP are among the various methods of evaluating the antioxidant properties of
foods and drinks. The percentage of DPPH inhibition was higher in the fermented coffee than the
non-fermented coffee in all roasting conditions (Figure 5A). Like the DPPH, the FRAP was improved
in the fermented coffee in the light, medium, and dark roast types (Figure 5B). The maximum DPPH
inhibition resulted from the fermented treatment in the light roasting condition (46.31%). The highest
FRAP was found in the fermented coffee in the dark roasting condition (176.11 AAE μg/mL of coffee
extract). In general, fermentation of green coffee beans using W. anomalus improved the DPPH and
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FRAP. Adetuyi and Ibrahim [51] reported that fermentation enhanced the DPPH radical-scavenging
ability and FRAP of okra seeds. The increase in DPPH capacity after the fermentation process shows
that fermentation likely has great potential in generating some metabolites with superior radical
scavenging activity [52]. The percentage of DPPH inhibition dropped as the roasting time increased
(from the light to dark roasting condition). The result is in agreement with Jung et al. [53], who reported
that lightly roasted coffee extract has the highest antioxidant activity with a low roasting temperature
and that the DPPH decreases in the dark roasted extract. However, the FRAP improved as the roasting
time increased. A supporting result published by Song et al. [54] showed that as the roasting time
increased from 11 to 13 min (medium-light to medium-dark) the FRAP increased as well.

Figure 5. The DPPH inhibition (%) and Ferric reducing antioxidant power (AAE μg/mL of coffee
extract) of fermented coffee. (A and B, respectively). Bars with different letters indicate a significant
difference (p < 0.5) among treatments.

3.4. Total Phenol, Flavonoid and Tannin Content

The TPC of yeast-fermented coffee extracts had significant differences (p < 0.05) compared to
the non-fermented coffee in all roasting types (Figure 6). During the medium roasting condition,
the highest TPC difference was observed between the fermented and non-fermented coffee. The TPC
in the control treatment showed a decreasing trend as the roasting time increased (light to medium
to dark). The TPC in the fermented treatment was 0.98, 1.29 and 0.91 GAEmg/mL of coffee extract
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in the light, medium and dark roasting condition, respectively (Figure 6). The fermentation of green
coffee beans with W. anomalus increased the TPC of the coffee extract by 0.09, 0.46, and 0.21 GAE
mg/mL of coffee extract compared to non-fermented coffee at each degree of roasting (light, medium
and dark roast, respectively) (Figure 6). Generally, fermentation improved the TPC compared to
non-fermented coffee. These results are in agreement with several reports on fermented seeds, where
fermentation induced an improvement in the phenolic content of seeds, such as legumes [55–59],
okra seeds [51], soybeans [60], and coffee [21,22]. Similarly, fermentation elevated the phenolic and
flavonoid contents and improved the antioxidant properties of the following plant seeds: chestnut,
adlay, walnut, and lotus seed [61]. This might be associated with, proteolytic enzymes from the starter
organism that hydrolyze the complexes of phenolics into simple, soluble-free phenols and biologically
more active forms during fermentation, which are readily absorbed by organisms [56,62]. However,
other researchers’ findings indicate the proteolytic activities alone did not show a significant TPC
increase; rather, when it was combined with a pectinase enzyme, the olive oil polyphenol content
showed a significantly high increment [63]. These findings lead us to conclude W. anomalus’s ability
to produce pectinase enzymes linked with the increased TPC content in this experiment. In our
experiment, the TPC was decreased as the roasting time increased, except the fermented coffee in
the medium roast condition which significantly increased the TPC, regardless of the fermentation.
A supporting result was published by Odžaković, B., et al. [64], the TPC decreased as the roasting
temperature increased. During coffee roasting the degradation of polyphenols [36,44–46], which are
sensitive to heat, are affected by roasting temperature. The reduction in the polyphenol content which
is linked to the extended roasting is due to the heat-sensitive nature of such compounds and the
lengthened roasting duration, as well as the high processing temperature. Phenol reductions or losses
during the processing steps are undesirable because of their profound effects on human health.

Figure 6. Total phenol contents (GAE mg/mL of coffee extract) of fermented coffee. Bars with different
letters indicate a significant difference (p < 0.5) among treatments.

Fermentation of green coffee beans with W. anomalous significantly (p < 0.05) increased the TFC
compared to non-fermented coffee in all roasting conditions (light, medium and dark) (Figure 7). TFC
was approximately consistent in the control treatment in all roasting conditions. However, in the
fermented coffee, the TFC was significantly higher in the light roasting compared to medium and
dark roasting conditions. As shown in Figure 7, the TFC in the control treatment was 0.64, 0.67,
and 0.64. The TFC in the fermented coffee at different roasting levels was 0.86 (light), 0.74 (medium),
and 0.72 (dark) QE mg/mL of coffee extract. Fermentation improves the TFC content by 0.22, 0.07,
and 0.08 QE mg/mL of coffee extract in the light, medium, and dark roasting conditions, respectively
(Figure 7). These findings agree with several published papers on different fermented seeds, where
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fermentation significantly enhanced the TFC compared to the TFC in unfermented seeds, such as
in soybeans [60], legumes [45,55,56], coffee beans [21,22], and okra seeds [51]. The increase in the
flavonoid content might be linked to the rise in acidic values during fermentation, which releases
bound flavonoid components and makes them more bioavailable [51].

Figure 7. Total flavonoid contents (QE mg/mL of coffee extract) of fermented coffee. Bars with different
letters indicate a significant difference (p < 0.5) among treatments.

Regardless of the fermentation, the average TFC from both treatments at each roasting condition
was 0.75 ± 0.11, 0.71 ± 0.03, and 0.68 ± 0.04 QE mg/mL of coffee extract at the light, medium, and dark
roasting levels, respectively. The average TFC value showed a decreasing trend as the roasting time
increased, regardless of the fermentation. The result in our study coincides with Tiwari, B. K., et al. [65],
who found that the TFC was reduced significantly as the roasting temperature increased from 80 ◦C to
120 ◦C and roasting duration proceeded from 20 min to 40 min. The cause for the reduction in the TFC
at a higher temperature might be associated with the degradation of flavonoids. The preparation and
processing of food may reduce the flavonoid contents depending on the techniques used [66].

The yeast-fermented coffee extracts had a significant difference (p < 0.05) compared to
non-fermented coffee with regard to TTC in the light and dark roasting conditions (Figure 8). The TTC
of non-fermented coffee was 0.53, 0.33, and 0.21 mg tannic acid/mL of coffee extract in light, medium
and dark roasting conditions, respectively. In the fermented coffee, the TTC was 0.73, 0.28, and 0.15 mg
tannic acid/mL coffee extract in the light, medium, and dark roasting conditions, respectively. In the
light roasting condition, the tannin content was higher in fermented coffee than the control and it was
lower than the control in the medium and dark roasting conditions (Figure 8). It has been reported that
fermentation significantly decreased the tannin content of fermented sorghum cultivars [67], and in
fermentation of Xuan mugua fruit with lactic acid bacteria, where it caused a significant decrease in
the tannin content [68]. We have also found a supporting result in our previous experiment that
indicates the fermentation of green coffee beans with S. cerevisiae and S. fibuligera strains reduced the
TTC compared to non-fermented coffee [22]. Regardless of the fermentation, the TTC was reduced as
the roasting time increased. The average TTC in each roasting condition was 0.63, 0.31 and 0.19 mg
tannic acid mg/mL coffee extract in the light, medium, and dark roasting condition (Figure 8). Likewise,
the tannin content was decreased in soya bean flour (0.01–0.30 g/100 g dry weight) [69], and 22%
in maize [70]; because of soaking in water for 48 h and roasting. Tannin content has an astringent
characteristic that contributes to the bitterness of coffee, so the reduction in tannins can be viewed as a
positive aspect.
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Figure 8. Total tannin contents (tannic acid mg/mL of coffee extract) of fermented coffee. Bars with
different letters indicate a significant difference (p < 0.5) among treatments.

3.5. Sensory Evaluation

Based on the results of consumer acceptance ratings, the non-fermented coffee received a
higher score than the fermented coffee in terms of its color, sourness, mouthfeel, acidity, and overall
quality. However, the fermented coffee received the highest rating with respect to aroma, bitterness,
and astringency. The average score for the overall quality of the coffee was 5.22 and 4.51 for
non-fermented and fermented coffee, respectively (Figure 9). The average score for acidity was 3.75
for the fermented coffee and 4.15 for the non-fermented coffee. Kwak et al. [21] have evaluated the
consumer acceptability of fermented green coffee beans with different yeasts, noting that one of their
fermented coffee treatment acceptability ratings was lower but insignificant when compared to the
control treatment. In addition, they mentioned that all the fermented coffee received lower ratings
when compared to the control. Fermentation has both positive and negative influences on the flavor and
aroma characteristics of coffee. Based on the overall quality rating, we have categorized the consumer
responses into two groups: people who preferred the non-fermented coffee over the fermented coffee
(55.48%) and people who preferred the fermented coffee over the non-fermented coffee (44.52%).
A supporting result was published by Kwak et al. [21], who found that 39.4% of consumers preferred
fermented coffee while 60.6% preferred non-fermented coffee by disliking the control (non-fermented)
treatments based on the overall quality ratings. However, consumer acceptance evaluations are very
subjective to the individual.

Figure 9. The consumer acceptability ratings of fermented and non-fermented coffee.
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4. Conclusions

This study showed the responses of the coffee beans fermented with W. anomalus strain KNU18Y3.
The fermentation of green coffee beans with W. anomalus for 24 h increased the DPPH, FRAP, TPC,
and TFC when compared to non-fermented coffee, whereas the SOD-like and ORAC did not significantly
differ between the fermented and non-fermented coffee beans. We have also found that the fermentation
of coffee beans for 24 h is enough to modify the functionality of coffee beans. The extent of roasting had
both negative and positive effects on the overall antioxidants, TPC, TFC, and TTC. The degradation of
the TPC, TFC, and TTC was observed as the roasting time increased from 11.5 to 16 min, regardless
of the fermentation. The fermented coffee received better ratings in terms of its aroma, bitterness,
and astringency parameters. Moreover, 44.52% of participants chose the fermented coffee over the
non-fermented one based on the overall quality ratings. This result shows that fermented coffee
is also preferred by consumers. Since the consumer evaluation experiment was conducted blind
(the participants were not informed of the coffee types), the increased antioxidants and phenolic
and flavonoid compounds will probably attract more consumers when they are informed of these
positive aspects of fermented coffee. While the W. anomalus yeast has the potential to be used for green
coffee bean fermentation, further selection and evaluation of microorganisms should be continued to
maximize the functionality of the coffee bean and its health benefits.
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Abstract: Removal of the mucilage layer of coffee fruits by a fermentation process has became
an interesting strategy to improve coffee quality, which is able to assist the formation of flavored
molecules. In this study, four sets of inoculation protocols were evaluated using ripe and immature
coffee fruits, respectively, including (i) pure culture fermentation with Pichia fermentans, (ii) pure
culture fermentation with Pediococcus acidilactici, (ii) combined fermentation with P. fermentans and
P. acidilactici, and (iv) spontaneous, non-inoculated control. The initial pulp sugar concentration
of ripe coffee fruits (0.57 and 1.13 g/L glucose and fructose content, respectively) was significantly
higher than immature coffee pulp (0.13 and 0.26 g/L glucose and fructose content, respectively).
Combined inoculation with P. fermentans and P. acidilactici of ripe coffee beans increased pulp sugar
consumption and production of metabolites (lactic acid, ethanol, and ethyl acetate), evidencing a
positive synergic interaction between these two microbial groups. On the other hand, when immature
coffee fruits were used, only pure culture inoculation with P. fermentans was able to improve metabolite
formation during fermentation, while combined treatment showed no significant effect. Altogether,
30 volatile compounds were identified and semi-quantified with HS- solid phase microextraction
(SPME)-gas chromatography coupled to mass spectrophotometry (GC/MS) in fermented coffee
beans. In comparison with pure cultures and spontaneous process, combined treatment prominently
enhanced the aroma complexity of ripe coffee beans, with a sharp increase in benzeneacetaldehyde,
2-heptanol, and benzylalcohol. Consistent with the monitoring of the fermentation process, only
P. fermentans treatment was able to impact the volatile composition of immature coffee beans. The
major impacted compounds were 2-hexanol, nonanal, and D-limonene. In summary, this study
demonstrated the great potential of the combined use of yeast and lactic acid bacteria to improve
fermentation efficiency and to positively influence the chemical composition of coffee beans. Further
studies are still required to investigate the mechanisms of synergism between these two microbial
groups during the fermentation process and influence the sensory properties of coffee products.

Keywords: coffee processing; coffee fermentation; starter culture; coffee beverage; yeast

1. Introduction

Coffee plants are cultivated in more than 80 countries around the world, providing raw materials
for a global industry valued at an excess of 10 billion US$ [1]. Production conditions and post-harvest
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operations, such as fruit harvesting, depulping, drying, and storage, have a direct impact on the quality
of coffee products. Fruit harvesting is the first step in postharvest coffee processing. The heterogeneous
development of coffee fruits leads to a simultaneous presence of different maturation stages in the same
coffee tree, namely: (i) Green (immature) coffee fruits, presenting incomplete endosperm development
and low reducing sugars content in the mucilaginous layer; (ii) cherry (ripe) fruits, presenting mucilage
rich in reducing sugars, complete development of the endosperm and red or yellow exocarp color;
and (iii) raisin (overripe), which are fruits showing the initial characteristics of the senescence cycle
with metabolic pathway deviation for the catabolism of the nutrients accumulated in the beans [2]. In
Brazil, the largest coffee producer in the world, it is estimated that 31% of the coffee fruits are harvested
in the immature stage [3]. Immature coffee beans have a high content of chlorogenic acids (caffeine,
trigonelline) and lower sugar content due to incomplete cycle of maturation, attributing astringency
and depreciating the quality of coffee products [4,5].

After harvesting, coffee processing must begin as quickly as possible to prevent fruit spoilage
by unfavorable fermentation or mold formation [6,7]. The outer layers of the coffee fruit (skin and
pulp) are easily removed, while the mucilage, parchment, and silver skin are firmly attached to the
beans [8]. The way that coffee growers use to remove the mucilage layer attached to the fruits classifies
coffee in the international market: ‘Natural coffee’, where mucilage is removed by a simple method of
sun-drying, known as dry processing; ‘washed coffee’, produced from coffee beans that undergo a
relatively complex series of steps, including depulping, fermentation, and sun-drying known as wet
processing; and “pulped natural coffee”, which the fruits are mechanically husked and the mucilage is
removed by a sun-drying process, known as semi-dry processing [9].

In the wet processing, coffee beans are submitted to underwater tank fermentation for mucilage
breakdown and removal. The sugars present in the mucilage support microbial, especially yeasts and
lactic acid bacteria [10]. Recent studies have been dedicated to the use of yeast and lactic acid bacteria
(LAB) as pure starter cultures in post-harvest processing, in order to reduce the time required for
fermentation and modulate the chemical and sensory characteristics of coffee beans [11–14]. Among the
selected microorganisms, it is possible to highlight the yeast Pichia fermentans YC5.2 and the lactic acid
bacteria Pediococcus acidilactici LPBC161, which are cultures with characteristics of efficient consumption
of coffee pulp-sugars and adaptability to the stress factors of coffee processing [15,16]. Despite that
the use of pure cultures offers advantages, recent studies in wine, meat, and dairy fermentations
demonstrate that mixed starters are able to improve the sensorial and safety proprieties of the final
product [17,18]. In this regard, the aim of this study was to evaluate the effects of co-inoculation
with Pichia fermentans YC5.2 and Pediococcus acidilactici LPBC161 on metabolites produced during
fermentation and the volatile composition of coffee beans.

2. Material and Methods

2.1. Microorganism and Inoculum Preparation

The selected yeast (Pichia fermentans YC5.2) and lactic acid bacteria (Pediococcus acidilactici LPBC161)
strains used in this study were previously isolated and selected from spontaneous coffee fermentations,
as detailed in Muynarsk et al. [15] and Pereira et al. [16]. The P. fermentans YC5.2 and P. acidilactici
LPBC161 were reactivated in MRS (Merck Millipore, Burlington, MA) and YEPG broth (Himedia, Marg,
India), respectively, at 28 ◦C during 24 h. Each microorganism was then grown up to a concentration
of 109 CFU/mL. To reach this concentration, P. acidilactici LPBC161 was cultivated in Erlenmeyer
containing 4 L of sugar cane molasses 3% (w/v) medium, enriched with yeast extract 0.5% (w/v),
ammonium citrate 0.5% (w/v), ammonium phosphate 0.5% (w/v), sodium acetate 0.5% (w/v), Tween 80
0.1% (v/v), and manganese sulfate 0.005% (w/v) [19], and P. fermentans YC5.2 was grown in Erlenmeyer
containing 4 L of sugar cane molasses 3% (w/v) medium enriched with yeast extract 0.5% (w/v).
After incubation, the yeast and lactic acid bacteria (LAB) cells were separated from the medium by
centrifugation at 5000 × g during 5 min, washed twice with sterile saline-peptone solution (0.1% [w/v]
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bacteriological peptone (Himedia), 0.8% (w/v; NaCl (Merck)), and resuspended in sterile saline solution
(0.9% (w/v) NaCl).

2.2. Farm Experiments

The field experiments were conducted at the Fazenda Baobá (21◦42′42.8′’ S, 46◦49′42.2′’ W; 1400 m
above sea level) situated in São Sebastião da Grama, São Paulo state, Brazil. Ripe and immature coffee
fruits (10 kg) were, respectively, deposited in 20-L plastic buckets with 5 L of water. Four sets of
inoculation protocols were performed in triplicate: (i) Pure culture fermentation with P. fermentans,
(ii) pure culture fermentation with P. acidilactici, (ii) combined fermentation with P. fermentans and
P. acidilactici, and (iv) spontaneous, non-inoculated control. Prior to inoculation, yeast and LAB cells
were counted by a Thoma hemocytometer chamber using methylene blue dye as a marker of cell
viability. Then, appropriate amounts of inoculum were used to reach an initial cell population of
about 7 log CFU/mL. At the end of fermentation, coffee beans were sun dried until the value of 12% of
moisture was reached.

2.3. Sampling and pH Measurement

Samples (50 mL) of the liquid fraction of the fermenting coffee pulp were collected in triplicate at
intervals of 12 h to monitor sugars consumption and organic acids, ethanol, and volatile compounds
production. At each sampling point, the pH was measured using a digital pH meter (Requipal,
Curitiba, Brazil).

2.4. HPLC Analysis of Fermenting Coffee Pulp

The concentration of reducing sugars (glucose and fructose), organic acids (citric, succinic, lactic,
acetic, and propionic acids), and ethanol in coffee pulp (liquid fraction) was determined in intervals of
12 h. Aliquots of 2 mL were centrifuged at 6000 × g for 15 min and filtered through 0.22 μm pore size
filter (Millipore Corp., Billerica, MA, USA). Analysis parameters were performed according to Carvalho
Neto et al. [20]. The filtered samples were injected into high-performance liquid chromatograph
(HPLC) system equipped with an Aminex HPX 87 H column (300 × 7.8 mm; Bio-Rad, Richmond, CA,
USA) and a refractive index (RI) detector (HPG1362A; Hewlett–Packard Company, Palo Alto, CA,
USA). The column was eluted in an isocratic mode with a mobile phase of 5 mM H2SO4 at 60 ◦C and a
flow rate of 0.6 mL/min.

2.5. GC Analysis of Fermenting Coffee Pulp

The formation of major volatile compounds was determined in intervals of 12 h by gas
chromatography. For sample preparation, aliquots (4 mL) from the liquid fraction of the fermenting
coffee pulp were placed in 20 mL hermetically sealed flasks containing NaCl 5% (w/v), followed by
heating during 10 min at 60 ◦C. The headspace was then collected using a glass syringe (Hamilton,
Bonaduz, Switzerland) and injected into a gas chromatograph (model 17A; Shimadzu, Kyoto, Japan)
equipped with a flame ionization detector at 230 ◦C. The operation conditions were as follows: A 30 m
× 0.32 mm HP-5 capillary column, column temperature of 40 to 150 ◦C at a rate of 20 ◦C/min [13].
A standard curve was constructed using authentic analytical standards purchased from Sigma and
concentration of the compounds was expressed as μmol/L of headspace

2.6. GC/MS Analysis of Fermented Coffee Beans

The volatile aroma compound composition of spontaneous and inoculated coffee beans was
determined by gas chromatography coupled to mass spectrophotometry (GC-MS) according to Carvalho
Neto et al. [20]. The extraction of volatile compounds from the beans samples (2 g) was performed
using a headspace vial coupled to a solid phase microextraction (SPME) fiber DVB/CAR/PDMS fiber
(Supelco Co., Bellefonte, PA, USA). The flasks were heated at 70 ◦C for 10 min without agitation,
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followed by 15 min of exposition of the fiber in a COMBI-PAL system. The compounds were desorbed
into the gas chromatograph injection system gas phase (CGMS-gun TQ Series 8040 and 2010 Plus
GC-MS; Shimadzu, Tokyo, Japan) at 260 ◦C. The column oven temperature was maintained at 60 ◦C
during 10 min, followed by two heating ramps of 4 and 10 ◦C /min until reaching the temperatures of
100 and 200 ◦C, respectively. The compounds were separated on a column 95% PDMS/5% PHENYL
(30 m × 0.25 mm × 0.25 mm film thickness). The GC was equipped with an HP 5972 mass selective
detector (Hewlett Packard, Palo Alto, CA, USA). Helium was used as carrier gas at a rate of 1.0 mL/min.
Mass spectra were obtained by electron impact at 70 eV and a start and end mass-to-charge ratio (m/z)
of 30 and 200, respectively. The compounds were identified by comparison to the mass spectra from
library databases (Nist’98 and Wiley7N).

2.7. Statistical Analysis

The data obtained of target metabolite analysis were analyzed by post-hoc comparison of means
by Duncan’s test and a principal component analysis (PCA). Statistical analyses were performed using
the SAS program (Statistical Analysis System Cary, NC, USA). Level of significance was established in
a two-sided p-value <0.05.

3. Results and Discussion

3.1. Field Experiment

The use of mixed fermentation instead a single culture is a practice widely applied in winemaking
in order to improve the aroma complexity or mouth-feel of wines [21,22]. It offers a number of
advantages over conventional single-culture fermentations, including higher microbial growth rate and
metabolite yield, better utilization of the substrate, and complex formation of aromatic compounds [23].
This work represents the first study on a mixed culture in the coffee beans fermentation process. We
experimentally tested the impact of the combination of two selected cultures (P. fermentans YC5.2
and P. acidilactici LPBC161) in terms of the fermentation efficiency and volatile composition of coffee
beans. The experiments were performed with individual and combined inoculations in ripe and
immature coffee beans, compared to a spontaneous process. The changes in major non-volatiles (sugars,
organic acids, and ethanol) and volatiles metabolites were quantified in the course of the fermentation
time. The initial pulp sugar concentration of ripe coffee fruits (0.57 and 1.13 g/L glucose and fructose
content, respectively) was significantly higher than immature coffee pulp (0.13 and 0.26 g/L glucose
and fructose content, respectively; Figure 1). The low levels of sugars in the case of immature coffee
are the consequence of incomplete maturation cycle fruits [24]. In all fermentation processes, the
sugar concentration showed an increase during the initial 12 h. This phenomenon can be associated
with the hydrolysis of pectin, cellulose, sucrose, and other coffee pulp complexes carbohydrates, into
monomers of glucose and fructose [25,26]. After this increase, both glucose and fructose were partially
consumed, resulting in a residual concentration of around 0.37 and 1.51 g/L (ripe coffee pulp) and 0.19
and 0.74 g/L (immature coffee pulp) of glucose and fructose, respectively. Residual pulp sugars are
generally observed after the coffee fermentation process, mainly associated with the short fermentation
cycle [14,27,28]. However, fructose consumption was more efficient in the treatments that the yeast
was used (i.e., P. fermentans-pure culture and combined treatment with P. fermentans and P. acidilactici)
than P. acidilactici pure culture and spontaneous assay (Figure 1). The yeast’s ability to withstand stress
tolerance factors and the production of pectinolytic enzymes confer advantages in comparison to lactic
acid bacteria [16,29]. In addition, the low availability of initially willing nutrients in immature coffee
pulp [24] may have restricted the development of P. acidilactici, showing poor sugar consumption
(Figure 1B). Lactic acid bacteria are further distinguished by their limited biosynthetic abilities, being
unable to synthesize multiple cofactors, vitamins, purines, pyrimidines, and other nutrients [30].
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Figure 1. Pulp sugar consumption, organic acid production, and pH monitoring of inoculated (pure
culture with Pichia fermentans, pure culture with Pediococcus acidilactici, and combined fermentation
with P. fermentans and P. acidilactici) and spontaneous fermentation of ripe (A) and immature (B) coffee
fruits. The significance of the results was assessed using an ANOVA with Duncan’s post-hoc test at
p < 0.05. Different lowercase letters (a, b, c, d, e, f) indicate significant differences within the same
process (ripe and immature coffee beans) over fermentation time.

Lactic acid showed a significant increase through fermentative processes, reaching maximum
concentration of ≥1.45 and ≥0.53 g/L in the ripe and immature treatments, respectively (Figure 1). Basal
concentrations of acetic acid (≤0.01 g/L) were detected in all the processes, which can be associated
with yeast metabolism or the heterofermentative nature of P. acidilactici [31,32]. Overfermentation
acids, such as propionic and butyric acids, were not detected in both ripe and immature treatments. In
this sense, the acidification of fermenting coffee pulp can be attributed mainly to lactic acid content.
As expected, while the lactic acid concentration increased, the pH decreased progressively during all
fermentation processes (Figure 1). Lactic acid is an important end-metabolite associated with coffee
fermentation, which assists in the coffee-pulp acidification process without interference in the final
product (Figure 1). The pH monitoring is a crucial parameter, since pH values below 4.5 are used as to
indicate the end of the coffee fermentation process [33–35]. In immature coffee treatments, a pH higher
than 4.5 was reported, which may be attributed to the insufficient development of P. acidilactici.

Ethanol and ethyl acetate were the major volatile compounds detected during fermentation
processes (Figure 2). Interestingly, combined inoculations with P. acidilactici and P. fermentans resulted
in a significant increase in the production of these metabolites when compared to pure cultures and
a spontaneous process. The higher values of ethanol (27.04 and 14.8 μmol/L) and ethyl acetate (1.63
and 1.21 μmol/L) were reached after 24 h of ripe and immature combined fermentations, respectively.
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This agrees with the findings of Sun et al. [36] and Cañas et al. [37] that demonstrated an increase of
ethyl- and acetate esters as a result of the co-inoculation of LAB and yeasts in wine fermentation. The
significant sugar consumption and lactic acid, ethyl acetate, and ethanol production in treatments with
combined inoculations indicated an ecological interaction between these two microbial groups. The
complex nature of this interaction is highlighted by the observations that (i)the autolysis of yeasts
release nutrients, such as amino acids, polysaccharides and riboflavin, favorable for bacterial growth,
and that (ii) the acidification of the fermentation media by LAB creates a prone environment for
yeast development [9,38,39]. These positive interactions have been shown to promote desired sensory
attributes in wine, sourdough, and yogurt. However, information about these mechanisms in coffee
fermentation is scarce [40].

 
Figure 2. Concentration of volatile compounds produced in the course inoculated (pure culture with
P. fermentans, pure culture with P. acidilactici, and combined fermentation with P. fermentans and P.
acidilactici) and spontaneous fermentation of ripe (A) and immature (B) coffee fruits. The significance of
the results was assessed using an ANOVA with Duncan’s post-hoc test at p < 0.05. Different lowercase
letters (a, b, c, d, e, f) indicate significant differences within the same process (ripe and immature coffee
beans) over fermentation time.

Other minor volatile compounds that increased during the fermentation processes were
1-decanol, ethyl-acetaldehyde, and hexyl acetate (Figure 2). Yeast and lactic acid bacteria generate
ethyl-acetaldehyde by a condensation reaction between fatty acids and an alcohol molecule [41], while
1-decanol can be derived from amino acid catabolism via the Ehrlich pathway [16,42]. The presence of
higher concentrations of linalool using immature fruits can be associated with the inferior maturation
stage of the coffee beans, since this compound has been considered a volatile marker of coffee beverages
produced from immature fruits [43].
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3.2. Coffee Beans Chemical Composition

Over 900 volatile compounds have already been identified in green and roasted coffee beans [27,44].
Among the major volatiles found, pyrazines, furans, ketones, aldehydes, higher alcohols, esters, and
sulphur compounds can be highlighted [45–47]. Although some of these flavor-active compounds
originate from the beans itself, recent studies have revealed that microbial-derived metabolites can
also diffuse into the beans [11,14,27,33,48–50]. Upon characterization of the volatile composition of
fermented coffee beans, it was observed that inoculation of P. fermentans and P. acidilactici, both in pure
and combined treatments, resulted in the modulation of the volatile constitution of coffee beans. A
total of 30 compounds were identified in fermented ripe coffee beans, including higher alcohols (seven
compounds), aldehydes (six compounds), and terpenes (three compounds; Table 1). Among these,
1-hexanol, 2-heptanol, phenylethyl alcohol, and benzeneacetaldehyde were the major volatiles found.
Single inoculation of P. fermentans and P. acidilactici resulted in the formation and diffusion of some
volatile compounds, such as 3-octanol, 2-heptenal, benzaldehyde, dodecanal, and D-limonene, that
were not detected in a spontaneous process. These compounds are strictly related to both yeast and
LAB metabolism, such as aldehydes and higher alcohols formed from the catabolism of coffee pulp
amino acids, and terpenes through mevalonic acid pathway or released from glycoside precursors
during fermentation [10,51,52].
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Interestingly, coffee beans generated from combined treatments showed significantly increased
(p < 0.05) of specific volatile compounds, such as benzeneacetaldehyde, 2-heptanol, and benzylalcohol.
These findings are in accordance with Englezos et al. [18] and Plessas et al. [53], which evidences that
mixed treatments of yeast and LAB starter cultures enable higher production of esters, aldehydes,
and higher alcohols in sourdough and wine fermentations when compared to single inoculations.
However, further studies are required to evidence the metabolic pathways associated with the positive
interaction between these microorganisms in coffee products.

Chemical analysis of immature coffee beans revealed a composition with lower diversity and
concentration of volatile compounds (Table 2). A total of 19 compounds were detected, including
higher alcohols (four compounds), organic acids (three compounds), and aldehydes (three compounds).
P. fermentans-single inoculation resulted in coffee beans with significantly higher concentrations
(p < 0.05) of 2-hexanol, nonanal, and D-limonene when compared to the spontaneous process. These
compounds are commonly attributed to Pichia metabolism [10,54,55]. This corroborates with results
from fermentation process monitoring, which demonstrated intense microbial activity of P. fermentans
in immature coffee pulp. On the other hand, coffee beans derived from P. acidilactici-pure culture
and combined treatment showed no significant increase (p > 0.05) in the volatile constituents when
compared to the control (spontaneous process). This fact can be correlated to the insufficient growth of
the LAB starter culture in the nutrient-scarce environment from the pulp of immature coffee beans.
The auxotrophism of several amino acids turns LAB directly dependent on a rich growth medium for
its full development [31].
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In order to explain the chemical characteristics and grouping of the samples, the parameters
in Tables 1 and 2 were analyzed by a PCA (Figure 3). The first and second principal components
explained, together, 73.66% of the total variability within the data. The samples were categorized
into two clusters, viz., ripe and immature coffee beans. This distinction was mainly related to the
richer constitution of volatiles of ripe coffee beans relative to immature treatments. In addition, the
presence of specific compounds (benzyl alcohol, phenylethyl alcohol, benzeneacetaldehyde, decanal,
and D-limonene in ripe coffee beans, and furan-2-pentyl, 2-methyl-butanoic acid, and pyrazine,
2-methoxy-3-(2-methylpropyl) in immature coffee beans) also contributed to the separation of ripe and
immature coffee beans in the PCA analysis. Interestingly, only the treatment with P. fermentans grouped
immature coffee beans in the positive axis, which corroborates with the better yeast’ adaptation and
generation of volatiles in immature coffee pulp.

 

Figure 3. Principal component analysis (PCA) of volatile compounds (lozenges) identified in the
different treatments of ripe (open circles) and immature (closed circles) coffee beans. Abbreviations:
SR—spontaneous, ripe control; PiR—Pichia inoculation in ripe coffee beans; PeR—Pediococcus
inoculation in ripe coffee beans; MR—mixed (Pichia plus Pediococcus) inoculation in ripe coffee
beans; SI—spontaneous, immature control; PiI—Pichia inoculation in immature coffee beans;
PeI—Pediococcus inoculation in immature coffee beans; MI—mixed (Pichia plus Pediococcus) inoculation
in immature coffee beans. 1—butanoic acid, 3-methyl; 2—butanoic acid, 2-methyl; 3—hexanoic acid;
4—1-hexanol; 5—2-heptanol; 6—5-methyl-2-hexanol; 7—2-hexanol; 8—1-octen-3-ol; 9—3-octanol;
10—benzylalcohol; 11—phenylethyl alcohol; 12—butanoic acid, 2-methyl, ethyl ester; 13 - butanoic
acid, 2-methyl, ethyl ester; 14—methyl salicylate; 15—2-heptenal; 16—benzaldehyde; 17—dodecanal;
18—nonanal; 19—benzeneacetaldehyde; 20—decanal; 21—2-heptanone; 22—pyridine, 2,3-dimethyl;
23—pyridine, 2,6-lutidine; 24—butyrolactone; 25—linalool; 26—D-limonene; 27—anethole;
28—furan-2-pentyl; 29—styrene; 30—tetradecane; 31—2(3)-furanone, dihydro-5-methyl; 32—pyrazine,
2-methoxy-3-(2-methylpropyl); 33—hexadecane.
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4. Conclusions

This is the first study investigating the impact of co-inoculation with yeast and LAB on the
fermentation of ripe and immature coffee fruits. Among the different treatments, combined inoculations
with Pichia fermentans YC5.2 and Pediococcus acidilactici LPBC161 in ripe coffee fruits showed interesting
features. It was possible to reach increased coffee pulp-sugar consumption and production of metabolites
(lactic acid, ethanol, and ethyl acetate), evidencing a positive synergic interaction between these two
microbial groups. On the other hand, when using immature coffee fruits, only Pichia fermentans was
able to improve metabolite formation during fermentation and impact volatile composition of resulting
coffee beans. This may be due to the high nutritional requirement of LAB species and poor adaptability
in immature coffee pulp. Howsoever, since immature coffee beans usually have a low quality because
the formation of flavored precursors is incomplete, yeast metabolism has great potential to add flavor
quality to these beans.

Chemical analysis revealed a more complex volatile composition of fermented coffee beans from
combined treatment in relation to pure inoculations and spontaneous process. The major compounds
impacted were benzeneacetaldehyde, 1-hexanol, benzylalcohol, 2-heptanol, and phenylethyl alcohol,
which are reported as important aroma-impacting compounds. Thus, this study shows the great
potential of combined inoculation for the formation of desirable aroma compounds and production of
specialty coffees. Further studies are still required to investigate the mechanisms of synergism between
yeast and LAB and influence on sensory properties of coffee products.
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Abstract: Currently, the fermentation technology for recycling agriculture waste for generation of
alternative renewable biofuels is getting more and more attention because of the environmental
merits of biofuels for decreasing the rapid rise of greenhouse gas effects compared to petrochemical,
keeping in mind the increase of petrol cost and the exhaustion of limited petroleum resources. One of
widely used biofuels is bioethanol, and the use of yeasts for commercial fermentation of cellulosic and
hemicellulosic agricultural biomasses is one of the growing biotechnological trends for bioethanol
production. Effective fermentation and assimilation of xylose, the major pentose sugar element of
plant cell walls and the second most abundant carbohydrate, is a bottleneck step towards a robust
biofuel production from agricultural waste materials. Hence, several attempts were implemented
to engineer the conventional Saccharomyces cerevisiae yeast to transport and ferment xylose because
naturally it does not use xylose, using genetic materials of Pichia stipitis, the pioneer native xylose
fermenting yeast. Recently, the nonconventional yeast Spathaspora passalidarum appeared as a founder
member of a new small group of yeasts that, like Pichia stipitis, can utilize and ferment xylose.
Therefore, the understanding of the molecular mechanisms regulating the xylose assimilation in such
pentose fermenting yeasts will enable us to eliminate the obstacles in the biofuels pipeline, and to
develop industrial strains by means of genetic engineering to increase the availability of renewable
biofuel products from agricultural biomass. In this review, we will highlight the recent advances in
the field of native xylose metabolizing yeasts, with special emphasis on S. passalidarum for improving
bioethanol production.

Keywords: fermentation; xylose metabolism; genetic engineering; biofuel; Spathaspora passalidarum;
Pichia stipitis

1. Fermentation Technology and Challenges

The modern biotechnological applications for generation of alternative and renewable sources
of biofuels are receiving more attention due to global worries over the climate change, rapid global
warming, and the rising of fossil fuel costs. One of such growing biotechnological trends is the
fermentation technology to convert the sugar-rich agriculture waste into bioethanol by conventional
or non-conventional yeasts [1–4]. In general, yeasts have advantages over bacteria for commercial
fermentation due to the thickness of their cell walls, less stringent nutritional requirements, large sizes,
utmost resistance to contamination, and better growth at acidic pH of bioreactor fermenters.

In nature, the second most abundant hemicellulosic sugar in fast-growing hardwoods and
agricultural biomass is xylose. Xylose sugar forms up to 15–25% of all angiosperm biomass,
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and it could supply an alternative fuel source for its ability to be commercially fermented into
ethanol. Several approaches have been employed to engineer xylose assimilation metabolism into
conventional fermenting yeasts, such as Saccharomyces cerevisiae [4–6]. Therefore, efficient hemicellulosic
sugar fermentation is crucial for the economic conversion of lignocellulose biomass to renewable
biofuels [4,6–8]. The discovery of xylose-fermenting yeasts in new niches and genetic engineering of
yeasts to be capable of rapid fermentation of xylose and other sugars to recoverable concentrations of
bioethanol could provide alternative biofuel sources for the future (Figure 1) [4,9].

Figure 1. Model of yeast fermentation machinery for bioethanol production using the agriculture waste
to feed yeasts [4]. The metabolic pathways for xylose and glucose assimilation and fermentation are
indicated including the pentose phosphate pathway and glycolysis. The agriculture waste is treated
through the enzymatic and chemical simultaneous saccharification and fermentation (SSF) processes to
release the cellulosic and hemicellulosic sugars. The hexose and pentose sugars are transported by
specific hexose and pentose sugar transporters into yeast for further metabolizing processes.

As a rule of thumb for metabolizing the xylose in most of xylose-fermenting yeasts [4], firstly the
xylose is reduced by xylose reductase (XR) to xylitol. In the second step, the xylitol is oxidized by xylitol
dehydrogenase (XDH) to xylulose. Afterward, the xylulose passes into the pentose phosphate pathway
being metabolized into glyceraldehyde-3-P which is further reduced to pyruvate. Finally, the pyruvate
is decarboxylated to acetaldehyde which is further reduced to ethanol by alcohol dehydrogenase
(Figure 1). Notably, most xylose reductase enzymes have dual cofactor specificity, using both NADH
and NADPH, but typically favor NADPH. However, xylitol dehydrogenase enzymes use NAD+

specifically as a cofactor, which could cause imbalance between the cofactor’s source for the XR-XDH
pathway and xylitol accumulation under uncontrolled oxygen conditions (Figure 2) [10].
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Figure 2. Schematic model of the central metabolism for bioethanol production from xylose indicating
the rate limiting steps (XR: xylose reductase; XDH: xylitol dehydrogenase, and ADH: alcohol
dehydrogenase) and cofactors demand/balance in most of native xylose metabolizing yeasts. Xylose
assimilation reactions starts with XR to produce xylitol. The xylitol is further metabolized by XDH to
produce xylulose, which further metabolized to xylulose-phosphate to enter the glycolysis (indicate by
black dotted arrow and summarized in Figure 1) to produce acetaldehyde. The acetaldehyde finally
converted to ethanol by ADH.

One of pioneer xylose fermenting yeasts is Pichia stipites. P. stipitis is heterothallic
ascomycetous yeast, predominantly haploid and related to pentose fermenting yeasts, such as Candida
shehatae [1,4,11–15]. P. stipitis was recently renamed to be Scheffersomyces stipitis [15] and it is natively
one of the highest xylose-utilizing and fermenting yeasts. In type culture collections, the P. stipitis
strains are among the best xylose-metabolizing microbes [16]. Under controlled low O2 conditions, P.
stipitis is able to consume xylose and produce up to 57 g/L of bioethanol at 30◦C [4,13,14,17]. Pichia uses
an alternative nuclear genetic code (ANGC) in which CUG encodes for Ser rather than Leu [17], which
makes the genetic manipulation of Pichia with the commercial drug resistance markers unusually
problematic because essentially all of these markers are derived from bacteria that use the universal
codon system. Moreover, one of classical challenges in fermentation technology is that some of
key enzymes of bioethanol production pathway are expressed relatively in low levels [1,4,13,14].
Therefore, the metabolic engineering of the bioethanol pathway in yeasts, which can ferment the
sugars of the agriculture biomass with considerable and recoverable bioethanol concentrations, could
enhance the productivity and sustainability of renewable biofuel sources [1,13,14]. To improve
bioethanol production and xylose metabolism, a stable and manipulatable genetic system that enables
overexpression or deletion of one or more of key enzymes and sugar transporters in xylose-fermenting
yeast P. stipitis, was developed [1,3,18]. This approach comprises modelling, metabolic and flux
analysis, quantitative metabolomics and transcriptomics followed by the targeted overexpression or
deletion of genes of the rate-limiting steps [1,3,4,13,14]. Since there is reasonable information about the
metabolic capacity of P. stipitis to ferment xylose on various omics levels, this makes it an attractive
model system for metabolic engineering.

Recently, a new xylose-fermenting yeast Spathaspora passalidarum was discovered, which naturally
co-ferments xylose, glucose, and cellobiose and demonstrates potentials in the effective conversion of
mixed sugars from hemicellulosic hydrolysates into ethanol [9]. S. passalidarum was initially isolated
from extremely O2-limited and hemicellulosic sugar rich environments from the gut of a wood-boring
beetle (as will be discussed below). Although the anaerobic fermentation of glucose is broadly known,
the xylose fermentation typically needs a controlled oxygen condition. Uncontrolled oxygen conditions
in another xylose-fermenting yeast, such as P. stipitis, leads to accumulation of xylitol due to insufficient
amounts of NAD+, and as consequence the xylose metabolism will be blocked (Figure 2) [9,13,14]. To
solve this problem, precise controlled O2 (very low O2 concentrations) during the xylose fermentation
is required in P. stipitis to generate NAD+ from NADH.

205



Fermentation 2020, 6, 33

The bioethanol production from the bioconversion of lignocellulose biomass must be achieved
at high rates and yields for economically recoverable concentrations. The achieving of such targets
for efficient bioethanol production are more difficult with cellulose and hemicellulose. The major
barrier for cellulose utilization is enzymatic saccharification, while for hemicellulose it is the utilization
of mixed sugars (hexose sugars: glucose, galactose, mannose, and rhamnose; and pentose sugars:
xylose and arabinose) in the presence of ferulic and acetic acids along with other byproducts of the
thermochemical pretreatment of the hydrolysates [13,14]. However, S. passalidarum and P. stipitis yeasts
possess a set of unique physiological merits that make them very useful biodegradable organisms for
bioconversion of lignocellulosic biomass [4,9,13,14]. Pichia can utilize and ferment effectively cellobiose,
glucose, galactose, and mannose along with xylan high oligomeric sugars xylan and mannan, in
addition to its extensively studied ability to metabolize and ferment the xylose [4,13,14]. The primary
sugar released in enzymatic hydrolysis is cellobiose and, remarkably, P. stipitis and S. passalidarum have
the capability to utilize the cellobiose, which make such yeasts potent organisms for simultaneous
saccharification and fermentation (SSF) or hydrolysate, because most commercially available cellulase
products are often deficient in β-glucosidase enzyme so the accumulation of cellobiose inhibits cellulose
activities. Since P. stipitis and S. passalidarum can directly metabolize the cellobiose, they have the
potential to improve SSF processes [4,9,10,13,14,19,20].

Collectively, the native ability of P. stipitis and S. passalidarum to metabolize the oligomeric sugars
is of high importance as the mild acidic pretreatments of agriculture waste biomass can prevent the
formation of the sugar degradation byproducts, which could inhibit significantly the fermentation
process, but can release about 15–55% of soluble oligomeric sugars. Therefore, with low cost and
high yield, the hemicellulosic sugars can be more readily recovered and underutilized from cellulose
biomass than glucose. Although such easy recoverable sugars can be utilized for formation of a number
of useful products such as xylitol, butanol, lactic acid, and other chemicals, bioethanol is still the major
product with the largest potential market. Hence, bioethanol production from the lignocellulosic
biomasses is receiving a lot of attention as a consequence of agriculture policies and energy demands
to improve the production of alternative renewable biofuels and to reduce CO2 emissions [2,4,13,14].

2. Spathaspora passalidarum a Promising Genetic Source

The Spathaspora clade contains many bioethanol producer yeasts, including Spathaspora arborariae,
Spathaspora brasiliensis, Spathaspora gorwiae, Spathaspora hagerdaliae, Spathaspora passalidarum, Spathaspora
roraimanensis, Spathaspora suhii, Spathaspora xylofermentans. They are usually endosymbioticly associated
with wood-boring-beetles that occupy rotting wood. Spathaspora passalidarum (Figure 3), the first
identified species of genus Spathaspora, was isolated from the gut of passalid beetle Odontotaenius
disjunctus [9,21–24]. Notably, S. arborariae, S. gorwiae, S. hagerdaliae, and S. passalidarum ferment
xylose to produce bioethanol, whereas the rest within the Spathaspora clade are thought to be xylitol
producers [9].

Figure 3. Spathaspora passalidarum budding cells with characteristic curved and elongated ascospore.
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S. passalidarum was firstly described in 2006 by Nguyen et al. [21]. The authors speculated that
Spathaspora mainly exists in the beetle’s biosphere rather than the beetle’s gut microbiota, and it may be
only by coincidence that O. disjunctus beetles ingested decaying wood contaminated by yeasts. Later in
2012 and 2017, another 12 strains were described in two independent studies from wood-boring beetles
and wood samples of Amazonian forest in Brazil [23,25]. Among these strains, only one isolate was
obtained from the gut of Popilus marginatus beetle, while the rest of the strains were obtained from the
woody samples inhabited by the beetles [23,25]. In 2014, two more strains were isolated from rotted
wood in China [26]. Additionally, Rodrussamee and colleges in 2018 reported a new thermotolerant
strain, named S. passalidarum CMUWF1–2, which was isolated from Thailand soil [27]. The frequency
of finding S. passalidarum mainly among the woody samples supports the notion that those yeasts are
probably associated with decaying wood niches rather than with the gut microbiota of wood-boring
beetles. However, the fact of the low frequency of finding S. passalidarum among other yeast species
keeps an open possibility that they inhabit mainly the wood-related beetles [9].

3. Fermentation Capability of Spathaspora passalidarum

It is believed that the beetle’s gut is truly anaerobic or microaerobic, therefore it was speculated that
S. passalidarum possess a unique adaptation capability to survive under oxygen-depleted conditions
on mixtures of hemicellulosic sugars in the midgut of wood-boring beetles [10,19]. Currently, S.
passalidarum is among the best xylose-utilizing and fermenting yeasts. Under anaerobic or microaerobic
conditions, S. passalidarum possess rapid utilization and consumption rates for xylose and produces up
to 0.48 g/g bioethanol (near to the maximum theoretical bioethanol production of 0.51 g/g), in contrast to
P. stipitis which can hardly metabolize xylose anaerobically, accumulating xylitol and a very low yield
of bioethanol [10,19,20,28,29]. Under anaerobic conditions, Hou in 2012 showed that S. passalidarum
has a high growth rate with rapid consumption rate of sugars and can ferment xylose into a high yield
of bioethanol with higher production efficiency than P. stipitis [10]. Similarly, Veras and colleges in
2017 showed that under anaerobic conditions, S. passalidarum accumulates 1.5 times more bioethanol
than S. stipitis, while both stains accumulate around 0.44 g/g under O2 limiting conditions [30]. The
previous work by Hou (2012) defined strictly that S. passalidarum can metabolize and ferment xylose
in tightly capped flasks [10]. In contrast to the previous report by Hou (2012) [10], under stringent
O2 limiting conditions, the S. passalidarum was not able virtually to utilize the sugars, indicating that
native wild-type S. passalidarum does not ferment sugars under truly anaerobic conditions [19,20].
Therefore, it is still under debate whether S. passalidarum can ferment xylose truly anaerobically or
whether it requires a controlled microoxygenic condition similar to P. stipitis.

One of the major challenges in fermentation technology is the inability of the majority of known
microbes to co-ferment xylose and glucose, since glucose usually inhibits the metabolization of the
other sugars in lignocellulose hydrolysate, as in the case of P. stipitis [13,14]. Astonishingly, in a recent
study to address the metabolic profiling and fermentation capacity of S. passalidarum, S. passalidarum
was found to co-ferment xylose, cellobiose, and glucose simultaneously with high bioethanol yields
ranging from 0.31 to 0.42 g/g [19,20]. Moreover, an adapted S. passalidarum strain was found to
accumulate up to 39 g/L bioethanol with a 0.37 g/g yield from a lignocellulosic hydrolysate. The
specific production rate of bioethanol on xylose as a carbon source was superior with three times more
than the corresponding rate on glucose, where the flux of glycolytic intermediates was meaningfully
lower on glucose than on xylose and its xylose reductase enzyme had a higher affinity for NADH than
NADPH [19,20]. Thus, the allosteric activation of glycolytic routes associated with the xylose utilization
and the NADH-dependent xylose reductase are most likely the causes for such unique ability of S.
passalidarum to co-ferment mixed sugars [19,23]. Later, such results were confirmed in a metabolic
flux study, where S. passalidarum showed about 1.5–2 times high flux rate in the NADH-dependent
xylose reductase reaction [31], which caused continuous recycling and reduction of xylitol levels. Such
directed high flux rates to glycolytic routes and pentose phosphate pathway was the cause for high
levels of bioethanol production in S. passalidarum [31]. In large scale fed-batch fermentation study, S.
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passalidarum was able metabolize around 90% of xylose sugar and all of glucose of sugarcane bagasse
hydrolysate, even so glucose had approximately three-fold higher xylose content; and produced a
high ethanol yield of 0.46 g/g with volumetric productivity of 0.81 g/L/h in contrast to P. stipitis which
produced 0.32 g/g ethanol with productivity of 0.36 g/L/h [32]. In follow up study, S. passalidarum
UFMG-CM-Y473 strain was able to simultaneously utilize and co-ferment about 78% of the released
sugars (xylose, glucose, and cellobiose) of pretreated sugarcane bagasse hydrolysate (delignified and
enzymatically hydrolyzed) to yield up to 0.32 g/g bioethanol with productivity of 0.34 g/L/h without any
nutritional supplementation [33]. Moreover, the new thermotolerant strain, S. passalidarum CMUWF1–2,
was able to co-ferment various sugars (mannose, galactose, xylose, and arabinose) of lignocellulosic
biomass, even in presence of glucose, to accumulate considerable amounts of bioethanol and low
amounts of xylitol at higher temperatures. For example, it was able to accumulate 0.43, 0.40, and
0.20 g/g ethanol per xylose at 30, 37, and 40 ◦C, respectively [27]. Constant with absence of the glucose
repression effect on the utilization of other sugars, S. passalidarum CMUWF1–2 exhibited a resistance
to 2-deoxy glucose, the nonmetabolizable glucose analog, and tolerance to elevated levels of glucose
(35.0% of w/v) and ethanol (8.0% of v/v) [27]. In contrast, the first discovered S. passalidarum NRRL
Y-27907 strain was sensitive to 2-deoxy glucose, as 2-deoxy glucose suppressed the xylose consumption
under anaerobic conditions. While under aerobic conditions, the 2-deoxy glucose inhibited, only
partially, S. passalidarum NRRL Y-27907 [10]. Therefore, the author speculated that xylose uptake in S.
passalidarum NRRL Y-27907 may take place by different xylose transport systems under aerobic and
anaerobic conditions. Under aerobic conditions, xylose is taken up by means of ATP-dependent/high
affinity xylose-proton symporter and low affinity transporter via facilitated diffusion driven only by
the sugar gradient. While, under anaerobic condition, the yeasts are most likely to use only the low
affinity xylose pump, as the active transport via xylose-proton symporter will deplete the ATP levels.
The inhibitory effect of 2-deoxy glucose on S. passalidarum NRRL Y-27907 can be therefore explained by
(1) blocking of the low-affinity-facilitated diffusion transporters which are occupied with transporting
2-deoxy glucose, and (2) the inhibition xylose active transport due to the depletion of the intracellular
ATP levels to actively phosphorate the 2-deoxy glucose into the non-metabolizable phospho-2-deoxy
glucose [10].

4. Genetic and Physiological Features of Spathaspora passalidarum Emphasis Special Roles for
Xylose Reductase and Xylitol Dehydrogenase

These unusual unique traits of S. passalidarum are very attractive for studying on a molecular level.
The complete genome sequence of xylose-fermenting yeast S. passalidarum was therefore necessary and
it was accomplished and published for first time in 2011 [34]. The comparative genomic, transcriptomic,
and metabolomic analysis between two of the native xylose-fermenting yeasts, the relatively newly
discovered S. passalidarum, and the deeply studied P. stipitis, allowed a better understanding of the
regulatory mechanisms of lignocellulose utilization, and identified the target key genes involved
in xylose metabolism [9,10,19,31,34]. The comparative genomic and phylogenetic analysis clearly
revealed that S. passalidarum is one of the CUG yeast clades, similar to P. stipites [34]. In addition, the
transcriptome analysis indicated upregulation of the genes implicated in transporting carbohydrate
and xylose- and carbohydrate-metabolisms under xylose growth. Several of genes, which are involved
in regulation of redox balance and recycling of NAD(P)H/+, were upregulated to probably keep
the redox balance during xylose utilization. Additionally, the genes encoding for cellulases and
β-glucosidases were also upregulated, which suggests a positive feedback of xylose on the upstream
genes to activate its own liberation from the higher oligomeric sugars of hemicelluloses by means of
the catalytic activities of cellulases and β-glucosidases [34].

The previously mentioned capabilities of S. passalidarum to co-ferment different sugars and
accumulate high levels of bioethanol with very low concentrations of xylitol, can be explained by the
presence of a set of physiological characters encoded by unique set of genes [10,19,34]. Thus, the high
capacity of xylose fermentation and low levels of xylitol accumulation by S. passalidarum was speculated
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to be due to the cofactor’s equilibrium between the intracellular demand and supply of the cofactors
via NADH-favored xylose reductase enzyme and NAD+-specific xylitol dehydrogenase enzyme, the
key enzymes of the xylose utilization pathway [10,28]. Normally, the xylose metabolization occurs
through the reduction of xylose to xylitol with xylose reductase, which requires NADPH or NADH as
a cofactor with preference for NADPH. Only few NADH-favored xylose reductase enzymes have been
described so far [10,35–37]. Then the xylitol is metabolized further by xylitol dehydrogenase which
is strictly NAD+ dependent (Figure 2). The unbalance between NAD+ supplement and requirement
can block the xylose metabolization and leads to accumulation of xylitol. Later, S. passalidarum
was found to harbor two genes encoding for xylose reductase (SpXYL1.1 and SpXYL1.2) [28]. The
SpXYL1.1 gene product is more equivalent to XYL1 found in other yeasts. The expression levels of
SpXYL1.2 were found to be higher than SpXYL1.1 and bioethanol production in S. passalidarum was
attributed to higher xylose reductase activity with NADH than with NADPH [28]. The SpXYL1.2 was
found to use both NADH and NADPH with preference for NADH, while SpXYL1.1 was stringently
NADPH-dependent. Furthermore, the transformation of S. cerevisiae with SpXYL1.2 of S. passalidarum
enabled the overexpressing S. cerevisiae::SpXYL1.2 strain to grow anaerobically on xylose and to ferment
it to higher ethanol yield than the isogenic S. cerevisiae TMB 3422 strain, which overexpresses P. stipitis
XYL1. While, the S. cerevisiae::SpXYL1.1 overexpressing strain was not able to grow on xylose [28].
Similarly, in the yeast-like fungus Aureobasidium pullulans, the overexpression of SpXYL1.2 xylose
reductase along with S. passalidarum xylitol dehydrogenase encoded by SpXYL2.2 enhanced the xylose
metabolization by 17.76% and improved the fermentation capability and the pullulan production by
97.72% of the overexpressing mutants compared with the parental strain [38].

Finally, a metabolic analysis of S. passalidarum speculated that NADH-preferred xylose reductase
and NAD+-dependent xylitol dehydrogenase would tend to drive both of xylose assimilation via the
oxidoreductase pathway and the acetaldehyde reduction to ethanol by the alcohol dehydrogenase
enzyme [19]. Recently, a metabolic flux analysis of different xylose-fermenting yeasts confirmed a
better cofactors balance within S. passalidarum cells during xylose catabolism to bioethanol production
than within P. stipitis cells [31], which further supports the growth characteristics of S. passalidarum.

Collectively, those unique and unusual traits of S. passalidarum encourage using it as a source
for genes to improve xylose utilization and bioethanol production from lignocellulosic biomass in
the current xylose fermenting yeasts, such as P. stipites, or to introduce xylose metabolism genes to
develop industrial strains of Saccharomyces cerevisiae capable of co-fermentation of pentose and hexose
sugars. Or alternatively, to domesticate it given the excellent results already accomplished by wild-type
representatives of that species for co-fermentation of mixed sugars. To facilitate that purpose, Li et
al. (2017) developed a stable genetic expression system compatible with the CUG yeasts clade for
genomic integration of Gene Of Interest (GOI) into several yeasts [39]. The developed multi-host
integrative system was functional in several of the xylose-fermenting yeasts including S. passalidarum,
P. stipitis, and Candida jeffriesii and Candida amazonensis, as well as in a hexose metabolizing yeast
Saccharomyces cerevisiae, for heterologous expression of green fluorescent protein (GFP) or lactate
dehydrogenase. For lactate dehydrogenase overexpressing strains, all the engineered yeast strains
were able to metabolize either glucose (in case of S. cerevisiae) or xylose (in case of xylose-fermenting
yeasts) to produce lactate [39].

5. New Adaptive Strains of Spathaspora passalidarum for Potential Industrial Applications

One of the unique features of those xylose metabolizing yeasts, is the ability to use not only
the monomeric hexose and pentose sugars but also the high oligomeric disaccharide sugar in
mixed co-fermentation [9,19], which can be an advantage for large scale industrial applications.
The mild acid pretreatment of agriculture waste biomasses is relatively cheap and prevents the
accumulation of harmful compounds, which inhibits the fermentation processes, but releases the
sugars in higher oligomeric stats. Therefore, the ability of such native xylose fermenting strains, P.
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stipitis, and S. passalidarum, to use the high oligomeric sugar can be a great advantage for various
biotechnological applications.

One of the major problems that hinders the use of S. passalidarum for industrial bioethanol
production, even with its remarkable ability for bioethanol production, is the high sensitivity of S.
passalidarum to the chemical inhibitors, such as ferulic and acetic acids, which are released in preparation
of hemicellulosic hydrolysates [9]. Several elaborative studies have focused mainly on improving
the tolerability of S. passalidarum to the hydrolysates inhibitors with keeping in mind the bioethanol
productivity of the strains [19,40–43]. Hou and Yao in (2012) reported a strong strain [40], which is
able to grow on furfurals and many other inhibitors of wheat straw hydrolysate (75%) and able to
accumulate up to 0.40 g/g ethanol. Such strain was generated through hybridization of a S. cerevisiae
and a UV-mutagenized S. passalidarum [40]. In 2012 also, another resistant strain was developed
under O2 limiting conditions through several passage of the wild-type S. passalidarum NRRL Y-27907
on wood hydrolysate, followed by adaptive growth of the strain on corn stover AFEX (ammonia
fiber expansion) hydrolysate [19]. Even with such efforts, the strain was not able to accumulate
significant amounts of ethanol during the fermentation of the AFEX hydrolysate, despite its ability
to grow in AFEX hydrolysate media. When the acetic acid was depleted from AFEX hydrolysate
media, ethanol production was surprisingly observed with a yield of 0.45 g/g and most of the xylose
content was consumed [19]. Later in 2017, Morales and colleagues developed an evolutionary adapted
strain [41] with high tolerance toward the classical inhibitor of the fermentation processes, acetic acid,
and that produces ethanol with a yield of 0.48 g/g. In a non-detoxified hydrolysate of Eucalyptus
globulus, the authors reported also the ability of this strain to co-utilize mixed sugars of xylose, glucose,
and cellobiose under microaerobic conditions [41]. This strain was generated by UV irradiation
followed by successive growing of the strain under elevated acetic acid concentrations [41]. In similar
way, another group also obtained a mutated S. passalidarum strain but via plasma mutagenesis and
continuous cultivation in alkaline liquor pretreated corncob [42]. Under a simultaneous saccharification
and co-fermentation, the obtained strain produced bioethanol with efficiency of 75% [42]. Finally,
Su et al. in 2018 developed an adaptive S. passalidarum strain (named YK208-E11) [43], which is
designated for resistance to AFEX hydrolysate inhibitors, from the wild-type NRRL Y-27907 through
high-throughput screen via combining several approaches of batch adaptation, cell recycling, and cell
mating [43]. The S. passalidarum YK208-E11 strain produced less biomass (about 40% compared to the
wild-type), co-metabolized mixed sugars of xylose, glucose, and cellobiose, and exhibited a three-fold
improvement in the ethanol production rate with a yield of 0.45 g/g. The whole genome sequence of S.
passalidarum YK208-E11 strain revealed a deletion of about 11 kb in this strain. The ORF, which was
deleted in S. passalidarum YK208-E11, is encoding for proteins predicted to be involved in cell division
and respiration. Therefore, the authors speculated that this deletion may account for those unique
adaptive/physiological features of this AFEX-acclimatized S. passalidarum YK208-E11 strain [43].

6. Future Perspective for Engineering New Strains for Better Bioethanol Production

The metabolic engineering approaches involve targeted overexpression and/or deletion of
fermentative key genes that facilities quick and efficient conversion of sugars into bioethanol with
high recoverable yields [1,3]. As we discussed above, S. passalidarum xylose reductase and xylitol
dehydrogenase are among the promising candidates for targeted overexpression. The cumulative
knowledge of the transcriptomics, metabolomics, and comparative genomics studies for P. stipitis and
S. passalidarum, identified other key enzymes controlling the xylose assimilation, rather than XDH
and XR (Figure 2). One of such promising key genes is adh that encodes for fermentative isozyme
alcohol dehydrogenase (ADH), which is vital for production and/or assimilation of ethanol (Figure 2).
Generally, ADH catalyzes the final (rate limiting) step in the yeast glycolytic pathway, the reduction of
acetaldehyde to ethanol and NAD+, and therefore it accepts NADH as a co-factor [44,45]. However,
ADH enzymes are also able to perform the reverse reaction from ethanol to acetaldehyde, enabling the
yeasts to oxidize and grow on ethanol as a carbon source. In P. stipitis, the ADH fermentative activities
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is crucial not only for ethanol production and/or consumption but also for maintenance redox balance
within the yeast cell, so it is considered to be a part of the cofactor balance system in P. stipitis [44].

The sequencing projects of S. passalidarum NRRL Y-27907 and P. stipitis CBS6054 (JGI-MycoCosm)
revealed the presence of several/different alcohol dehydrogenase (ADH) encoding genes. For example,
in P. stipitis, sevem genes were predicted to encode for alcohol dehydrogenase (PsADH1 to PsADH7)
enzymes [13,17]. Among them PsADH1 and PsADH2 were found to be essential for xylose assimilation
and ethanol production [44,46]. Each of the ADH proteins in S. passalidarum and P. stipitis are supposed
to have different kinetic properties. Some of the enzymes could be mainly responsible for producing
ethanol while others might be responsible for oxidizing it. In S. passalidarum, the gene encoding
for SpADH1 was found to be expressed at a very high level during xylose metabolization [34]. In
addition, metabolic analysis and metabolic flux analysis revealed that alcohol dehydrogenase is one
of key enzymes driving ethanol production in S. passalidarum [19,31]. Notably, owing to relative
SpADH1 abundance, the SpADH1 promotor was used to develop a multi-host integrative system for
xylose-fermenting yeast [39].

While in P. stipitis, the function of some ADH enzymes are better understood, in particular PsADH1
and PsADH2 [13,17,44,46–49]. Transcriptomic studies of the P. stipites adh system indicated that the
PsADH activities are correlated with and induced under O2 limited/microaerobic conditions [46,48].
Under xylose fermentation, the PsADH1 was found to be the primary key enzyme among the PsADH
system. The deletion of PsADH1 caused a reduction in P. stipites growth rate and a notable increase in
xylitol accumulation accompanied with a dramatic decrease in ethanol production, due to intracellular
cofactors imbalance [44]. The PsADH2 is not expressed under microaerobic or aerobic conditions
unless PsADH1 is deleted [44,46], which further confirms that the significant role of PsADH1 is in sugar
assimilation and ethanol production. The levels of PsADH1 and PsADH2 transcripts were observed,
however, to be low through xylose metabolism relative to the transcript levels of other fermentative
and glycolytic enzymes [13,17]. In addition, PsADH1 and PsADH2 were able to complement the
growth of the S. cerevisiae Δadh mutant on ethanol as a sole carbon source [47]. Moreover, PsADH3
to PsADH7 were speculated to keep the balance between the cofactors NADPH and NADH [17].
However, the expression patterns of the other PsADHs on xylose and glucose under microaerobic
conditions, in particular, for PsADH7 and PsADH4 are not fully understood [13]. PsADH5 was
found in proximity to NADPH dehydrogenase, implying a function in maintenance the intracellular
cofactors balance, however, it is not proven yet. Notably, PsADH7 was found to be upregulated under
aerobic growth on xylose [50]. PsADH7 was described as a strictly NADP(H) dependant enzyme with
broad spectrum for substrates-specificity, including variety of aromatic and linear aldehydes (e.g.,
acetaldehyde, butanal, propanal, and furfural) and alcohols (e.g., ethanol, butanol, pentanol, hexanol,
and octanol) for forward and reverse reactions, respectively [50]. Surprisingly, PsADH7 was able to
utilize xylitol as a substrate too with moderate activity. In the same context, the overexpression of
PsADH7 into a P. stipites xylitol dehydrogenase mutant (ΔPsXDH) [18], which cannot metabolize xylitol
and therefore cannot grow on xylose as a sole carbon source, was able exclusively to complement
the growth of ΔPsXDH on xylose, in contrast to PsADH1, 2, 4, and 5 [50]. Hence, there is a need to
understand the kinetic characteristics of each of PsADH and SpADH enzymes in order to target the
correct genes for overexpression and/or deletion. Finally, we would like to state that genes encoding
for adh isozymes are worth studying, especially of S. passalidarum, owning to their significant functions
in bioethanol production/consumption and/or intracellular cofactor balance.

7. Conclusions

Taken together, the advances in fermentation performance by S. passalidarum pave the way for
engineering the conventional and the nonconventional fermenting yeasts, such as S. cerevisiae and
P. stipites, for economical fermentation of hexose and pentose sugars in hemicellulosic hydrolysates
on industrial scales. Keeping in mind that the efficient metabolization and fermentation of xylose
is essential for the bioconversion of lignocellulosic biomasses into biofuels and chemicals, but the
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conventional wildtype strains like S. cerevisiae cannot use the xylose. Therefore, researchers keep
trying to engineer the xylose utilization pathway into the conventional yeast. The genomes of the
natural xylose-fermenting yeasts, in particular of P. stipitis and S. passalidarum, are of huge importance,
as their genomics features and regulatory patterns can serve as guides and genomic resources for
further genetic engineering development in those native xylose-metabolizing yeasts or to engineer
non-xylose fermenting yeasts. Therefore, S. passalidarum and P. stipitis can be considered as genomic
treasure sources for various genes to engineer the xylose metabolism and to improve the bioethanol
production [1,24,34].
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Abstract: Itaconic acid is an industrial produced chemical by the sensitive filamentous fungus
Aspergillus terreus and can replace petrochemical-based monomers for polymer industry. To produce
itaconic acid with alternative renewable substrates, such as lignocellulosic based hydrolysates, a robust
microorganism is needed due to varying compositions and impurities. Itaconic acid producing
basidiomycetous yeasts of the family Ustilaginaceae provide this required characteristic and the species
Ustilago rabenhorstiana was examined in this study. By an optimization of media components, process
parameters, and a fed-batch mode with glucose the final titer increased from maximum 33.3 g·L−1

in shake flasks to 50.3 g·L−1 in a bioreactor. Moreover, itaconic acid was produced from different
sugar monomers based on renewable feedstocks by U. rabenhorstiana and the robustness against weak
acids as sugar degradation products was confirmed. Based on these findings, U. rabenhorstiana has a
high potential as alternative natural itaconic acid producer besides the well-known U. maydis and
A. terreus.

Keywords: Ustilago; itaconic acid; process improvement; lignocellulosic feedstock

1. Introduction

Itaconic acid is an interesting chemical for the polymer industry, which is produced in
a biotechnological process based on renewable substrates [1]. Petrochemical-based substances,
like methacrylic or acrylic acid, can be replaced by this single unsaturated dicarbonic acid and
its derivatives. Therefore, the field of products and applications is widespread, e.g., synthetic latex,
styrene-butadiene rubber, superabsorbent polymers, or unsaturated polyester resins [2–6].

Since the 1960s, the filamentous fungus Aspergillus terreus is industrially used with a titer of
85–100 g·L−1, whereas in laboratory scale, final titers of 160 g·L−1 itaconic acid are described [4,7–9].
A. terreus achieves a productivity up to 1.15 g (L·h)−1 and a yield of 0.64 (w/w), whereby the theoretical
yield with glucose is 0.72 (w/w) [7,8]. Besides pure glucose, itaconic acid was successfully produced
by A. terreus with glycerol, starch hydrolysates, molasses, and different monosaccharides, like xylose,
arabinose, galactose, and rhamnose [10]. A great cultivation challenge is caused by sugar degradation
products or other impurities in lignocellulosic hydrolysates, which influence the morphology and
itaconic acid production of the fungus. Due to the sensitivity of the fungus, complex purification
processes are used for such hydrolysates or more resistant strains are generated by mutagenesis [11–13].
Another alternative is itaconic acid producing yeasts of the species Candida, Pseudozyma, or Ustilago,
which are more robust and not as sensitive to metal ions as A. terreus [14–18]. For wildtype strains
of the species Ustilago, low final titers of 44.5 g·L−1 itaconic acid, low yields up to 0.24 (w/w), and a
low productivity of maximum 0.31 g (L·h)−1 are disadvantageous [19]. This is due to a variety of
by-products like other organic acids, glycolipids, and intracellular triacylglycerols, which are produced
in parallel to itaconic acid [16,18,20,21]. Nevertheless, in addition to the robustness of the yeasts,
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the formation of haploid yeast-like cells is an advantage compared to the filamentous growth or
formation of pellets of A. terreus with a decreased oxygen supply or increased viscosity [5,22].

In recent years, the research interest in itaconic acid production with the phytopathogenic
basidiomycete Ustilago maydis increased. It was found, that an ammonium limitation triggers the itaconic
acid overproduction in U. maydis [5,19] and itaconic acid is synthesized in the cytosol via the intermediate
cis-aconitate and trans-aconitate and can be further converted to 2-hydroxyparaconic acid [23–25].
The itaconic acid gene cluster was also characterized and relevant enzymes, transporters, and promoters
were found [23,25,26], whereby a summary of metabolic aspects is given by Wierckx et al. [27].
Based on these findings, metabolic engineering strategies and process optimization of U. maydis
resulted in a reduction of by-product concentrations of malic acid and 2-hydroxyparaconic acid with a
significant increased itaconic acid titer of 63.2 g·L−1 and a yield of 0.48 (w/w) [23]. All in all, detailed
examinations are available for itaconic acid production of U. maydis, but also other wildtype strains of
the family Ustilaginaceae could offer advantages of less sensibility or a yeast-like morphology for using
second-generation feedstocks. This family is well-known for organic acid production [16,18,28,29],
but the level of knowledge about alternative itaconic acid producer, like U. cynodontis or U. rabenhorstiana,
are low.

This study considers the cultivation of Ustilago rabenhorstiana for itaconic acid production and its
potential as alternative natural producer. Although the used strain is known as natural itaconic acid
producer [18,30], the microorganism was not examined in literature more precisely. Only the growth
of the organism with glycerol as substrate was described, whereby non-formation of organic acids was
detected [28]. Concerning itaconic acid production based on renewable resources, usability of different
sugar monomers and robustness towards influence of sugar degradation products were examined
in this study. Moreover, the influences of media and fermentation parameters on the production of
itaconic acid and by-products as well as the morphology of the yeast were investigated.

2. Materials and Methods

2.1. Microorganism

The basidiomycete Ustilago rabenhorstiana NBRC 8995 was purchased from the National Institute of
Technology and Evaluation (Tokyo, Japan) and was stored at −80 ◦C as 50% (v/v) glycerol stock culture.

2.2. Media Compositions

YEPS-medium was used for the preparation of agarplates and preculture (20 g·L−1 sucrose,
10 g·L−1 yeast extract, 20 g·L−1 peptone, optional 20 g·L−1 agar-agar).

If not mentioned otherwise, the production media was a Tabuchi-medium [18] containing 120 g·L−1

glucose, 0.5 g·L−1 KH2PO4, 1.6 g·L−1 NH4Cl, 0.2 g·L−1 MgSO4·7 H2O, 10 mg·L−1 FeSO4·7 H2O, 1 g·L−1

yeast extract, and 30 g·L−1 CaCO3. All components were prepared separately in stock solutions;
the pH-value was adjusted to pH 6.0 for all solutions with 0.5 m H2SO4 or 1 m NaOH and autoclaved.
The pH-value of the iron-solution was not corrected, and the solution was sterile filtered. CaCO3 was
weighed in the glassware and autoclaved.

All media components were p.a. quality and purchased from Merck (Darmstadt, Germany),
Sigma-Aldrich (St. Louis, MO, USA) or Roth (Karlsruhe, Germany). In fed-batch cultivation the
glucose concentration was monitored during the cultivation. If necessary, glucose was added in solid
form without previous sterilization to prevent a glucose limitation.

2.3. Cultivation

Precultures were conducted in a 250 mL shake flask with three baffles, a filling volume of 50 mL,
and inoculated with a single colony from a YEPS-agar plate (30 ◦C, 3 days). The preculture was
cultivated at 30 ◦C and 120 rpm (50 mm shaking diameter) for 24 h until an optical density of 10 at
605 nm was achieved. All experiments were inoculated with 1% (v/v) of the preculture.
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The main cultures in shake flasks were carried out at 30 ◦C and 120 rpm in 250 mL shake flasks
with three baffles and a filling volume of 100 mL Tabuchi-medium.

To identify potential impurities and the utilization of monosaccharides based on lignocellulosic
feedstock, test tubes with Kapsenberg caps were used and a working volume of 2 mL
(ø 16 mm × 100 mm). The test tubes were incubated for 4 days at 30 ◦C and 120 rpm in an inclined test
tube holder with an inclination angle of 30◦. Shake flasks and test tubes were continuously rotated by
hand while sampling avoiding inhomogeneity.

The cultivation in bioreactors were conducted in four parallel 1 L-bioreactors, equipped with a
Rushton impeller and an L-sparger (model SR0700ODLS, DASGIP GmbH, Jülich, Germany). DASGIP
Control software (DASGIP GmbH, Jülich, Germany) was used for the regulation of gassing, temperature,
pH-value, and stirring rate, as well as recording the data of dissolved oxygen (DO) and pH. The pH
regulation to pH 6.0 was carried out with 4 m NaOH, if not otherwise mentioned. At the beginning of
the cultivation, 0.5 mL antifoam solution (Ucolup N-115, Brenntag, Mühlheim/Ruhr, Germany) was
added to the broth. The experiments were carried out at 30 ◦C, 500 rpm, a filling volume of 500 mL,
and an aeration of 0.1 vvm, unless otherwise mentioned. All cultivations were carried out in minimum
duplicates, whereby the deviation from the mean value was <5%. All results are presented as mean
values without error bars on account of readability.

2.4. Analytical Methods

The samples were centrifuged at 21,000 g for 20 min at 20 ◦C and the supernatant was used for
further analysis. A Shimadzu HPLC (Shimadzu Corp., Kyoto, Japan) with a HPX-87H column (BioRad,
Munich, Germany) with a refractive index detector (RI) and UV detector at 210 nm was used to analyze
the concentrations of sugars and organic acids. The column was tempered at 40 ◦C and as mobile
phase a 5 mH2SO4 solution at a flow rate of 0.6 mL·min−1 was used. The concentration of an unknown
product was estimated by the peak area of the RI-signal compared to a calibration of succinic acid.
For samples of bioreactor experiments, the pellet was washed twice with deionized water and dried to
a constant weight at 105 ◦C for at least 48 h to determine the cell dry weight (CDW).

The composition of fatty acids was analyzed by transesterification of the fatty acids as described
by Lewis et al. [31]. The biomass of reactor cultivation was separated from the broth by centrifugation
(21,000 g for 20 min at 20 ◦C). The supernatant was discarded, and the pellet was washed twice
with 0.9% (v/v) NaCl-solution and suspended in 0.9% (v/v) NaCl-solution. The cells were disrupted
by an ultrasonic-homogenisator on ice (4 cycles: 15 s at 65%, break 30 s; Sonopuls HD2200 with
sonotrodetype UW2200, Bandelin electronic, Berlin, Germany). The suspension was stored at −80 ◦C
and freeze-dried (Alpha 1-2 LD, Christ, Osterode, Germany). The fatty acids were derivatized to fatty
acid methyl esters (FAME) [31] and analyzed by GC-MS on a GC-17A (Shimadzu Corp., Kyoto, Japan)
with a ZebronTM ZB-WAX plus column (60 m × 0.25 mm × 0.25 μm), using 1.4 mL·min−1 helium
as carrier gas. The temperature gradient of 60 ◦C was increased to 150 ◦C at a rate of 30 ◦C·min−1,
and afterwards increased up to 240 ◦C at a rate of 13 ◦C·min−1. The temperature of 240 ◦C was kept for
30 min and raised to 255 ◦C for 5 min. The FAMEs were identified with the software LabSolutions
(Shimadzu Corp., Kyoto, Japan) and the mass spectral data were compared with the database of the
National Institute of Standards and Technology (Gaithersburg, MD, USA).

2.5. Microscopy

The cells were examined using a phase-contrast microscope (Axioplan, Carl Zeiss AG, Jena,
Germany) with the software analysis pro (Analysis 5.1, Olympus Soft Imaging Solutions GmbH,
Münster, Germany). Intracellular lipids were visualized after coloring with nil-red by fluorescence
microscopy [32].
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3. Results

3.1. Standard Cultivation in Shake Flasks

A standard cultivation of U. rabenhorstiana with pure glucose as substrate was performed in shake
flasks (Figure 1). After one day, the itaconic acid production started, and additionally, succinic acid and
malic acid were produced. Furthermore, an unknown product accumulated after 48 h approximately in
a concentration range of <1 g·L−1. Malic acid was consumed in further course of cultivation, and after
four days, α-ketoglutaric acid was formed and increased parallel with the itaconic acid concentration.
Glucose was completely consumed after 9.7 days, resulting in 31.3 g·L−1 itaconic acid, 13.6 g·L−1

α-ketoglutaric acid, 2.3 g·L−1 malic acid, and traces of an unknown metabolite, followed by a further
production of α-ketoglutaric acid. The overall productivity was 0.13 g (L·h)−1 with a yield of 0.26 (w/w)
after 9.8 days. Despite the use of CaCO3 as buffer, the pH-value constantly decreased from pH 6.8 to
4.9 throughout the cultivation. The morphology of U. rabenhorstiana changed from yeast-like single
cells (0–2 days; Figure 1A) via a development of pseudomycel (2–7 days, Figure 1B) to filamentous
growth like long branched mycel (7–11 days, Figure 1C). Moreover, intracellular lipids deposits were
visible under the microscope, which became smaller in size after the glucose limitation at day 9.7.

 

Figure 1. Cultivation of U. rabenhorstiana in 250 mL shake flasks in standard Tabuchi-medium (D)
and its corresponding morphology (A): 0–2 days; (B): 2–7 days; (C): 7–11 days. Glucose (blue square),
itaconic acid (green square), α-ketoglutaric acid (grey triangle), succinic acid (black triangle), malic acid
(light grey triangle), pH (black circle), 120 rpm, 30 ◦C, 1% (v/v) inoculum.

3.2. Influence of Media Components

To determine the influence of media components, titer, yield, and productivity of a cultivation
with 120 g·L−1 initial glucose, performed in shake flasks after 7.8 days, are shown in Figure 2. In the
case of the variating initial glucose concentrations (Figure 2A), the point in time of glucose limitation
was analyzed. 50 g·L−1 glucose were consumed in 3.7 days, 100 g·L−1 in 6.7 days, 120 g·L−1 in
8.7 days, and 150 g·L−1 in 10.7 days. Further, 200 g·L−1 glucose was not completely consumed by
U. rabenhorstiana and 35 g·L−1, and remained while the concentration of itaconic acid was constant
after 15 days. With increasing initial glucose concentration, the titer of itaconic acid increased, but the
productivity and yield decreased slightly from 0.16 g (L·h)−1 to 0.09 g (L·h)−1 and from 0.27 (w/w) to
0.20 (w/w) for glucose concentrations larger than 100 g·L−1. The amount of α-ketoglutaric, succinic,
and malic acid of the total organic acid concentration was raised from 15.5% (50 g·L−1 glucose)
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over 33.7% (120 g·L−1 glucose) to 50.1% (200 g·L−1 glucose). In case of different ammonia chloride
concentrations, the highest titer of 31.8 g·L−1 itaconic acid, a productivity of 0.17 g (L·h)−1, and a yield
of 0.26 (w/w) was achieved using 1.6 g·L−1 NH4Cl, which corresponded to the used concentration
in standard Tabuchi-medium (Figure 2B). With a lower concentration of 1 g·L−1 NH4Cl and higher
concentrations between 3 and 7 g·L−1 NH4Cl the titer, productivity and yield decreased up to 35%.
Also, the chosen concentration of 0.2 g·L−1 MgSO4·7 H2O in Tabuchi-medium was optimal for itaconic
acid production with U. rabenhorstiana, and a titer of 28.9 g·L−1 with a productivity of 0.16 g (L·h)−1

was reached (Figure 2C). Lower or higher levels of magnesium resulted in a decrease of all target
values. In the concentration range of 0.1–1 g·L−1 KH2PO4, there were no significant differences between
the titer, yield, and productivity. All cultivations yielded in titers of 29.3 g·L−1 ± 1.2 g·L−1 with a
productivity between 0.15–0.16 g (L·h)−1 and a yield of 0.24–0.25 (w/w) (Figure 2D). In the range of
0.5–25 mg·L−1 FeSO4·7 H2O, the itaconic acid decreased from 32.4 g·L−1 to 24.2 g·L−1 (Figure 2E).
The productivity of 0.17 g (L·h)−1 was reduced by 17% and the yield of 0.3 (w/w) itaconic acid by
25%. With increasing yeast extract concentration (0.25–1.5 g·L−1) the titer increased to 27.2 g·L−1 with
a productivity of 0.15 g (L·h)−1 at a concentration of 1.5 g·L−1 yeast extract (Figure 2F). A further
increase in the yeast extract concentration up to 2 g·L−1 resulted in a decreased titer of 24 g·L−1 and
a lowered productivity of 0.13 g (L·h)−1. None of the media components had an influence on the
filamentous growth.

3.3. Monosaccharide Utilization

It is intended to produce itaconic acid based on renewable feedstocks, e.g., lignocellulosic biomass,
biomass with a high starch content, or molasses. The usability of the monosaccharides based on
those feedstocks (arabinose, fructose, galactose, glucose, mannose, rhamnose, and xylose) were
investigated with 100 g·L−1 of each sugar in test tubes (Table 1). For the precultivation, sucrose was
used. Filamentous growth occurred on glucose, fructose, mannose, and xylose. An accumulation of
long hyphae, a buildup of pellets with a diameter of 50 μm grew with arabinose as substrate. The yield
and productivity were very different depending on the substrate. For the reference cultivation with
glucose, the productivity was 0.16 g (L·h)−1 with a yield of 0.24 (w/w). The productivity of 0.09 g (L·h)−1

of itaconic acid with mannose was 44% lower, while the yield was in the same range with 0.22 (w/w).
Using fructose, the same productivity compared to mannose was achieved, but with a lower yield of
0.17 (w/w). U. rabenhorstiana was able to use both pentoses for itaconic acid production, whereby the
productivity with arabinose with 0.04 g (L·h)−1 was twice as high as with xylose. In the cultivation
with glactose, only traces of itaconic acid were detected. The yeast was not able to produce itaconic
acid or even grow with rhamnose as single substrate.

Table 1. Cultivation of U. rabenhorstiana in test tubes with different monosaccharides as substrate
(four days, 30 ◦C, 120 rpm, inclination angle of 30◦, and 1% (v/v) inoculum).

Monosaccharide Productivity [g (L·h)−1] YP/S [w/w]

Glucose 0.16 0.24
Mannose 0.09 0.22
Fructose 0.09 0.17

Arabinose 0.04 0.06
Xylose 0.02 0.04

Galactose <0.01 <0.01
Rhamnose - -
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Figure 2. Influence of Tabuchi-medium components in 250 mL shake flasks on the final titer (dashed bar),
yield (black bar), and productivity (grey bar) of U. rabenhorstiana at 120 rpm and 30 ◦C after 7.8 days
(B–F). Cultivation time for different initial glucose concentrations depended on the point of glucose
limitation (A). Asterisks highlight the standard media composition.

3.4. Influence of Sugar Degradation Products

In case of lignocellulosic feedstocks, different sugar degradation products are formed due to the
harsh conditions in the pretreatment. To test the inhibitory effect of sugar degradation products like
weak acids or furan derivates, the components were added by the lowest expected concentration levels
to the media. The effect of 0–2 g·L−1 acetic acid, formic acid, furfural, or hydroxymethylfurfural (HMF)
was carried out in test tubes (Figure 3). A productivity of 0.15 g (L·h)−1 with standard Tabuchi-medium
without the addition of inhibitory components was reached. Up to a concentration of 0.5 g·L−1 formic
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acid, the productivity did not differ. The addition of 1 g·L−1 resulted in an increased productivity of
approximately 1.4 times and decreased to 0.13 g (L·h)−1 with 2 g·L−1 formic acid. The result was very
similar with the addition of acetic acid. The standard productivity increased up to 0.19 g (L·h)−1 by
adding 0.5 g·L−1 acetic acid and was reduced to 0.13 g (L·h)−1 by increasing the acetic acid concentration.
Both furan derivates influenced the microorganism very strongly, amounts of 0.1 g·L−1 of HMF or
0.5 g·L−1 furfural already resulted in a growth inhibition. If the growth was not inhibited, the yeast
grew filamentous and stored intracellular lipid droplets comparable with the cultivation without
addition of inhibitors.

 

Figure 3. Inhibition effects of sugar degradation products on the itaconic acid productivity with
U. rabenhorstiana in test tubes with Tabuchi-medium after four days, 30 ◦C, 120 rpm, inclination angle
of 30◦, pH > 5.5, and 1% (v/v) inoculum. Acetic acid (blue circle), formic acid (green circle), HMF
(red diamond), furfural (orange diamond).

3.5. Influence of the pH-Value in 1 L-Bioreactor

The pH-value dropped in shake flask cultivations from pH 6.7 to pH 4.9 with CaCO3 as buffer.
To estimate the influence of the pH-value, the cultivation was transferred in 1 L-bioreactors with
pH-control using 4 mNaOH (Table 2). Moreover, the modified Tabuchi-medium with 100 g·L−1 glucose
and 1.5 g·L−1 yeast extract was used, based on the findings regarding the tested media components.
The highest titer of 31.7 g·L−1 itaconic acid with a productivity of 0.23 g (L·h)−1 and a yield of 0.34 (w/w)
was reached with a controlled pH of 6.0. Beside itaconic acid, 0.4 g·L−1 α-ketoglutaric acid, 2 g·L−1

malic acid, 2.9 g·L−1 succinic acid, and the unknown product (<1 g·L−1) were produced. The rate of the
byproducts did not differ among the tested pH-values; also, the pH-value did not have any influence
on the filamentous growth of the yeast and formation of intracellular lipids.
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Table 2. Cultivation results of U. rabenhorstiana with pH-control in modified Tabuchi-medium with
100 g·L−1 glucose and 1.5 g·L−1 yeast extract in 1 L-bioreactor (30 ◦C, 500 rpm, 0.1 vvm, 4 m NaOH).

pH-Value [-] Itaconic Acid [g·L−1] Productivity [g (L·h)−1] YP/S [w/w]

5.5 23.7 0.15 0.25
6.0 31.7 0.23 0.34
6.5 18.6 0.12 0.19
7.0 15.9 0.10 0.16

3.6. Influence of Aeration in 1 L-Bioreactor

The effect of aeration was tested in 1 L-bioreactors by different aeration rates between 0.1–1 vvm,
the stirring rate was kept constant, and the pH-value was regulated to pH 6.0 (Table 3). An increasing
aeration rate from 0.1 to 1 vvm resulted in a decreased yield and titer of 20%, as well as in a 45% lower
productivity. In contrast, the formed biomass increased from 15.7 g·L−1 at 0.1 vvm to 21.3 g·L−1 at
1 vvm. There were no significant differences between the by-product concentrations depending on the
aeration rate, which corresponds to the concentrations described in Section 3.5.

Table 3. Influence of aeration on the cultivation of U. rabenhorstiana in modified Tabuchi-medium with
100 g·L−1 glucose and 1.5 g·L−1 yeast extract in 1 L-bioreactor (30 ◦C, 500 rpm, pH 6.0).

Aeration [vvm] Itaconic Acid [g·L−1] Productivity [g·(L·h)−1]
YP/S

[w/w]
CDW [g·L−1]

0.1 29.8 0.22 0.30 15.7
0.5 26.1 0.16 0.26 17.5
1.0 23.6 0.12 0.24 21.3

3.7. Fed-Batch Mode in 1 L-Bioreactor with Glucose

Glucose concentrations larger than 150 g·L−1 resulted in a decreased yield and productivity in
shake flasks (Figure 2A). For this reason, a fed batch with glucose was realized at a constant pH of pH 6.0
in a 1 L-bioreactor (Figure 4). An initial glucose concentration of 100 g·L−1 was chosen. After five days,
73 g·L−1 and after 10 days, 25 g·L−1 glucose were added into the cultivation broth, in which the average
glucose consumption rate was 0.73 g (L·h)−1 for the first batch (0–5 days), 0.53 g (L·h)−1 for the second
batch (5–10 days), and 0.28 for the third batch (10–15 days). The yield amounted to 0.31 (w/w) in the first
batch and was constant with 0.26 (w/w) in the second and third batches. The DO decreased to 2% within
the first day and varied between 2%–20% during the further cultivation. After one day, the itaconic
acid production started and rose to a final titer of 50.3 g·L−1 within 15 days. Beside itaconic acid,
3.6 g·L−1 malic acid, 13.6 g·L−1 succinic acid, 2.5 g·L−1 α-ketoglutaric acid, and the unknown product
(<10 g·L−1) were formed by 17.2 g·L−1 filamentous biomass (Appendix A, Figure A2). This cultivation
resulted in a productivity of 0.14 g (L·h)−1 with an overall yield of 0.27 (w/w) after 15 days. Further,
175 mL of a 4 mNaOH was used to keep the pH-value constant at pH 6.0. After 15 days, the cell dry
weight was analyzed regarding the fatty acids (Appendix A, Table A1); C16:0, C18:0, and C18:2 were
the main elements.
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Figure 4. Fed batch with glucose in 1 L-bioreactor with modified Tabuchi-medium (initial glucose
concentration 100 g·L−1 and 1.5 g·L−1 yeast extract) at 30 ◦C, 500 rpm, 0.1 vvm, pH 6.0 with 4 m NaOH
as base and 1% (v/v) inoculum. Glucose (blue square), itaconic acid (green square), pO2 (grey line),
pH (black line), cell dry weight (CDW) (orange asterisk), arrows symbolize the addition of glucose.

4. Discussion

In a standard cultivation in shake flasks, a final titer of 31.3 g·L−1 itaconic acid was achieved
after 9.7 days without media and process optimization of U. rabenhorstiana. Additionally, succinic
acid, malic acid, α-ketoglutaric acid, an unknown product, and intracellular lipids were formed.
Guevarra and Tabuchi reached a titer of about 16 g·L−1 itaconic acid in the same media after seven
days and verified 2-hydroxyparaconic acid, itatartaric acid, and erythritol as byproducts with a total
concentration of 30 g·L−1 [18]. Furthermore, they reduced the byproduct concentration to 19 g·L−1

with a constant itaconic acid titer by using an unbuffered media, whereby the final pH-value was
pH 2.8 [30]. Erythritol as the unknown byproduct could be excluded in this work. In comparison
with the literature, the unknown product (<1 g·L−1) could either be 2-hydroxyparaconic acid or
itatartaric acid (Appendix A, Figure A1) [18,23,30] and must be characterized precisely in a further
study. Moreover, the formation of different organic acids and intracellular lipid bodies by Ustilaginaceae
besides itaconic acid production are very well known [5,19], as well as the production of cellobiose
lipids and mannosylerythritol lipids [20,29], which were not proved in this study.

A point-by-point analysis of each media component indicated that the chosen concentrations
of each component in the Tabuchi-medium were nearly optimal for itaconic acid production with
U. rabenhorstiana. Only the glucose and yeast extract concentrations were adjusted from 120 g·L−1 to
100 g·L−1 for glucose and from 1 g·L−1 to 1.5 g·L−1 for yeast extract in the modified Tabuchi-medium.
Increased glucose concentration resulted in an increased final titer, but the yield and productivity
decreased with glucose concentrations >100 g·L−1. The decreased yield and productivity can be
explained by a higher osmotic stress and a higher number of byproducts. A very similar result was
obtained by the production of itaconic acid with U. maydis [19]. This microorganism also showed
lower yields at higher initial glucose concentrations, explained by the formation of other organic
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acids, polyols, and glycolipids. The increase of yeast extract by 0.5 g·L−1 raised the titer, productivity,
and yield. A further increase of yeast extract did not result in an improved titer, suggesting that a
limitation of vitamins, amino acids, salts, trace elements or nucleic acids [33] is prevented with a
concentration >1.5 g·L−1 yeast extract. The itaconic acid overproduction by U. maydis or P. antarctica
are mainly triggered by an ammonium limitation, higher concentrations of NH4Cl > 4 g·L−1 resulted
in lower itaconic acid yields and an increase in biomass for U. maydis [5,14,19]. What is more, in this
study, the ammonium concentration had the strongest influence on the fermentation performance
of U. rabenhorstiana. A concentration of 1.6 g·L−1 NH4Cl was optimal for itaconic acid production,
and higher concentrations resulted in reduced yields and productivities as described already for
U. maydis. For this reason, it can be assumed that an ammonium limitation caused the itaconic acid
overproduction of U. rabenhorstiana. Further, the nitrogen limitation caused the accumulation of
intracellular lipid droplets, which are mostly triacylglycerols [21,34]. A secretion of cellobiose lipids
and mannosylerythritol lipids in the form of needle-like crystals or oily droplets of U. maydis [20],
could not be verified for U. rabenhorstiana.

To use alternative, low-cost, or lignocellulosic feedstocks for itaconic acid production, it is
important to use a microorganism, which is able to consume different monosaccharides and is robust
towards varying impurities. In this study, it was worked out that U. rabenhorstiana is able to grow
and produce itaconic acid from different monosaccharides like glucose, fructose, mannose, xylose,
arabinose, and galactose. The highest productivity was reached with glucose, followed by fructose
and mannose. Because the precultivation was based on sucrose, composed of glucose and fructose,
it can be assumed that the cultivation with fructose was therefore such successful. An adaption to the
used monosaccharide of the microorganisms in the preculture or a mixture of several monosaccharides
with glucose would probably lead to higher productivity and yield using that single monosaccharide
in the main culture. Furthermore, the plant pathogen U. rabenhorstiana is supposed to degrade a
range of biomass-based polymers [35–37]. For industrial itaconic acid production, the filamentous
fungus A. terreus is used, which is very sensitive to weak acids, furan derivates, metal ions, and other
impurities, which are contained in such substrates [11,12,38]. U. maydis is described as a very robust
microorganism [5,22,39]. U. rabenhorstiana was also not influenced by the addition of weak acid
concentrations up to 2 g·L−1 in the main culture. A major advantage of the cultivation of Ustilaginaceae
is the pH range of 5.0–6.5, whereby the dissociated weak acids cannot cross the plasma membrane
into the cytosol and affect the intracellular pH-value [40,41]. A positive effect on the itaconic acid
productivity was even achieved with the addition of 0.5 g·L−1 acetic acid or 1 g·L−1 formic acid.
This positive influence of low weak acid concentrations in cultivation media is already known from
itaconic acid production with A. terreus, ethanol production with S. cerevisiae, or enzyme production
with T. reesei [12,42–44]. In contrast, low concentrations of 0.1 g·L−1 HMF or 0.5 g·L−1 furfural are
growth limiting factors; both furan derivates reduce the activity of a number of important intracellular
enzymes of the maintenance metabolism, e.g., pyruvate dehydrogenase [45]. In particular, the activity
of the pyruvate dehydrogenase is essential for cells, because this enzyme links glycolysis and citric
acid cycle, which supplies the cell with energy intermediates. When using lignocellulosic biomass
as feedstock for U. rabenhorstiana, it should be taken into account, that some robustness in relation to
weak acids exists, but furan derivates influence the microorganisms mostly up to growth inhibition.

For further characterization of U. rabenhorstiana, the fermentation was transferred in 1 L-bioreactors
to investigate the influence of pH-value and aeration. A constant pH of 6.0 and modified
Tabuchi-medium yielded in the highest itaconic acid titer of 31.7 g·L−1, which is comparable with the
titer in standard shake flask cultivation with Tabuchi-medium. However, the overall productivity was
1.7 times higher at a constant pH-value than in shake flask experiments with CaCO3, whereby the
pH-value continuously decreased to pH 4.9. Moreover, the total concentration of by-products decreased
by 66%, which resulted in an increased itaconic acid yield. These suggested that the buffer capacity in
shake flasks is insufficient. Buffer systems like CaCO3 or MES and its buffer capacity have a significant
impact on the organic acid production of Ustilaginaceae not only on titer, but also on the ratio of
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products [16,24,30]. The higher the buffer capacity, the better is the itaconic acid titer in small-scale
experiments, but U. maydis achieved the highest itaconic acid titer of 45.5–63.2 g·L−1 in cultivations
with a constant pH of 6.0–6.5 in bioreactors [19,23]. Consequently, U. maydis and U. rabenhorstiana have
nearly the same requirements in pH and productivity. Titer and yield are positively influenced by a
constant pH-value.

In the literature, no detailed studies regarding influence of oxygen levels on the organic acid
production with Ustilaginaceae exist. Only cultivation parameters like high shaking frequencies or
stirrer speeds led to the conclusion that a high input of oxygen is necessary [10]. Contrary results
were achieved for itaconic acid production with U. rabenhorstiana; the lowest aeration rate of 0.1 vvm
and a constant stirring rate of 500 rpm yielded the best result regarding titer, productivity, and yield.
Presumably, the increase in these values is related to the formation of 36% more biomass at higher
aeration rates, because of a better supply of oxygen. In batch experiments, a maximum itaconic acid
concentration of 33.3 g·L−1 with an initial glucose concentration of 200 g·L−1 was achieved, proving that
initial glucose concentration ≥100 g·L−1 and a constant pH-value of pH 6.0 have a significant impact
on the itaconic acid production with U. rabenhorstiana. Therefore, a cultivation in fed-batch mode with
glucose was realized at pH 6.0 and resulted in 50.3 g·L−1 itaconic acid. Comparing the batch cultivation
with 200 g·L−1 glucose with the fed-batch cultivation in a bioreactor, the productivity and yield were
1.4 times and the final titer 1.5 times higher. Also, the formation of organic acid as byproducts was
reduced. The number of byproducts of the overall organic acid concentration decreased from 50%
in batch cultivation to 28% in fed-batch mode. Thereby, the amount of organic acids shifted from
α-ketoglutaric acid as the main byproduct in batch mode to succinic acid in fed-batch mode, due to
the pH-value of each cultivation [16]. The final titer and yield of this study are slightly increased
compared to a wildtype strain of U. maydis, which reached 44.5 g·L−1 [19]. A higher final titer up
to 63.2 g·L−1 or yield of 0.48 (w/w) was only obtained by a genetical modification of U. maydis [23].
All in all, the fermentation broth was diluted by addition of 175 mL NaOH as base. Considering
the dilution, the wildtype of U. rabenhorstiana demonstrates the potential to produce up to 68 g·L−1

itaconic acid. However, in all main cultures, the unicellular growth of U. rabenhorstiana shifted to
filamentous cells with depots of intracellular lipids. Neither the variation of media components nor
the investigation of process parameters influenced the filamentous growth. The typical unicellular
yeast-like growth of U. maydis for itaconic acid could not be achieved for U. rabenhorstiana in this
study. This morphology would be a great advantage compared to the filamentous A. terreus regarding
oxygen supply or viscosity, especially in large-scale fermentations [5,22], but was not focused in this
study. In general, it is possible to generate a stable unicellular growth by deleting several genes [24].
The filamentous growth involved the accumulation of intracellular lipid droplets, which is initiated by
nitrogen limitation, which in turn is needed for itaconic acid overproduction [5,19,34]. Furthermore,
89% of all fatty acids in U. rabenhorstiana were long-chain fatty acids C16:0, C18:0, and C18:2 and
suggested the accumulation of triacylglycerols in the cells. The lipid bodies in U. maydis mainly contain
triacylglycerols consisting of palmitic, linoleic, and oleic acids [21].

5. Conclusions

This study describes a known, but so far unspecified, itaconic acid producer—U. rabenhorstiana.
The cultivation in shake flasks with a maximal final titer of 33.3 g·L−1 itaconic acid was transferred in a
bioreactor. With a controlled pH-value, a low initial glucose concentration, and fed-batch mode, a final
titer of 50.3 g·L−1 was achieved, which is comparable with titer of other wildtype strains of Ustilago
described in literature. However, the productivity and yield are rather low compared to U. maydis,
which was studied very precisely in the last years regarding cultivation and process parameters as well
as metabolic engineering strategies for further improvements in itaconic acid production. Transferring
this knowledge from U. maydis to U. rabenhorstiana could result in a further increased final titer and
improved yield and productivity. Particular attention should be paid to the morphology of the yeast
and minimization of byproducts, mainly the formation of intracellular lipid droplets. Moreover,
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the wildtype strain U. rabenhorstiana turned out to be a robust and promising alternative itaconic acid
producer based on renewable resources. All in all, this study serves a basis for further promising
research regarding lignocellulosic hydrolysates.
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Appendix A

 
Figure A1. Representative HPLC analysis of a final sample (15 days) of a fed-batch cultivation in
1 L-bioreactor (Section 3.7). α-ketoglutaric acid (α-Ket), glucose (Glu), malic acid (Mal), unknown
product, succinic acid (Suc), itaconic acid (Ita).

Figure A2. Corresponding morphology of U. rabenhorstiana in a fed-batch cultivation in 1 L-bioreactor
(Section 3.7) after 1.1 days (A) and 6.6 days (B).
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Table A1. Analysis of fatty acids in intracellular lipid droplets in U. rabenhorstiana of a fed-batch
cultivation in 1 L-bioreactor (Section 3.7).

Fatty Acid Concentration [mg·g−1
CDW]

C14:0 1.46
C16:0 30.04
C16:1 1.55
C18:0 16.94
C18:1 1.83
C18:2 48.38
C22:0 4.42
C24:0 2.45
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