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Abstract

Downscaling the anaerobic fermentation in a microtiter plate (MTP) facilitates high throughput screening (HTS) applica-
tions. This study investigates the impacts of MTP configurations (scale, shaking, and cover) on the S. pastorianus beer
fermentation compared to that in the shaking flask (SF) and European Brewing Convention (EBC) tube regarding fermen-
tation performances and flavor attributes. The lager strains in MTPs accelerated cells reproduction and vitalization, sugar
consumption, and glycerol accumulation. The microscale beer fermentation was closer to the SF but differed greatly from
EBC tube fermentation depending on the MTP configurations. The downscaling from 2 mL to 0.2 mL in MTP increased the
cell growth rate and vitality but did not change the maximum cell density. The shaking MTP did not promote early growth
but sustained significantly higher cell numbers at the later fermentation stage. More than 1.5-folds acetaldehyde and higher
alcohols, yet less than half esters, were obtained from the MTP and SF fermentations relative to that in the EBC tube. The
air-tight MTP cover, as compared to the gas-permeable cover, not only balanced the above volatile flavors but also main-
tained integrity to the endogenous carbon dioxide pressure during beer fermentation. Additionally, fermentative activities
were reduced by excluding air in either the material or the headspace of MTP. Hence, MTP configurations influenced S.
pastorianus beer fermentation. These influences were partly attributed to their impacts on air accessibility. Conscious of
the impacts, this study helps interpret the minimized fermentation and sheds light on the development of MTP based HTS
platform for anaerobic cultivations.
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Introduction

High-throughput screening (HTS) has been applied in a
broad range of microbial cultivation [1-4]. Microtiter plate
(MTP) is often adopted as the minimized culture vessel for
the HTS applications for its cost-effective and automation
compatibility [5]. The MTP cultivations were successfully
scaled up to bench bioreactors regarding the biomass devel-
opment, the nutrient consumption, and the production of
organic acids [2, 6], proteins [4, 7], lipids [1, 8], and other
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metabolites by various bacteria and fungi strains [3, 9, 10].
Nevertheless, most validations were made for aerobic cul-
tivations, at which MTP configurations concerning well
geometry, material, and surface [11, 12], filling volume and
shaking parameter [13, 14], as well as cover designs [15-17]
have been optimized to ensure sufficient oxygen supply to
stimulate cell growth. In contrast, these specifications were
rarely customized for anaerobic fermentation [5, 18]. The
MTP anaerobic fermentation was realized via two strate-
gies: one is the ‘Place in Anaerobicity’-enclosed containers
filled with nitrogen or carbon dioxide were used as shelters
for the MTP cultivations [18, 19]; another is the airtight
sealing by mineral oil or adhesive seals [10, 18]. Deoxidizer
was applied in the medium when strict anaerobiosis was
required [18].

Though MTP is feasible for hosting various microbial
cultures, the following configurations could challenge beer
fermentation. The first and foremost challenge could be the
excessive air supply in a miniaturized MTP well. The scale
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miniaturization increases the ratio of the headspace air to
the culture volume [5]. The well surface of the cell culture
plate often has oxygen atoms to stimulate cell growth [12].
The material and cover of MTP are relatively gas permeable
compared to the stainless steel or glass bioreactors [20, 21].
These specifications provide more oxygen access to the cell
in an MTP well than in conventional beer fermenters. Hence,
a higher static oxygen transfer rate (OTR) is expected at
smaller MTPs [5]. Though brewer’s yeast strains are pre-
dominantly Crabtree positive, which can ferment wort under
excessive air supply [22, 23], the surplus oxygen did change
the course of fermentation and flavor [24-26]. Thus, the
potential of using MTP for beer fermentation remains open.

The second yet contradicting challenge lies in the
dilemma of shaking. The MTP minimization shortens the
bubbling path [27], reduces the static shear [28, 29], and
empowers the surface tension to counteract the liquid flow
and movement by the diminished diameter [5, 13], all of
which facilitated cell sedimentation. However, mixing is
critical to avoid stagnant fermentation, especially for brew-
er’s yeast strains with high flocculation potentials [30, 31].
Shaking MTP promotes mixing, but could also increase
OTR [13, 14]. Considering the sufficient air supply in the
static MTP, the effect of shaking is to be investigated for
anaerobic fermentation.

The third but often neglected challenge is applying appro-
priate covers for anaerobic fermentation. The MTP cover
is universally expected to minimize edge effects [32], pre-
vent cross-contamination, and reduce evaporation [5]. Both
gas-permeable and airtight covers, in relative terms, have
been applied in beverage fermentation [10, 33]. However,
none was dedicated to anaerobic fermentation concerning
flavor formation. The former was designed to improve air
exchange, yet the latter was designed to enhance optical
transparency [16—18]. During alcoholic fermentation, CO, is
produced and can be withheld in a sealed MTP. The enclosed
system would change not only the metabolic flow and yeast
physiology [34], but also pressurize the cover. Therefore,
insights into the MTP cover are desired to host alcoholic
fermentations.

To facilitate the HTS in beverage fermentations, this
study (i) investigates the scalability of MTPs to shaking flask
(SF) and European Brewery Convention (EBC) tube con-
cerning the fermentation development, cell physiology, and
flavor profile; (ii) inspect the impacts of the MTP scale (0.2,
2 mL), shaking (0, 300 rpm) and adhesive cover (gas perme-
able, airtight) to the non-strict anaerobic beer fermentation;
(iii) evaluate the impacts of air, either in the MTP material
or in the MTP headspace, on beer fermentation.
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Materials and methods
Yeast, medium, and fermentation conditions

Two lager brewing strains, S. pastorianus TUM34/70 and
TUM128 (Institute of Brewing and Beverage Technol-
ogy, Technical University of Munich, Germany), were
adopted to ferment the all-malt wort. Wort was prepared
by dissolving the Bavaria Pilsner malt extract (Weyermann,
Germany) and Hallertau Herkules CO,-hop extract (Hop-
steiner, Germany) in sterile water and manually aerated at
room temperature before use. The prepared wort was in the
following specifications after determination: international
bittering units (IBUs), 20; apparent extract, 12.3°P; pH, 5.2;
glucose, 10 g/L; fructose, 4 g/L; sucrose, 3 g/L; maltose,
78.5 g/L; maltotriose, 14.5 g/L; free amino nitrogen (FAN),
213.2 mg/L; dissolved oxygen, 8.4 mg/L.

The yeast cells were propagated progressively in the pre-
pared wort at 26 °C at 100 rpm shaking. The cells were
cropped, counted, and stored in Ringer’s solution (Merck,
Germany) at 4 °C less than 24 h before use. 15 million viable
cells/mL were pitched in the prepared wort at room tem-
perature. After gentle homogenization, the pitched wort was
distributed in, namely, 200 pL scale in the 96-well MTP
(Cat. 3596, Corning, USA), 2 mL in 24 MTP (Cat. 3526,
Corning, USA), and 200 mL in 300 mL Erlenmeyer flask
(Merck, Germany). The MTPs were sealed immediately
with either Breathe-Easy™ (380,059, Diversified Biotech,
USA) or the EASYseal™ (676,061, Greiner Bio-One, Ger-
many) adhesive seal. They are referred to as gas permeable
(polyurethane) or airtight (polyester) for their gas-perme-
able properties. The SF was sealed immediately with alu-
minum foil after distribution. All fermentation was carried
out at 12 °C. The MTPs and SF were placed in a chamber
with 70% humidity control at shaking or static, as listed in
detail in Table 1. The 2 L. EBC fermentations underwent
the same propagation, but were individually pitched for all
the replicates.

Samples were collected at 24 h intervals for up to 192 h in
the three biological replications for the time-series analysis
(Figs. 1 and 2). At each time point, probes in each column
of 96 MTP and each well of 24 MTP were taken out after
pipette mixing. About 2 mL was pulled out from the SF after
gentle homogenization by handshaking and about 50 mL
sample was withdrawn from the EBC tube via the faucet
locating 40 cm from the bottom. The collected samples were
firstly counted for the cell numbers, followed by centrifuga-
tion at 4 °C at 3000 rpm for 5 min to separate the cells with
the broth. The sedimented cells were adopted for intracel-
lular pH (ICP) measurement directly after the separation.
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Table 1 Fermenter configuration and flavor profile of beer fermentation in MTPs, SF, and EBC tube
Attributes A0.2 NO.2 S0.2 N2 SF EBC
Fermenter characterization
Vessel 96 MTP 96 MTP 96 MTP 24 MTP Erlenmeyer flask EBC tube
Seal Air-tight Gas-permeable  Gas-permeable ~ Gas-permeable  Aluminum foil Aluminum foil
Shaking [rpm] 0 0 300 0 100 0
Vessel material Polystyrene  Polystyrene Polystyrene Polystyrene Borosilicate glass  Stainless steel
Diameter [cm] 0.64 0.64 0.64 1.56 8.7 5
Height [cm] 1.12 1.12 1.12 1.78 16 150
Total capacity [mL] 0.36 0.36 0.36 34 300 2945
Working volume [mL] 0.2 0.2 0.2 2 200 2000
Fermentation parameters
Live cells [10° cells/mL] 115.8+13 119.9+11.5 142.8+16.8 1143 £8.5 147.3+18.8 31+1.6
Intracellular pH 5.6* 5.7+0.1 5.7% 5.6* 5.6* 5.9%
Medium pH 4.1* 48 3.9° 4.1* 39+0.1 4.3?
Apparent extract [g/100 mL]  4.4° 4.2° 3.2b 47402 48+0.7 46+04
FAN [mg/L] 102° 119° 124.7° 115.6+9 110.3+5.9 132.8+5.7
Flavor attributes [mg/L]
Alcohol [vol%] 3.7° 3.7° 4.2° 3.5+0.1 3.3+03 4+0.2
Glycerol [g/L] 1.1+0.1 0.8 0.7 1? 0.6+0.1 1+0.1
Acetaldehyde 13.3+2 279+3 28.5+2.3 20.6+0.7 59.3+8.5 9+0.3
Diacetyl 12+0.1 0.8+0.1 0.7+0.1 1.1£0.1 0.7+0.1 0.7£0.2
2,3-Pentanedione 0.7+0.1 0.5+0.1 0.5+0.1 0.7% 0.7% 0.5+0.1
Propanol 16.1+1.9 31.9+4.6 20.4+0.6 132+04 19.1£4.3 6.8+0.3
Isobutanol 9.2+0.5 10.6+1.2 12.6+0.6 92+04 12.5+£2.7 54=+1
Isoamyl alcohol 29.4+39 26+3.8 30.3+2.4 273+1.3 41+15 19.7+2.8
2-Methyl butanol 8.4+0.8 6.4+1.1 7.4+0.6 72+0.3 28.8+6.7 52=+1
Ethyl acetate 83+13 42+0.8 5.6+0.9 8.1+0.7 6.3+0.5 148+2.4
Isoamyl acetate - - =€ =€ =€ 0.8+0.2

Flavors were analyzed after 144 h of undisrupted fermentation at different batches

#Data are presented as the mean +SD, n=3, SD is not shown if it is 0.0

"Data are based on a single measure due to the volume limitation
“Non-detectable

The supernatant was collected and frozen at —20 °C until
further analysis.

Analysis of yeast, fermentation, and flavor

The cell number and viability were determined by manual
counting with methylene blue staining via a hemocytom-
eter. Cell vitality was determined as ICP value by the flow
cytometric assay using the Cell Lab Quanta™ SC Flow
Cytometer (Beckman Coulter, USA) in a downscale format.
Briefly, the resulting yeast pellet was washed and diluted
about 20 times into 2 mL cell suspension with the loading
buffer. 4 pL yeast cell dye was added to the suspension,
followed by vigorous shaking and water incubation (30 °C
for 15 min at dark). The cell dye's fluorescence intensity
was pH dependent at 525 nm yet independent at 575 nm,

and the intensity ratio was pre-calibrated to the pH value.
The ICP was averaged out of the values of 20,000 cells. The
chemicals (Sigma Chemicals Co., USA), preparation, cali-
bration, measurement, and instrument configurations have
been described elsewhere in detail [35].

Wort sugar was analyzed by high-performance anion-
exchange liquid chromatography with pulsed amperometric
detection (HPAEC-PAD) using Dionex ICS 5000 HPLC sys-
tem (Thermo Fischer Scientific, USA) equipped with ASAP
autosampler and the Dionex CarboPac PA100 columns (sep-
aration column: 4 X 250 mm and guard column: 4 X 50 mm)
[36]. Depending on the fermentation time, samples were
diluted 10/50/100-fold to fit in the detection ranges, which
were 0.6-60 mg/L for glucose, fructose, sucrose, and
6—600 mg/L for maltose and maltotriose. The diluted sample
was filtered (£0.45 um x 25 mm, CHROMAFIL) into a 1 mL
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Fig. 1 Logistic fit of beer a
fermentation in MTPs, SF, 200

TUM34/70 b.

TUM128

and EBC tube. S. pastorianus
TUM34/70 (left column) and
TUM128 (right column) were
fermented in all-malt wort at
different scales in microtiter
plates (MTPs), shaking flask
(SF) and EBC tall tube. The
live cell numbers (a, b), sugar
consumption (¢, d), and glycerol
accumulation (e, f) were meas-
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screw-cap vial for the wort sugar detection. The results were
quantified by Chromeleon 6.0 software (Thermo Fisher Sci-
entific, USA). Medium pH was measured by Orion 8220BN
microelectrode (Thermo Fischer Scientific, USA) after cali-
bration. Glycerol was assayed enzymatically (Megazyme,
Ireland) in the MTP format using the Synergy™ H4 hybrid
microplate reader (BioTek, Germany) and Precision™ XS
pipetting robot (BioTek, Germany).

For the end-point flavor analysis, TUM34/70 fermenta-
tion samples were gathered from the whole MTPs and SF
after 144 h of the undisrupted fermentation (no in-between
sampling) (Table 1). DMA 4500 density meter and Alco-
lyzer plus (Anton Paar, Austria) were employed to test
the extract and alcohol content. FAN was assayed photo-
metrically by the ninhydrin method according to MEBAK
2.6.4.1 in the MTP format [37]. Higher alcohols and esters
were detected with slight modification by headspace gas

@ Springer

144 192 0 48 96 144 192

Fermentation time [h]

chromatography with flame ionization detector (HS-GC-
FID) after MEBAK 2.21.6 [38]. Vicinal diketones were
determined by HP 5890 Series II Plus gas chromatography
with an electron capture detector (ECD) equipped with a
headspace autosampler (HP 7694; Hewlett-Packard, Ger-
many) after MEBAK 2.21.5.1 [38]. The capillary column
used for the analysis was an HP-5 column (crosslinked 5%
Ph-95% Me-Si, Hewlett-Packard, Germany). The results
were quantified with Agilent ChemStation Rev.A.10.01.

MTP air access control and oxygen measurement

Static 200 pL fermentations of the synthetic wort by
TUM34/70 were performed to evaluate the air’s impacts
and the dissolved oxygen consumption in the MTP beer
fermentation. The propagation, pitching, and fermentation
parameters were as described without specification. The
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recipe of synthetic wort is described elsewhere [39]. The
MTP (uCLEAR® 655097, Greiner Bio-one, Germany)
was inoculated in a sealed plastic box filled with N, gas
for 24 h to exclude the air in the material. The control
(N,-inoculated) and the reference (air-saturated) MTPs
were both covered with the airtight film for the 12 °C fer-
mentation. Three disposable wells were assigned to each
time point to measure MTP OD600 by the microplate
reader and the pH. The coefficient of variation (CV%)
evaluated the well-to-well variations during beer fermen-
tation (Fig. 3a).

The oxygen consumption was tested by the OxoPlate®
(OP96C, PreSens, Germany) covered with the airtight seal.
Briefly, the sample in the sealed well was measured for the
fluorescent intensity at the two wavelengths (bandwidth at
9 nm and gain at 70 nm) for the excitation to the emission
ratio: 540 nm/650 nm as the oxygen-dependent indicator
and the 540 nm/590 nm as the oxygen-independent refer-
ence. The intensity ratio (/) was calibrated to the deoxidized
(0 mg/L) and the 100% air-saturated water (8.4 mg/L) in
eight replications with R*=0.9995 and RMSE =0.3653. The
oxygen content (mg/L) was read out from the pre-calibration
by (42.5 —I)/3.48. Column-wise fermentations and blank
controls (uninoculated synthetic wort) were also hosted next
to the calibration samples in the same OxoPlate®.

The pitching and sealing operations were performed first
on the sterile bench fluxing with the filtered air and then in
the glovebox fluxing with N, gas in the same Oxoplate® to
fill the headspace with either air as reference or N, as con-
trol, respectively. The fermentations were monitored online

144
Fermentation time [h]

54/ I
1
0

48 96 144
Fermentation time [h]

192 192

for MTP OD600 and oxygen consumption at room tempera-
ture (Fig. 3b). Additionally, the difference of lager brew-
ing strains in oxygen consumption was examined in another
Oxoplate® with a single colony incubation at room tem-
perature in a single well. TUM34/70 and TUM 128 failed for
technical reasons. Instead, lager strain HTS39 and TUM 164
(Institute of Brewing and Beverage Technology, Technical
University of Munich, Germany) were illustrated for their
oxygen consumption in correlation with cell reproduction
(Fig. 3c¢).

Fermentation kinetics and statistical analysis

Fermentation kinetic was analyzed in MTPs, SF, and EBC
tube. The dynamic of cell growth, sugar consumption,
and glycerol production can be described by the following
equations:

AX ,

2y - X = - kdX, 1)
AN

A —qnX, )
AP

a4 ®
where ﬁ, A—N, and 22 are the differences of the viable cell

density X (106 cells/mL), fermentable sugar concentration N
(g/L), and glycerol concentration P (g/L) across consecutive
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Fig.3 Impacts of air in MTP material and headspace on beer fer-
mentation. a The standard MTP material was saturated with either
air or nitrogen before the 96 h fermentation of the synthetic wort by
TUM34/70. The edge effect was tested by sampling at different well
positions for the MTP OD600 and pH measurements at each time
point. SD is visualized as error bar; b the OxoPlate® headspace was
diffused with either air or nitrogen before the 48 h fermentation of
the synthetic wort by TUM34/70; ¢ two S. pastorianus strains HTS39
and TUM164 were monitored for their OD600 and oxygen consump-
tion during the synthetic wort fermentation in OxoPlate®
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fermentation time ¢ (h), respectively. ' (h™!) is the apparent
specific growth rate, 4 (h™!) is the actual specific growth
rate, kd (h™!) is the specific death rate, g (ng/cell/h) is the
cell-specific sugar consumption rate, and g, (pg/cell/h) is the
cell-specific glycerol production rate.

The logistic equations, which were initially developed
for the modeling of mammalian cell culture, were adopted
to fit the beer fermentation for their simple scheme, robust
fitting, and analytical differentiable nature [38]. The four-
parameter logistic fit of the cell growth and its first-order
derivation are:

x=—t 4)

b
eBt + CeDt

—-Dt _ Bt
dXx _ X< CDe Be > 5)

dr eBt + CeDt

where the viable cell density X is a nonlinear function of the
fermentation time (h) and the positive parameter A, B, C and
D. X is a biphasic equilibrium of both exponential growth
X= C:_u,) and exponential decline (X = %). Thus, D and
B are analogous to the maximum growth rate (y,,,,) and
maximum death rate (kd,,,, ), respectively.

By setting ¢ = 0 to Eq. 4, the initial cell density X, can be

obtained as Eq. 6:

A
X, = ——.
T 1+cC ©)

By setting 0;—): = 0, the time required to reach the maxi-

mum cell density ¢,,,, can be calculated as Eq. 7:

ln(%

o = 5 %

By substituting the ¢
sity X,

max

max 11 Eq. 4, the maximum cell den-
can be estimated by Eq. 8:

AB

max " — .
CD(e(m> + Ce(m)) ®

By substituting Eqs. 4 and 5 into Eq. 1, the appar-
ent cell-specific growth rate ' is available in the whole
fermentation process. The maximum value 4',,, can be
obtained.

Initial estimates of the model parameters are essential
for nonlinear regression. The initialization is typically done
via the linear transformation of the nonlinear model to give
starting points to the model parameters [40]. The starting
points of A, B, C, and D were estimated via the linear trans-
formation of both the exponential growth (X= cﬁm) and the
exponential decline (X = %) parts of Eq. 4, by fitting the
measured X versus t ( > 0) to Egs. 9 and 10 in the corre-
sponding phase:
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A A
1 X=Dt+1(—>, p__A
n(X) n( = ) =T ¢ a7
By setting 4% — 0, the maximum glycerol concentration
=_ d
In(X) Bt +In(4). (10) can be estimateld by Eq. 18:

The nutrient concentration decreases monotonically.
By setting the exponential growth factor of Eq. 4 as
zero (D = 0), the obtained equation can describe sugar
consumption:

A
oo an
dN C
T == 3m) (12)

where the sugar concentration N (g/L) is a decreasing logis-
tic function of the fermentation time ¢ (h) and the positive
parameter A, B and C. Here, B (h_l) is a rate constant for the
decrease of sugar concentration.

By setting r = 0 to Eq. 11, the initial sugar concentration
N, can be estimated by Eq. 13. It is also the maximum sugar
concentration N,,, in the medium.

max

N0=Nmax=11_:;c' (13)

By substituting Eqgs. 4 and 12 into Eq. 2, the cell-specific
sugar consumption rate gy is available in the whole fermen-
tation process. The maximum value g, . can be obtained.

Since N,,,. was known from the measured data, the ini-
tial estimation of A, B, and C can be obtained via the linear
transformation of Eq. 11, by fitting the measured N versus
t (¢ > 0)to Eq. 14:

<Nmax -N
In| ———

N ) = Bt — In(C). (14)

The product concentration increases monotonically. By
setting the exponential decrease factor of Eq. 4 as zero
(B = 0), the logistic increase equation can describe glyc-
erol production:

A
" 14 Ce D’ (5)

dP P

@ =m-%): (16)

where the glycerol concentration P (g/L) is an increasing
logistic function of fermentation time ¢ (h) and the non-neg-
ative constants A, B, and D. Here, D (h™!) is a rate constant
for the increase of glycerol concentration.

By setting t = 0 to Eq. 15, the initial glycerol concentra-
tion can be estimated by Eq. 17:

P = A. (18)

By substituting Egs. 4 and 16 into Eq. 3, the cell-specific
glycerol production rate g, is available in the whole fermen-
tation process. The maximum value gp,,,, can be obtained.

Since the P_,, can be known from the measured data,
the initial estimation of A, B, and D can be obtained via the
linear transformation of Eq. 15, by fitting the measured P
versus ¢ (¢ > 0) to Eq. 19:

Pmax -P
ln<T> = —Dt + In(C). (19)

The logistic functions (Egs. 3, 11 and 15) were regressed
independently to the mean observations. After obtaining the
start points (Egs. 9 and 10, 14, 19), two successive methods
were applied to optimize the model parameters by minimiz-
ing the sum of squares error (SSE) between the experimen-
tal and the fitted data. Nonlinear least squares fitting with
the trust region-reflective algorithm was firstly applied for
the optimization. The resulting parameters were given as
the starting points for the second-round optimization—the
simplex search method in fminsearch. Hence, models were
finalized with the parameters resulting in the lowest values
of SSE. The model performance was evaluated by the coef-
ficient (R?) and the root-mean-square error (RMSE) of the
regression.

L G-
R = an(y — 20)
i=1 Vi
n A2
RMSE — Z[;](yi _yl) ’ (21)
n

where y is the measured data; 9, predicted value; y, the mean
of the observations; n, data density.

One-way ANOVA, followed by Tukey's pair comparison
test, was performed to evaluate the significance of differ-
ence (p <0.05) of the fermentation performances in MTPs,
SF, and EBC. Specifically, the ANOVA was applied to live
cell numbers, sugar consumption, glycerol concentration,
pH, and ICP value in the time course of 192 h; to the flavor
metabolites at 144 h; and to the MTP OD600, pH, and dis-
solved oxygen in the air references and N, controls, as well
as to that of the two different strains. All computations were
performed in MATLAB (R2020a, Mathworks, USA).
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Table 2 Logistic fit parameter of beer fermentation in MTPs, SF, and EBC tube

Parameter (8. pastorianus TUM34/70) (8. pastorianus TUM128)
NO.2 S0.2 N2 SF EBC NO.2 S0.2 N2 SF EBC
Live cell number
R? 0.98 0.99 0.995 0.99 0.97 0.95 0.95 0.90 0.99 0.92
RMSE 5.48 4.38 2.76 5.21 1.14 8.95 10.28 12.14 541 1.88
A 268.17 251.96 358.91 572.86 78.26 156.33 215.13 330.42 6475.12 107.58
B (kd ) [h7"] 0.01 0.004 0.01 0.01 0.01 0.002 0.003 0.01 0.03 0.01
C 18.78 14.11 22.95 43.29 4.57 13.79 11.57 18.27 349.56 6.02
D (Upay) [h1 0.05 0.05 0.04 0.04 0.03 0.07 0.05 0.04 0.03 0.02
XmaX[IO(J cells/mL] 148.48 160.11 138.28 162.30 33.80 126.63 153.53 127.85 168.56 32.63
tmax (] 90 101 104 113 83 88 101 100 115 82
/’l/max [h™'] 0.05 0.04 0.04 0.04 0.02 0.06 0.05 0.03 0.03 0.02
Sugar consumption
R? 0.998 0.998 0.998 0.99 0.99 0.997 0.998 0.998 1.000 0.99
RMSE 1.50 1.38 1.48 2.60 4.06 2.05 1.67 1.66 0.73 3.93
A 122.40 146.83 114.45 114.02 419.00 243.08 333.70 263.42 194.13 4099.10
B[h™"] 0.04 0.05 0.04 0.04 0.02 0.04 0.06 0.05 0.05 0.06
C 0.07 0.28 0.00 0.00 2.60 1.12 191 1.30 0.69 35.26
Gnmax [Dg/cell/h] 0.33 0.30 0.28 0.34 0.19 0.46 0.37 0.31 0.27 0.40
Glycerol concentration
R? 0.98 0.998 0.92 0.95 0.98 0.93 0.92 0.94 0.95 0.98
RMSE 0.05 0.02 0.11 0.09 0.05 0.16 0.15 0.15 0.09 0.07
A 1.31 1.27 1.20 1.32 1.26 1.91 1.64 1.81 1.38 1.62
C 11.41 18.31 19.09 4.92 6.92 5.94 6.27 6.19 6.60 7.50
D[h™!] 0.12 0.14 0.14 0.05 0.04 0.06 0.07 0.06 0.08 0.04
P axlg/L] 1.31 1.27 1.20 1.32 1.26 1.91 1.64 1.81 1.38 1.61
P max [1073 pg/cell/h] 1.27 1.26 1.55 0.68 0.49 1.19 0.77 0.72 0.90 0.47

NO.2 0.2 mL static fermentation in 96 standard MTP, S0.2 0.2 mL shaking fermentation in 96 standard MTP, N2 2 mL static fermentation in 24
standard MTP, SF 200 mL shaking fermentation in 300 mL Erlenmeyer flask, EBC 2 L static fermentation in the EBC tall tube

Results
Fermentation development and kinetics

The changes in live cell numbers (LCN), sugar, and glyc-
erol concentrations were depicted for the beer fermentation
by TUM34/70 and TUM128 in MTPs, SF, and EBC tube
(Fig. 1a and b). Yeast showed different patterns of LCN
development at various scales at different growth phases.
At the exponential growth phase, the 0.2 mL culture in
96-well MTP at static (NO.2) and shaking (S0.2) resulted
in higher LCN than that of the 2 mL in the static 24-well
MTP (N2) and 200 mL in the SF. The LCN of NO.2 was
significantly higher than N2 at 48 h, yet the differences were
insignificant at later stages of fermentation. NO.2 and S0.2
shared (p > 0.05) the exponential growth, but S0.2 reached
and sustained significantly higher LCNs than NO.2 at the
later stages for both the strains. The LCN of SF was simi-
lar to that in N2 at the exponential phase. Nevertheless, SF
achieved the highest level of LCN as in SO.2, which were
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167-170 million cells/mL for TUM34/70 and 170-175 mil-
lion cells/mL for TUM128. SF decayed rapidly after 120 h in
a unique pattern. The LCN of EBC was substantially lower
(p < 0.01) than the rest scales. Different sampling, by which
the suspended cells were counted in the EBC while the total
cells were counted in the other scales, accounts primarily for
such variances. The suspended LCN increased to the peak
at 34-35 million cells/mL in 72 h and decreased gradually
to 15—18 million cells/mL for both the strains.

The kinetic analysis of the mean LCN confirmed the cell
growth patterns in different vessels (Table 2). The logis-
tic fit of LCN (Eq. 4) was R? > 0.97, yet RMSE < 5.48 for
TUM34/70, and R* > 0.90, yet RMSE < 12.14 for TUM128.
NO.2 and N2 led to a similar level of the maximum LCNs
(Xmayx)» but the former required less time to reach the peak
(thax); NO.2 and S0.2 generated higher maximum growth
rate (U,..) than the rest scales; S0.2 and SF reached the
highest level of X, .., yet the latter required longer f,,,,.. NO.2
and EBC gave the highest and the lowest y,,,,, which were
0.05 versus 0.03 h™" for TUM34/70 and 0.07 versus 0.02 h™"
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for TUM128. For the strain-wise comparison, TUM34/70
generally yielded insignificantly higher LCN than TUM128
during the fermentation by all the scales.

Consistent with biomass development, rapid sugar con-
sumption was observed in MTPs and SF (Fig. 1c and d).
Wort sugars were all less than 1 g/L until 120 h. 53-71 g/L
sugar was consumed within the first 24 h in MTPs in con-
trast to 11-17 g/L of sugar consumption in the EBC tube.
TUM34/70 consumed sugar similarly in the benchtop scales
(MTPs and SF). TUM128 consumed sugar faster in S0.2
than in NO.2, but only significantly at 72 h. In comparison,
sugar consumption in EBC was substantially slower than the
rest scales. The logistic fit of sugar consumption (Eq. 11)
was R? > 0.99, yet RMSE < 4.06 for both strains (Table 2).
The maximum sugar consumption rate (gy,,,,) of NO.2 was
higher than that in S0.2, where both were higher than N2.
Compared to other scales, fermentation in SF resulted in
the highest g at 0.34 ng/cell/h by TUM34/70, while the
lowest at 0.27 ng/cell/h by TUM128. TUM34/70 consumed
sugar faster than TUM128 in MTPs and SF, but not in the
EBC tube.

The two strains responded differently to the scales for
glycerol accumulation (Fig. le and f). TUM34/70 produced
about 1.3 g/L glycerol extracellularly. The accumulation was
significantly faster in MTPs than SF and EBC tube. In con-
trast, TUM128 obtained the highest glycerol in NO.2 and
N2 at 2.0 g/L, followed by S0.2 at 1.8 g/L, EBC at 1.6 g/L,
and SF at 1.5 g/L. Glycerol accumulation was similar at the
growth phase in all the MTPs, with a few exceptions for each
strain. The logistic fit of glycerol concentration (Eq. 15) was
R? > 0.92, yet RMSE < 0.16 for both strains. The pattern of
the maximum cell-specific glycerol production rate (gp,,,,)
was different in responding to the scales between the strains
(Table 2). The gp,,,, of TUM34/70, ranging from 0.0013
to 0.0016 pg/cell/h in MTPs, almost doubled in SF and tri-
pled in EBC. In contrast, the gp,,, of TUM128 obtained the
highest at 0.0012 pg/cell/h in NO.2, followed by SF, S0.2,
N2, and EBC from 0.0009 to 0.0005 pg/cell/h. TUM128
produced substantially higher (p < 0.01) glycerol than
TUM34/70 in MTPs and EBC tube. The strains difference
in glycerol yield was insignificant in SF.

Changes in the extracellular and intracellular pH

Medium pH declined fast during fermentation in the MTPs
and SF for the two lager strains (Fig. 2a and b). It dropped
from 5.2 to 4-4.3 by 24 h, where S0.2 was lower than N0.2
than N2 and SF for both the strains. pH in MTP and SF
ranged from 3.7 to 4 at 192 h fermentation. In EBC, the
pH value decreased from 5.2 to 4.8 and dropped gradu-
ally to 4.3 until 192 h. TUM34/70 resulted in significantly
lower medium pH than TUM128 in MTPs and SF during
fermentation.

Intracellular pH value (ICP) was sorted into three classes
for the vitality evaluation in the brewing environment: very
good (>5.8), good (5.4-5.8), and bad (< 5.4) [35]. In MTPs
and SF, the fermentations were initiated with bad vital cells,
ICP at 5.3 for both strains (Fig. 2c and d). The yeast cells
vitalized rapidly in the exponential growth phase, raising the
ICP value to 5.6-5.7 in 72 h. The vitality was sustained well
and declined only slightly toward the end of the fermenta-
tions. MTPs led to higher ICP than SF, significantly at the
declining phase. NO.2 had higher ICP than N2, but the differ-
ence was only significant at 48 and 72 h for TUM34/70. S0.2
and NO.2 had similar ICP values during the fermentation for
both strains. The cell vitality in EBC showed a different pat-
tern. EBC fermentation was pitched with the “good” cells,
ICP at 5.4 by TUM34/70 and ICP at 5.5 by TUM128. The
suspended cells in EBC vitalized relatively slowly to the
milliliter scales, but remained ICP above 5.8 until 192 h. ICP
values were similar at 24 h in all vessels despite differences
at pitching and sampling. The microscale fermentations even
led to higher ICP than the rest at 48 h. The strain difference
in ICP remained mostly insignificant despite the significant
difference at the pitching.

Profiles of the analytical flavor

Beer flavors varied after 144 h of the undisrupted fermenta-
tions concerning scale, shaking, and MTP cover (Table 1).
Anchoring to the EBC, fermentation in MTPs and SF gen-
erated similar to higher volatile metabolites with a few
exceptions. The MTPs resulted in similar alcohol (by EBC
at 4.0 vol%), 1.5- to 3.2-fold acetaldehyde (9 mg/L), 1- to
1.7-fold diacetyl (0.7 mg/L), 0.9- to 1.4-fold 2,3-pentandion
(0.54 mg/L), more than 1.5-fold total fusel alcohols
(37 mg/L), yet less than half the amount of the total detect-
able esters (15.6 mg/L). The direct downscaling from N2
to NO.2 resulted in substantially higher propanol, yet lower
ethyl acetate (p < 0.01). Shaking MTP, by comparing S0.2
to NO.2, reduced propanol significantly. Besides, the gas-
permeable sealed NO.2 compared to the airtight sealed A0.2
resulted in significantly higher acetaldehyde and propanol,
but significantly lower diacetyl and ethyl acetate. SF yielded
the highest acetaldehyde at 59 mg/L and 2-methyl butanol
at 29 mg/L, but the lowest isoamyl alcohol at 4 mg/L. among
all the investigations. The rest of the secondary metabolites
of SF were in the concentration range of MTPs.

MTP air accesses and oxygen consumption

The air accesses in the sealed MTP, via polystyrene and
headspace, were evaluated for their impacts on the beer fer-
mentation (Fig. 3a and b). Though final fermentation param-
eters, except for FAN, were barely changed by replacing the
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cover from gas-permeable to airtight seal (Table 1), the MTP
OD600 reduced significantly by excluding the air in either
the MTP material or the headspace (Fig. 3a and b). When
the pitching rate was 15 million live cells/mL, the dissolved
oxygen was almost non-detectable in the OxoPlate®. By a
single colony inoculation, S. pastorianus strains displayed
different patterns of oxygen consumption. One lager strain
(HTS39) has a short lag phase for oxygen consumption. It
consumed much faster and more completely than another
(TUM 164). HTS39 consumed oxygen vigorously at the
exponential growth phase, which seems to be synchronized
with biomass development. In comparison, TUM164 took
up about 70% of the dissolved oxygen before the exponential
growth (Fig. 3c¢).

Peripheral wells in MTP had higher risks of air diffu-
sion and evaporation than center wells. This phenomenon is
known as the edge effect, which affects the reproductivity
from well-to-well of the cell-based assay [32]. As illustrated
as the error bar in Fig. 3a, the variation coefficients (CVs)
were all below 5% except one at 5.4% for the MTP OD600
and pH values in three different well positions at each time
point during fermentation.

Discussions

MTP was considered a mature alternative to the shaking
flask (SF) for many aerobic cultivations [5]. MTP (breath-
able membrane covered) and SF (air-tight sealed) led to
indistinguishable fermentation performances for the semi-
anaerobic wine fermentation. Nonetheless, lower biomass,
less sugar consumption, and reduced ethanol and glycerol
concentration were observed in the MTP and the SF com-
pared with a cotton-plugged shaking flask. However, in the
same MTP configuration, we observed rapid beer fermenta-
tion. Beer fermentation in these MTPs were similar to that
in SF covered with aluminum foil, but both were much faster
than that in the EBC tube. MTP configurations in terms of
scale, shaking, and cover influenced fermentation progress,
yeast physiology, and beer flavor.

Impacts of MTP configurations on beer fermentation

Industrial beer fermenters provide a natural anaerobic atmos-
phere for their low surface area to volume ratio [41]. The
EBC tube is considered sufficient to mimic the beer produc-
tion vessel by stimulating the hydrostatic pressure, natural
circulation, and sedimentation to the yeast cells with the long
liquid column [28, 42]. Generally, the aerated wort was the
primary, often the sole, oxygen accessible to yeast cells in
industrial fermentations. The dissolved oxygen was quickly
consumed up within hours, primarily for the biosynthesis
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of sterols and unsaturated fatty acids for cell regeneration
[24]. In this scenario, slow fermentation was carried out by
the suspended cells, as observed in the EBC tube. In con-
trast, the SF and MTPs accelerated microbial reproduction,
sugar consumption, and glycerol accumulation of the beer
fermentation. These benchtop fermenters are more suscep-
tible to the presence of environmental oxygen when han-
dling at smaller volumes. Though the wort-dissolved oxygen
was rapidly consumed up in the MTP (Fig. 3b and c), the
micro-culture in the MTP well was still surrounded by air,
namely, the air from the headspace via relative large contact-
ing surface [5], from the oxygenated well surface of the cell
culture plate [12], and via the air-saturated plastic material
during the fermentation [20, 21]. Under certain conditions,
S. cerevisiae could change the fermentation into the mixed
respire—fermentation, characterized by the operation of the
tricarboxylic acid (TCA) cycle and the activation of NADH
shuttles from the cytosol to mitochondria [43]. However,
beer fermentation is dominated by the Crabtree effect. An
initial glucose concentration above 0.15 g/L. would set the
glycolytic flow toward ethanol even in the presence of oxy-
gen [44]. Though the excessive air supply in MTPs and SF
did not change the alcoholic fermentation, it did stimulate
yeast growth and sugar consumption [24]. Hence, the high
cell numbers and rapid sugar consumption in MTPs could
be attributed to the higher static OTR by the miniaturization.

Shaking MTP did not further enhance the growth rate and
sugar consumption at the exponential growth phase. Indeed,
the maximum OTR remained constant at the static level by
up to 450 rpm shaking of the 96 standard MTP [13, 14].
A stagnant layer of cells rapidly formed at the bottom of
MTP. Even visible movement of the culture was observed
by 300 rpm shaking (data not shown). Both TUM34/70 and
TUM128 are flocculating yeast strains, which means they
tend to form agglutinate clumps and settle at the bottom
during fermentation compared to their less flocculating peers
[31]. Adding to the biological factor, the dimensional min-
iaturization of MTP further enhanced yeast cell sedimenta-
tion. CO, bubbling, which spontaneously initiates the fluid
motion [27], is shorted in its path length and reduced in its
quantity in the microliter fermentation. Shear rate, of which
a minimum value was required to keep the cell in suspen-
sion [28, 29], drops with the reduction in the liquid height.
Surface tension, which counteracts the liquid flow and move-
ment, the counteracting effect was enhanced in vessels with
less than 8 mm diameter. These factors could have contrib-
uted to the early and quick sedimentation of the S. pastori-
anus cells in the MTPs. Nevertheless, early sedimentation
did not cause stagnant fermentation in MTPs. It is poten-
tially due to the following reasons. Firstly, microwell enables
relatively large cell-liquid contacting surface even with the
bottom layer of cells settlements. Secondly, the increased
fermentation rate in MTPs led to faster CO, generation. The
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bubbling drove the shear rate up and kept sufficient cells
in suspension at the early stage of fermentation [28]. We
observed that the shaking MTP yielded and sustained higher
live cell numbers than the static MTP. The high cell num-
bers could be attributed to the improving shaking efficiency
with time, in addition to the potential respire—fermentative
growth [43]. The higher air-liquid contacting surface could
have occurred with the lower wetting tension caused by the
biosurfactant accumulation (such as cell membrane com-
ponents, proteins, and extracellular glycolipid in biomass)
even at the same shaking frequency [13]. Notice that the
dynamic viscosity increased as well with biomass. The OTR
decreased as the medium viscosity increased [45]. However,
viscosity by up to 35 mPa s did not impact OTR and the mix-
ing in the microbioreactor fermentation [46].

To the apex of glycerol concentration, MTPs shortened the
fermentation time by half compared to the EBC fermentation
by TUM34/70. The primary physiological roles of glycerol
biosynthesis indicate the rapid glycerol accumulation. By
maintaining the cytosolic redox balance, the ‘redox sink’ glyc-
erol was formed to oxidize the surplus NADH during anaero-
bic growth [47]. Over 60% of the total NADH was estimated
from biomass production [48, 49]. By confronting the hyper-
osmotic environment, the ‘osmolyte’ glycerol was induced
as the primary compatible solute to sustain the intracellular
turgor [50]. Thus, rapid glycerol accumulation was consist-
ent with rapid biomass development and sugar consumption,
as seen in MTPs. The shaking MTP generated less glycerol
than the static MTP, but the extent of reduction depended on
the strains (Fig. le and f). Additionally, the airtight sealing
yielded higher glycerol than gas-permeable sealing (Table 1).
These observations confirmed the negative role of oxygen in
glycerol formation. Anaerobiosis upregulated the expression
of GPD2 and GPPI in glycerol biosynthesis [51]. With the
increasing level of dissolved oxygen, the cytosolic NADH/
NAD™ ratio increased, but glycerol decreased over the mito-
chondrial oxidization of NADH in the respire—fermentation
[43, 52]. Despite that, several studies have found that agita-
tion rarely or slightly increased the glycerol in wine fermen-
tations [10, 26, 53]. Indeed, the metabolic reaction toward
oxygen was strain dependent [24]. As in this study, relative
to TUM34/70, TUM128 was more susceptible to the scale
and shaking concerning glycerol production. Potentially, it
was due to their different response to the oxygen during fer-
mentation. Lager strains showed different patterns of oxygen
consumption. Not only the absolute amount, but also absorp-
tion time, rate, and the correlation to cell reproduction were
different among the lager brewing strains (Fig. 3c).

Impacts of MTP configurations on the cell growth

The vital cell pumps protons continuously against a gradient
from the cytosol to the extracellular medium to maintain the

optimum neutral range of pH for the metabolic reactions
(54). Rapid medium acidification—pH dropped from 5.2 to
4 in 48 h, and simultaneous cell vitalization—ICP increased
from 5.3 to 5.6, were observed in the growth phase of MTP
fermentations (Fig. 2). The low extracellular pH in MTPs
and SF could be explained by the production of organic
acids and the formation of carbonic acid from the dissolved
CO, adding to the proton transportation [55]. At the early
stage, the yeast cells were supplied with sufficient nutrients
and oxygen. Both contributed to the physiological health of
the cells [56, 57]. With the proceeding of fermentation, the
extracellular environment deteriorated with the depletion of
nutrients and the simultaneous accumulation of pro-aging
metabolites such as ethanol and organic acids. Such envi-
ronmental changes harmed cell vitality [58, 59]. Compared
to the anaerobic culture, aerobic culture improved the cell
viability, stress resistance, and chronological life span of
S. cerevisiae in the stationary phase [41, 60]. Aligned with
these researches, the shaking MTP had higher ICP at the
later stage of fermentation (Fig. 2a and b). The necessary
correlations from oxygen availability to oxidative stress were
still arguable in brewing conditions [57, 61]. The oxidative
stress-responsive genes were overexpressed in the 51.8 ppm
oxygenated wort. However, it did not affect the cell viability
of the high-density yeast population [57]. The dimensional
miniaturization has been long presumed to have little effect
on the individual cell physiology. It was argued that the
diameter of a standard 96 MTP (@ 0.64 cm) is still a factor
of 10° larger than that of the average yeast cell (@ 5 um) [5].
Hereby, we provided concrete evidence by flow cytometry
technology. The MTP miniaturization did not hinder indi-
vidual cell vitality in terms of ICP. It is even beneficial to
rapid cell vitalization during beer fermentation by S. pasto-
rianus strains.

Impacts of MTP configurations on beer flavor

Acetaldehyde conveys grassy off-flavor with a threshold at
about 10 mg/L in beer [55]. Except for the airtight sealed
MTP (AO0.2), the rest of the MTPs and SF have at least dou-
ble the amount of acetaldehyde from EBC fermentation
(Table 1). The rapid growth in SF and MTPs inevitably led
to high acetaldehyde concentrations—the direct precursor of
ethanol formation in alcoholic fermentation. The early sedi-
mentation of cells in MTPs could have hindered the re-utili-
zation of the excreted acetaldehyde [62]. What is more, cell
autolysis, especially in SF at the late stage of fermentation
(Fig. 1a and b), could have released a large amount of acetal-
dehyde and led to the highest level at 59 mg/L. Oxygenation
stimulated acetaldehyde production in continuous beer fer-
mentation [63], but a lower concentration was obtained from
the batch fermentation with higher initial dissolved oxygen
[25]. Additionally, ethanol could have been oxidized back
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to acetaldehyde through the diauxic shift effect considering
the rapid sugar depletion and the potential air accesses in
MTPs and SF [61, 64].

Vicinal diketones (VDK), including diacetyl with a
threshold at 0.15 mg/L and 2,3-pentanedione at 0.9 mg/L,
exert butter-like flavors to beers [65]. A0.2 and N2 fermenta-
tion resulted in significantly higher diacetyl (1.1-1.2 mg/L)
than the rest scales (0.7-0.8 mg/L). Such observation could
be attributed to the dynamics between diacetyl formation
and reduction during the lager yeast fermentation. Diacetyl
is formed by spontaneous non-enzymatic oxidative decar-
boxylation of a-acetolactate that is intermediate of the valine
biosynthesis pathway [62]. Conditions allowing more valine
biosynthesis or favoring rapid yeast growth give more dia-
cetyl formation at the early growth phase [65]. Diacetyl can
be re-assimilated and further reduced into 2,3-butanediol via
acetoin under several ketone reductases at the later fermen-
tation stage. Factors influencing cell membrane composi-
tions and yeast behaviors in flocculation and sedimentation
also affected diacetyl removal efficiency [65]. MTP scale
miniaturization (compare NO.2 to N2) enhanced the maxi-
mum growth rate (Table 2), yet yielded significantly lower
diacetyl (Table 1). MTP shaking (compare S0.2 to N0.2)
obtained higher cell numbers (Fig. 1), yet resulted in slightly
lower diacetyl (Table 1). Scale miniaturization, shaking,
and gas-permeable sealing all have intrinsic higher OTR,
which favors a-acetolactate oxidization, and consequently
diacetyl formation. However, lower diacetyl was observed
in these conditions. It might be due to the active removal
at the later fermentation stage, considering that higher cell
vitality (ICP) was obtained in the MTPs featuring scale min-
iaturization, shaking, and gas-permeable sealing (Fig. 1 and
Table 1). Additionally, an acidic environment was in favor of
both diacetyl formation and reduction [62]. The MTP scale
miniaturization and shaking also resulted in lower medium
pH during the fermentation process.

Higher alcohols and esters deliver a broad spectrum of
fruity aromas to beer [55]. The MTPs and SF fermentations
resulted in significantly higher fusel alcohols, yet lower ester
concentration than EBC (Table 1). Oxygen favored higher
alcohol but not ester formation [25, 26, 57], though with
exceptions [26, 66]. In the MTPs and SF environment, oxy-
gen stimulated biomass accumulation, which could be the
primary reason for their higher fusel alcohol yield. Mean-
while, oxygen inhibited the genes involved in ester formation
and resulted in lower and fewer esters [57, 67]. Notice that
fermentation in SF resulted in the highest level of biomass
and acetaldehyde, yet the lowest level of alcohol and glyc-
erol, which were on the opposites in EBC. Depending on the
configurations, MTPs obtained in-between levels of these
attributes. The airtight cover pulled glycerol, acetaldehyde,
most higher alcohols, and esters closer to that in the EBC
fermentation (Table 1). The interaction between yeast cells
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and its unique fermentation environment, especially con-
cerning the potential air supply, might be the primary reason
for the unique flavor patterns.

Impacts of limiting air access in MTP on beer
fermentation

The material of the applied MTP covers differs in air perme-
ability. The MTP cover made of the relative gas-permeable
polyurethane significantly elevated the maximum oxygen
transfer capacity than that of the comparable airtight poly-
ester [16]. However, the gas-permeable cover only slightly
enhanced the beer fermentation (Table 1). The insignificance
could be partly caused by the inadequate air permeability of
the applied ‘gas-permeable’ seal [16, 17]. Furthermore, the
produced CO, in the sealed MTP well could have stratified
to form a layer beneath air to prevent further air-liquid sur-
face contact in the headspace. The MTP covers bumped up at
each well during the exponential growth phase, and the gas-
permeable cover concaved later toward the end of the wort
fermentation (data not shown). This observation indicated the
potential impacts of CO, withheld in the sealed MTP during
alcoholic fermentation. Intuitively, in the airtight sealed MTP,
cells could have experienced higher in-well pressure than the
gas-permeable covered MTP because of the entrapped CO,
at the early fermentation stage. Higher top pressure and dis-
solved CO, reduced not only the fermentation activity and cell
vitality [68, 69], but also changed the flavor profile [34, 70,
71]. Endogenous CO, could have influenced the fermentation
and flavor profile in different MTP configurations. Noticeably,
the changed plasticity of the gas-permeable seal indicated
potential air diffusion upon atmosphere pressure and high-
lighted the risks of contamination and evaporation. Hence,
the relatively rigid airtight seal performed better by slowing
down the beer fermentation and balancing the flavor profile.

Besides, MTP cover is universally required to ensure
well-to-well equalization [5]. By sealing the MTP with the
airtight seal, less than five CV% were detected for both the
MTP OD600 and pH in different peripheral and center wells
(Fig. 3a). It suggested a very good well-to-well reproduc-
tivity, yet minimum edge effect of the standard MTP for
the beer fermentation. None of the blank controls (synthetic
wort medium) got contaminated when each was surrounded
by individual fermentations (data not shown). The airtight
seal further proved its effectiveness in preventing well-to-
well cross-contamination. Evaporation is a central issue of
MTP-based cultivations. Low evaporation rate was expected
in the MTP lager beer fermentation considering the low fer-
mentation temperature (12 °C), the humidity control (70%),
the airtight cover, and what is more the low evaporation rate
observed in similar configurations [6, 10].

Polystyrene MTP is oxygen permeable. Significant oxy-
gen diffusion was observed from polystyrene MTP to the
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culture medium [20]. As the depletion of wort dissolved
oxygen, the oxygen probably diffused into the wort and stim-
ulated the fermentation. It could explain the significantly
lower fermentative activities of TUM34/70 by excluding the
air in the MTP material (Fig. 3a). However, oxygen con-
sumption was barely detectable at the pitching rate of 15
million cells/mL at room temperature fermentation (Fig. 3b).
The rapid cell sedimentation due to the biological and
dimensional factors could have biased the OxoPlate® meas-
urement, adding to the relatively high pitching rate and the
intrinsic uneven distribution of the dissolved oxygen in MTP
well [20, 21]. Oxygen exchange happened predominantly
via the medium and air interface in the sealed MTP [20].
By filling the headspace with N, the yeast growth reduced
significantly in the microwell fermentation (Fig. 3b). How-
ever, pitching in the air cast significantly higher initial MTP
OD600 than pitching in the anaerobic box. Other than the
headspace gas, the significant differentiation of cell growth
could have been caused by the initial difference. Such a dif-
ference further highlighted the impacts of environmental air
in handling the micro-volume in the anaerobic fermentation.

This study has several limitations, firstly the sampling
methods. To resolve the conflicts between minimized MTP
culture and the analytical requirement, we collected samples
in each column or each MTP to represent what has happened
in the individual well. Though little variance was detected
at different well positions (Fig. 3a), the “average then out”
strategy and the sampling operation such as in-well mixing
could have influenced the analytical value at each represent-
ing time point. Additionally, the shaking flask fermentation
was disturbed by the handshaking homogenization and by
pulling samples out for analysis at each time point. Such
operations introduced not only air, but also potential vari-
ances. However, the end-point analysis of the undisrupted
fermentations (Table 1) confirmed our observations in the
time series (Figs. 1 and 2). Secondly, with regard to the dif-
ferent batches, yeast strains went through the same propa-
gation procedure and in the same fermentation parameter.
However, the EBC was based on separate batches from the
MTPs and SF (Figs. 1 and 2). The cell analysis of the for-
mer was assayed on the suspended cells, while the latter was
assayed on the total cells. Additionally, a different medium
and two different MTPs were adopted to evaluate the impacts
of material and headspace air on the fermentation (Fig. 3).
Thus, sampling and batches could have introduced variations.

Conclusion

The high static OTR of MTP, which has been advantageous
for aerobic cultivation, accelerated S. Pastorianus fermenta-
tion and changed the beer flavor, hence affecting the scalabil-
ity of MTP in anaerobic fermentations. The scale, shaking,

and cover of MTP influenced beer fermentation differently.
The downscaling accelerated the yeast reproduction and
vitalization; the shaking MTP reached and sustained higher
live cell numbers, and the adhesive covers impacted mainly
the flavor metabolites. These influences were partly attrib-
uted to air access in MTP fermentation. Future efforts are
expected to improve the scalability of the MTP anaerobic
cultivations. First is to restrict air access in MTP configura-
tions. Beer fermentation was slowed down by excluding air
in the MTP material and headspace. Previous efforts that
aimed at increasing OTR for aerobic fermentation could be
reversely applied for the anaerobic fermentation. The shape,
material, surface treatment, filling volume, and cover design
of MTPs has to be customized for anaerobic applications.
Notice that the place-in-anaerobicity strategy was direct and
effective for creating an anaerobic environment. However,
alternative solutions are critical for the flexible automation
of the MTP-based HTS applications. Second is to address
the endogenous carbon dioxide in sealed MTP. The released
CO, pressurized MTP covers during the beer fermentation
and the gas-permeable cover changed its shape and texture
correspondingly. As revealed in the sealed system for wine
fermentation, the endogenous CO, changed the process
parameters such as headspace pressure and dissolved CO,.
It impacted yeast stress responses, metabolites, and organo-
leptic properties of wine [34, 72]. Since little is known on
the impacts of endogenous CO, in sealed MTPs, further
clarifications are desired. Last but not least, yeast strains
responded differently to MTP miniaturization. In the case of
glycerol yield, TUM34/70 produced the same amount at dif-
ferent scales, yet TUM128 quickly produced more in MTPs.
The accelerated glycerol production can further enhance the
high-throughput capacity of MTP fermentation by reducing
the recycling time. However, careful interpretation and veri-
fication of the screening results are required. This study aids
the interpretation of the beverage fermentation in standard
MTPs and provides insights into the scalability of MTP-
based HTS in the anaerobic cultivations.
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