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Abstract
Purpose The level of higher alcohols on top-fermentation determines the flavor profile and is one of the most important elements
dictating the favorable top-fermented wheat beer (Ale beer) development. The optimization of the pitching rate has been shown to
be crucial for industrial beer brewing. This study focused on understanding the effect of the variable inoculum size on the
synthesis of higher alcohols.
Methods We utilized sequencing to investigate the transcript changes under different inoculum sizes and link the results to
fermentation performance.
Results Variable cell inoculum density levels were linked with differences in higher alcohol production. Specifically, we ob-
served significantly less higher alcohols produced at lower cell inoculum density during the stationary phase. Importantly, the
accumulation of higher alcohols during the exponential growth phase was overall similar between different pitching rates.
Moreover, free amino nitrogen (FAN) consumption and yeast cell viability were significantly decreased during stationary phase
at the lowest inoculum density. Transcriptomic analysis revealed that amino acidmetabolism genes ALD4,ALD6,ARO9,ARO10,
and PUT1 were differentially expressed once the cells entered the declining growth phase at the lowest inoculum size.
Conclusion The results suggest that the variable accumulation of higher alcohols in the top-fermenting yeast at different inoculum
sizes is mostly accounted for in the stationary phase. We discovered that lower pitching rate was associated with a negative effect
on amino acid metabolism and synthesis of higher alcohols during the stationary phase, leading to the decrease in higher alcohol
concentration at low inoculum densities. Overall, our study provides valuable insights that could benefit wheat beer production.
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Introduction

Higher alcohols, also known as fusel alcohols, are one of the
most abundant and important elements determining the flavor
profile of beer (Pires et al. 2014). These volatile compounds
produced by yeast during the fermentation of wort can

produce undesirable flavor when their concentrations exceed
certain threshold values (Kobayashi et al. 2014). Examples of
higher alcohols include n-propanol (sweet aroma), isobutanol
(solvent-like aroma), isoamylol (banana-like aroma), active
amyl alcohol (solvent-like aroma), and 2-phenylethanol
(rose-like aroma) (Meilgaard 1975; Engan 1981; Landaud
et al. 2001; Meilgaard 2001). The major higher alcohols are
produced via two pathways: the anabolic pathway (Harris)
that catalyzes glucose through intermediates (α-keto acid)
and the catabolic (Ehrlich) pathway which uses branched-
chain amino acids (valine, leucine, isoleucine) and aromatic
amino acids (phenylalanine) (Chen 1978; Hammond 1993).

During beer production, it is important to assure that the
active substances contributing to beer flavor are kept within
certain limits as modifications to one or more compounds can
directly affect the flavor profile and cause deleterious health
effects to humans (Saerens et al. 2008). The optimum concen-
tration of higher alcohols in 12.0°P beers brewed by bottom
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fermentation is 70–120 mg/L. The concentration of higher
alcohols is about 50 mg/L in barley beer with light taste and
low malt content (Procopio et al. 2011; Pires et al. 2014). Top-
fermented wheat beers, with their typically high fermentation
temperatures of 20–24 °C and protein rich raw materials, con-
tain a high concentration of higher alcohols (Vanderhaegen
et al. 2003), which generate incompatible flavors and inhibit
the development of wheat beer. Therefore, the development of
effective methods aimed at decreasing the level of higher alco-
hols in wheat beer, particularly through the use of top-
fermenting industrial brewer’s yeast, is of great importance to
both the consumers and the manufacturers (Zhang et al. 2013).

Optimization of the fermentation process and modification
of parameters such as inoculum size, fermentation tempera-
ture, and substrate composition results in a significant varia-
tion in fermentation performance (Procopio et al. 2011). The
pitching rate is one of the most important factors that influence
the industrial beer brewing, and affects fermentation time, lag
phase, the maximum biomass, and concentration of flavor-
active substances (Sen and Swaminathan 2004). The volumet-
ric productivity of the wheat beer fermentation process can be
improved by optimizing the initial number of yeast cells in
batch fermentation during industrial production (Okabe et al.
1992; Verbelen et al. 2008). For example, the higher inoculum
sizes have been linked with deleterious effects on the flavor
profile and can also negatively affect yeast cell physiology
(Verbelen et al. 2009). In contrast, other studies have found
that decreasing the initial cell concentration may have a pos-
itive effect on the industry production cost and the inheritance
stability of yeast strain.

Despite many studies evaluating the impact of inoculum
density on fermentation performance, the results remain in-
conclusive and the differences can be likely attributed to the
use of different yeast strains. For example, studies by
Verbelen et al. suggested that the free amino nitrogen
(FAN) uptake level and concentrations of fusel alcohols were
higher at higher inoculum sizes with lager yeast strain, even
though the net yeast growth at different inoculum densities
was constant (Verbelen et al. 2008). Moreover, other studies
found that increased levels of certain esters, higher alcohols,
and hop compounds were associated with decreasing
pitching rate (Edelen et al. 1996). Interestingly, work by
Carrau et al. revealed that there were significant changes in
the concentration of esters, higher alcohols, and fatty acids
on wine fermentation at three different inoculum levels; the
results of the study were not immediately straightforward
(Carrau et al. 2010). Finally, Erten et al. found that the levels
of esters were constant using a lager yeast, while the concen-
tration of higher alcohols significantly decreased with in-
creasing pitching rates (Erten et al. 2007). However, so far,
there are few studies focusing on effect of pitching rate on
the production of higher alcohols by top-fermenting yeast in
wheat beer fermentation.

In this study, the effect of pitching rate on wheat beer fer-
mentation and production of higher alcohols was studied
using a top-fermenting industrial brewer’s yeast to investigate
the impact of low pitching rates on the level of higher alcohols
and wheat beer quality.

Materials and methods

Strains and medium

The experiments were performed using a wild-type top-
fermenting industrial brewer’s yeast, S-17, obtained from the
Yeast Collection Center of the Tianjin Key Laboratory of
Industrial Microbiology, Tianjin University of Science and
Technology, China.

The yeast strain was grown at 30 °C in yeast extract pep-
tone dextrose (YEPD) medium (1% yeast extract, 2% pep-
tone, and 2% glucose). All solid media contained 2% agar
(Difco, USA). Sterile all-wheat malt-hopped wort with 12
Plato (°P; g extract/100 g wort) (15% glucose, 60% maltose,
25% maltotriose, and 280 mg/L free amino nitrogen content)
and without the addition of syrups was used in this study.

Fermentation conditions and sampling

A total of three different inoculum sizes were tested in the
study: (Avbelj et al. 2015) 0.1% v/v, 5 × 105 cells/mL;
(Bevers and Verachtert 1976) 1% v/v, 5 × 106 cells/mL; and
(Chen et al. 2004) 10% v/v, 5 × 107 cells/mL. The fermenta-
tions were carried out under microaerophilic conditions in 5-L
glass bottles (with 3 L of 12°P wort) sealed with rubber stop-
pers with a CO2 outlet. Yeast strain was propagated in 1-L
glass bottles (with 400 mL of 12°P wort) sealed with layers
of gauze at 24 °C for 36 h under static conditions. Next, the
yeast were inoculated into 5-L fermentation bottles following
a brief spin (4000 rpm, 2 min), and washed three times with
sterile water.

The fermentations were performed at 20 °C and were mon-
itored every 8 h by withdrawing samples through a tubular
liquid sampler. All samples were cooled directly on ice. The
yeast cells and fermented wort were separated by centrifuga-
tion (4000 rpm, 2 min, 4 °C).

Fermentation analysis

Biomass of yeast cells was calculated from the absorbance
measured at 600 nm, and the standard curve was generated
using the dry weight of yeast. The specific gravity of the
fermenting media was measured with a portable digital Brix
refractometer (LH-B55, Lphand Biological, Hangzhou,
China), and the extract content was measured with
Alcoholyser Plus (Anton Paar, Graz, Austria). Gas
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chromatography was used to determine the concentration of
higher alcohols in the wort during the fermentation process
and after the distillation as reported previously (Ma et al.
2017). The concentration of FAN was measured using a
ninhydrin-based method, according to the standard method
defined by the European Brewery Convention (1998).

Acidification power test

The samples were centrifuged (4000 rpm, 2 min, 4 °C) and
washed three times with deionized water. The resulting pellet
(4 g) was resuspended in 50 mL of deionized water in a
250-mL glass beaker, pH was adjusted to 6.3 with 0.01 M
NaOH, and the samples were shaken at a speed of 100 rpm
at 25 °C. Changes in pH were monitored every minute during
the first 20 min. After 10 min, 5 mL of 20.2% v/v glucose
solution (pH = 6.3) was added and two parameters were
assessed. Specifically, we determined acidification power
(AP)10, the pH value at 10 min after the start of the measure-
ment and AP20, and the pH value at 20 min following the start
of the measurement.

RNA extraction, library construction, and sequencing

The cells at the declining growth phase at different pitching
rates were separated from wort by centrifugation (1341×g,
5 min), immediately frozen in liquid nitrogen, and shipped
to the sequencing company on dry ice. The total RNA from
each sample was extracted using RNeasy Mini Kits (Qiagen,
Valencia, USA), and the RNA quantity and quality were
assessed using an Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA), NanoDrop (Thermo
Fisher Scientific Inc.), and 1% agrose gel. Total RNA (1 μg)
with an RNA Integrity Numbervalue above 7 was used for
library preparation. Next-generation sequencing library prep-
arations were constructed according to the manufacturer’s
protocol (NEBNext® Ultra™ RNA Library Prep Kit for
Illumina®). Isolation of ploy(A) mRNAwas performed using
NEBNext Poly(A) mRNAMagnetic IsolationModule (NEB).
The mRNA fragmentation and priming were performed by
NEBNext First-Strand Synthesis Reaction Buffer and
NEBNext Random Primers, respectively. The first-strand
and second-strand cDNAs were synthesized using
ProtoScript II Reverse Transcriptase and Second Strand
Synthesis Enzyme Mix, respectively. The double-stranded
cDNAwas cleaned up using AxyPrep Mag polymerase chain
reaction (PCR) Clean-up (Axygen, Corning, NY, USA), treat-
ed with End Prep Enzyme Mix for DNA end repair and dA-
tailing in a single reaction, and then subjected to T-A ligation
to add adaptors on both ends. Size selection of adaptor-ligated
DNA was performed using AxyPrep Mag PCR Clean-up
(Axygen), and fragments of ~360 bp (with the approximate
insert size of 300 bp) were recovered. Each sample was

amplified by PCR for 11 cycles using P5 and P7 primers
containing adapter sequences that allow for annealing with
the flow cell to perform bridge PCR and P7 with a six-base
index that allows for multiplexing. The PCR products were
cleaned using AxyPrep Mag PCR Clean-up Kit (Axygen),
purity was confirmed using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, CA, USA), and the quanti-
fication was performed using Qubit 2.0 Fluorometer
(Invitrogen, Carlsbad, CA, USA).Finally, the libraries with
different indices were multiplexed and loaded onto Illumina
HiSeq instrument according to the manufacturer’s protocol
(Illumina, San Diego, CA, USA). Sequencing was carried
out using a 2 × 150-bp paired-end configuration. Image anal-
ysis and base calling were conducted by the HiSeq Control
Software (HCS) + OLB + GAPipeline-1.6 (Illumina) on the
HiSeq instrument.

Data quality control, mapping, and differential
expression analysis

Pass filter data in FASTQ format were processed by
Trimmomatic (v0.30) to remove technical sequences, such
as adapters, PCR primers or fragments, and quality of bases
lower than 20, to yield high-quality clean data of high
quality.Hisat2 (v2.0.14) was used to index S. cerevisiae
S288c genome sequence (NCBI; http://www.ncbi.nlm.nih.
gov/), and the cleaned data were then aligned to the
reference genome via Hisat2 software (v2.0.14) (Kim et al.
2015). Transcripts in fasta format were converted from a
known GFF annotation file and appropriately indexed. Next,
the HTSeq (v0.6.1) estimated the gene and isoform expression
levels using the pair-end cleaned data. Differential expression
analysis was performed using DESeq Bioconductor package,
which is based on the negative binomial distribution. The
Benjamini Hochberg approach was used to control for the
false discovery rate (FDR), and a threshold of P < 0.05 was
set to identify differentially expressed genes.

Kyoto Encyclopedia of Genes and Genomes
enrichment analysis

Differentially expressed genes identified in our study were
analyzed using in-house scripts to identify specifically
enriched pathways in the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database (https://www.genome.jp/kegg/).

Kinetics and model simulation

The kinetics of microorganism growth can be fitted using
many models, the most common of which are Monod growth
model (resource-limited growth) and logistic growth model
(space-limited growth) (Wang et al. 2015). The Monod
growth model is not appropriate during the initial adaptation
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phase when cells are diluted into a new culture (Kumar et al.
2014). Importantly, we observed an inhibition of cell growth
mediated by the increase in cell density. Considering these
results, the logistic growth model, which can well reflect the
inhibiting effect of increased cell concentration on cell growth
(Huang et al. 2014), was selected to fit the growth curve of
top-fermenting yeast in wheat beer fermentation. The logistic
equation was derived as follows:

ux ¼ um 1−
Cx
Cm

� �
ð1Þ

where um is the maximum specific growth rate (h−1), Cx is
biomass (g/L), Cm is the maximum biomass (g/L), and t is
the fermentation time (h).

After multiplying both sides by Cx, Eq. (1) could be
changed as follows:

dCx
dt

¼ um 1−
Cx
Cm

� �
Cx ð2Þ

At the beginning of fermentation, when t = 0, the Cx =C0

(the initial biomass, g/L). Following an integral transform of
Eq. (2), the kinetic model can be depicted as follows:

Cx ¼ C0Cmeumt

Cm−C0þ C0eumt
ð3Þ

It is commonly assumed that the higher alcohol production
is closely related to the yeast cell growth and biomass accu-
mulation. In this study, we used the Luedeking-Piret equation
to describe the higher alcohol production at different inoculum
sizes (Luedeking and Piret 1959):

dPx
dt

¼ α
dCx
dt

þ βCx ð4Þ

where Px is the concentration of higher alcohols (mg/L), α is
the growth-associated constant, β is the non-growth associat-
ed constant, and t is the fermentation time (h). When α ≠ 0,
and β = 0, the product synthesis is directly related to cell
growth; when α ≠ 0, and β ≠ 0, the product synthesis is par-
tially linked with cell growth; and when α = 0, and β ≠ 0, the
product synthesis is not related to cell growth.

After integral transform, Eq. (4) could be changed as fol-
lows:

Px ¼ α
C0Cmeumt

Cm−C0þ C0eumt
−C0

� �
þ β

Cm
um

ln
Cm−C0þ C0eumt

Cm

� �� �
þ P0

ð5Þ

where P0 is the initial concentration of higher alcohols (mg/L).
Model simulation and data fitting were performed using the

OriginPro software (v9.0.0; OriginLab, Northampon, MA,
USA). Model parameters are described in the text.

Results

Fermentation characteristics at three different
inoculum sizes

The progress of the fermentations at different inoculum sizes
is depicted in Fig. 1. In agreement with the initial assumptions,
the speed of fermentation decreased with decreasing pitching
rate. Importantly, we did not observe any significant differ-
ences in the real degree of fermentation (Rdf) among different
inoculum densities. The time required to reach the constant
Rdf (approximately 66%) was 96 h for the lowest pitching rate
(0.1% v/v, 5 × 105 cells/mL); 88 h for the inoculum size of 1%
v/v, 5 × 106 cells/mL; and 72 h for the normal inoculum den-
sity (10% v/v, 5 × 107 cells/mL). The level of sugar consump-
tion was consistent with the findings about Rdf results. The
final residual sugar concentration was not significantly corre-
lated with the inoculum size, while the consumption rate of
total sugar showed a decreasing trend with decreasing pitching
rates.

Cell growth of the top-fermenting yeast S-17 at different
inoculum densities (10% v/v, 1% v/v, 0.1% v/v) was monitored
during the entire process of wheat beer fermentation (Fig. 1).
Unsurprisingly, the stationary phase of growth was delayed
for 24 h in sample with the lowest pitching rates, resulting in
extended fermentation times at decreasing pitching rates. The
maximum yeast cell biomass was lower in samples with lower
inoculum size. Importantly, the net growth of the yeast cells,
calculated by subtracting the initial cell number from the max-
imum cell number per unit of volume, was not significantly
different at different inoculum sizes (10% v/v: 5.18 g/L, 1%
v/v: 5.10229 g/L, 0.1% v/v: 5.11963 g/L). These data suggest
that yeast growth was self-inhibited by the increase in cell
concentration commonly observed in wheat beer batch fer-
mentation, and we also observed that there is an obvious long
lag time at the lowest pitching rate.

Kinetics of yeast cell growth

Data in Table 1 include parameters that were estimated from
the experimental data using OriginPro (v9.0.0) software.

Overall, we observed that the logistic growth model was a
great fit for the experimental data, with the correlation coeffi-
cient (R-square) values of 0.98923, 0.98784, and 0.98797 at
0.1% v/v, 1% v/v, and 10% v/v inoculum sizes, These results
suggest that the logistic nonlinear fitting was suitable for
predicting the growth of top-fermenting yeast S-17 in wheat
beer fermentation. In addition, there were no significant dif-
ferences in um, the maximum specific yeast growth rate, at
varying pitching rates (10% v/v: 0.17273 h−1, 1% v/v:
0.16949 h−1, 0.1% v/v: 0.17252 h−1) with decreasing pitching
rates. The results suggest that the inoculum density is likely
not associated with yeast cell proliferation rate during the
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exponential growth phase when sufficient nutrients are not
limiting.

Production of higher alcohols at three different
inoculum sizes

The final concentrations of n-propanol, isobutanol, isoamylol,
active amyl alcohol, and 2-phenylethanol produced by top-
fermenting yeast S-17 were decreased by 25.01%, 25.27%,
19.51%, 25.87%, and 22.24%, respectively, at the lowest

inoculum size, compared to the normal pitching rate (Fig. 2),
suggesting that the total concentration of higher alcohols de-
creases with decreasing pitching rate. Moreover, we virtually
did not observe any higher alcohols produced during the ini-
tial stage of fermentation at the lower inoculum density, which
can be explained by the cell growth in this phase.

Moreover, the accumulation of higher alcohols during the
exponential growth phase (Pe) (mg/L), the accumulation of
higher alcohols during the stationary phase (Ps) (mg/L), and
the exponential growth phase (Ye) (mg/g) and the stationary
phase (Ys) (mg/g) can be calculated as follows:

Pe ¼ Pm−P0 ð6Þ
Ps ¼ Pf −Pm ð7Þ

Ye ¼ Pe
Cm−C0

ð8Þ

Ys ¼ Ps
Cm

ð9Þ

Fig. 1 Fermentation characteristics at different inoculum sizes (0.1% v/v, 1% v/v, 10% v/v). a Real fermentation degree at different inoculum sizes. b
Residual sugar concentration at different inoculum sizes. c Growth curve of S. cerevisiae S-17 at different inoculum sizes

Table 1 Kinetic parameters estimated from the experimental results at
different inoculum sizes

Inoculum size C0 (g L−1) Cm (g L−1) um (h−1) Adjusted R-square

0.1% v/v 0.0093 4.9343 0.17252 0.98923

1% v/v 0.0801 5.27001 0.16949 0.98784

10% v/v 0.67207 5.57898 0.17273 0.98797
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where P0 is the production concentration when Cx =C0 (mg/
L), Pm is the production concentration when Cx =Cm (mg/L),

and Pf is the production concentration at the end of fermenta-
tion (mg/L) (Table 2).

Fig. 2 Production curve of higher alcohols at different pitching rates (0.1% v/v, 1% v/v, 10% v/v). aN-propanol. b Isobutanol. c Isoamylol. dActive amyl
alcohol. e 2-Phenylethanol
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As shown in Table 2, we did not observe any significant
differences in n-propanol, isobutanol, or active amyl alcohol
concentrations with decreasing pitching rates during the expo-
nential growth phase, but slight increases were found for
isoamylol and 2-phenylethanol alcohol. Moreover, the net
growth of the yeast cell populations and the resulting accumu-
lation of higher alcohols per biomass were not significantly
different at different inoculum sizes during the exponential
growth phase. In contrast, we observed significantly lower
levels of n-propanol, isobutanol, isoamylol, active amyl alco-
hol, and 2-phenylethanol at lower cell inoculum density dur-
ing the stationary phase, which is likely the most significant
consequence of decreasing concentration of total higher alco-
hols with lower pitching rates. Specifically, the difference in
the accumulation of higher alcohols during entire fermentation
process was mainly reflected in the stationary phase. Overall,
we can conclude that the production of higher alcohols is
indirectly related to the rate of yeast cell growth.

Importantly, n-propanol, isobutanol, isoamylol, and active
amyl alcohol, but not 2-phenylethanol, were predominantly
produced during the exponential growth phase at the normal
pitching rate. In Saccharomyces cerevisiae, 2-phenylethanol
has been reported as one of the quorum-sensingmolecules and
its production is induced by cell density. Owing to these con-
siderations, higher levels of 2-phenylethanol are seen in high

cell density fermentation (Chen and Fink 2006; Wuster and
Babu 2009; Avbelj et al. 2015).

Kinetics of higher alcohol production

Data in Table 3, include parameters that were estimated from
the experimental data using OriginPro (v9.0.0) software.

As shown in Table 3, the correlation coefficient (R-square)
values for all models were between 0.97218 and 0.99536 at
different inoculum densities, suggesting that the utilized equa-
tions accurately reflected the higher alcohol accumulation pro-
cess in top-fermenting yeast S-17 during wheat beer fermen-
tation. According to α ≠ 0, and β ≠ 0, the data suggest that the
total higher alcohol synthesis was partially related to yeast cell
growth. Moreover, the values of the growth-associated con-
stant (α) divided by the non-growth associated constant (β)
were significantly increased in all of higher alcohols at the
lowest inoculum size. Overall, our data suggest that the cor-
relation between higher alcohol synthesis and yeast cell
growth is negatively regulated by the inoculum size during
the fermentation process. Additionally, we also demonstrated
that the proportion of higher alcohols formed by resting yeast
cells decreased with decreasing pitching rates. In accordance
with earlier findings, we observed significantly less of higher
alcohols at the lower cell inoculum density during the station-
ary phase. Therefore, we hypothesized that the ability of yeast
to synthesize higher alcohols during the stationary phase was
reduced at lower inoculum sizes.

To assess the ability of yeast cells to synthesize higher
alcohols during the stationary phase at decreasing and normal
pitching rates, we examined FAN consumption and AP.

FAN consumption

We observed that the final FAN consumption was decreased
by approximately 18% at the lowest pitching rate, suggesting
a direct relationship between these two parameters (Fig. 3). In
addition, there were no significant differences in the amount
of FAN consumption during the exponential growth phase at
the decreasing pitching rates. The concentration of FAN con-
sumption during the stationary phase was drastically de-
creased between the normal pitching rate (37.05803 mg/L)
and the lowest pitching rate (1.92808 mg/L). Based on these
data, we hypothesized that the ability of the top-fermenting
yeast to synthesize higher alcohols via the catabolic (Ehrlich)
pathway was significantly reduced with decreasing pitching
rates during the stationary phase.

AP test

The test provides a fast and effective method of assessing
yeast cell viability, and it was first designed by Opekarová
and Sigler in 1982 (Opekarová and Sigler 1982; Gabriel

Table 2 The accumulation of higher alcohols during the exponential
growth phase (Pe) (mg/L) and the stationary phase (Ps) (mg/L)

Higher alcohols 0.1% v/v 1% v/v 10% v/v

n-propanol Pe (mg/L) 9.1213 9.15672 8.84451

Ps (mg/L) 1.97361 3.41549 6.74617

Ye (mg/g) 1.85242 1.76774 1.71035

Ys (mg/g) 0.39998 0.6481 1.17463

Isobutanol Pe (mg/L) 56.14661 52.49686 54.28001

Ps (mg/L) 9.77534 20.39663 34.61541

Ye (mg/g) 11.40264 10.13471 10.49668

Ys (mg/g) 1.9811 3.87032 6.02716

Isoamylol Pe (mg/L) 97.46942 88.07545 69.79838

Ps (mg/L) 8.27963 21.56957 50.47457

Ye (mg/g) 19.79476 17.00328 13.4976

Ys (mg/g) 1.68148 4.16408 9.76076

Active amyl alcohol Pe (mg/L) 24.09954 26.02771 22.64125

Ps (mg/L) 3.3164 4.66962 17.09771

Ye (mg/g) 4.8943 5.02474 4.37836

Ys (mg/g) 0.67352 0.90149 3.30635

2-Phenylethanol Pe (mg/L) 33.03264 32.76246 24.42784

Ps (mg/L) 5.88187 9.55504 26.46779

Ye (mg/g) 6.7085 6.32491 4.72385

Ys (mg/g) 1.19453 1.84463 5.69848

The accumulation of higher alcohols per unit cell during the exponential
growth phase (Ye) (mg/g) and the stationary phase (Ys) (mg/g)
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et al. 2012). The AP test requires two values were calculated:
the glucose acidification power (GAP) and glucose-induced
proton efflux (GIPE). GAP represents the change in pH once
yeast cells are resuspended in water for 10 min followed by
10 min in glucose, while GIPE is the change in, pH between
20 and 10 min, which represents the ability of yeast cells to
use extracellular reserves, without taking into account the uti-
lization of intracellular reserves (Kara et al. 1988; Rotar and
Stoicescu 2006).

As shown in Fig. 4, the values of GAP and GIPE exhibited
small changes within 24 h, indicating that the yeast cells
remained active and were capable of producing higher alco-
hols within this time. Importantly, both GAP and GIPE were
significantly decreased after 36 h, suggesting that the majority
of cells were in the declining phase and virtually no higher
alcohols were synthesized within that time frame. Importantly,
we also observed significant decreases in GAP and GIPE
values at the lowest inoculum density, suggesting a decrease
in yeast cell viability at lower inoculum sizes during the sta-
tionary phase. Overall, these results suggest that the ability of
yeast to synthesize higher alcohols during the stationary phase
is reduced with decreasing pitching rates.

Transcriptional responses

Data presented in Table 4 show a comparison of the gene
transcript levels between the normal pitching rate (10% v/v)
and the lower pitching rate (0.1% v/v) at the declining growth
phase to uniquely responsive transcripts at each inoculum
size. We used DESeq2 software for the statistical analysis of
the data used a minimum fold change cutoff of 2. The false
discovery rate (FDR = percentage of called genes that are

expected to be false positives) was set to 1%. Compared with
the normal inoculum size, we identified 36 significant differ-
entially expressed genes, of which 3 were induced and were
suppressed at the lowest pitching rate. As shown in Fig. 5 and
Table 5, we mapped 15 unigenes to 25 pathways in the KEGG
database to assess the significance and biological function of
the differentially transcribed genes.

The most significantly enriched pathways were related to
amino acid metabolism, including branched-chain amino
acids, alanine, histidine, lysine, aromatic amino acid, arginine,
and proline. The dgenes ALD4 and ALD6, involved
inthemetabolic pathway of branched chain amino acids, histi-
dine, lysine, arginine, and proline, were significantly sup-
pressed at the lowest pitching rate.

Discussion

Lower pitching rates result in lower levels of higher alcohols,
although the alcohol concentration, sugar consumption, and
Rdf exert no significant effects at different inoculum sizes.
Studies comprehensively examining these parameters can
provide a potential advantage for improving the quality of
wheat beer. One of the main and significant problems associ-
ated with the fermentation at low pitching rates is extended
fermentation time. We observed that the lowest inoculum den-
sity (0.1% v/v) was associated with an initial adaptation phase
prior to the exponential growth. This can likely be explained
by the fact that certain growth factors and signaling molecules
released by yeast cells did not reach appropriate concentra-
tions given the low initial number of cells which were diluted
into a new fresh culture, a very typical quorum-sensing

Table 3 Kinetic parameters estimated from the experimental results at different inoculum sizes

Higher alcohols Kinetic parameters 0.1% v/v 1% v/v 10% v/v

n-propanol α 1.31507 1.06797 1.04123

β 0.01384 0.01765 0.03366

Adjusted R-square 0.99451 0.9903 0.97218

Isobutanol α 6.81239 5.8484 2.46548

β 0.09982 0.11311 0.23433

Adjusted R-square 0.99174 0.98876 0.98938

Isoamylol α 15.65305 10.58659 7.98934

β 0.08949 0.14555 0.26384

Adjusted R-square 0.9882 0.992 0.97383

Active amyl alcohol α 3.63225 3.31631 2.18793

β 0.02905 0.03597 0.08578

Adjusted R-square 0.9906 0.99536 0.97655

2-Phenylethanol α 6.0125 4.01302 1.46117

β 0.02437 0.05582 0.12048

Adjusted R-square 0.97644 0.98024 0.98851
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behavior, where the lower the initial concentration of cells is,
the longer it takes for cells to enter into exponential growth
(Chen et al. 2004). Potentially, this could also serve as an
explanation for extended fermentation times at the lower in-
oculum sizes. They suggested that this phenomenon could be
abolished by using conditioned medium in Candida albicans.
Therefore, additional studies examining the correlation be-
tween the pitching rate and quorum-sensing behaviors in
Saccharomyces cerevisiae are warranted.

In this paper, we proposed a nonlinear kinetic model for
wheat beer fermentation by a top-fermenting yeast S-17 at
different inoculum sizes, which incorporates the logistic
equation of cell growth and Luedeking-Piret equation of
higher alcohol synthesis. In our calculations, some kinetic
parameters were estimated by the mathematical software,
which could be used for predicting wheat beer fermentation
performance at different inoculum densities. Our results
indicated that growth-associated constant is increased and

non-growth associated constant is decreased at lower
pitching rates. It is widely accepted that higher alcohols
are formed by growing cells and resting cells (Ingraham
and Guymon 1960; Bevers and Verachtert 1976).
Therefore, we demonstrated that the proportion of higher
alcohols formed by resting yeast cells decreased with de-
creasing pitching rates. Additionally, we observed that sig-
nificantly lower levels of higher alcohols were produced at
lower cell inoculum density during the stationary phase,
indicating that the difference in the accumulation of higher
alcohols during the entire fermentation process is mainly
reflected in the stationary phase.

The synthesis of higher alcohols is directly related to the
uptake level of amino acids. The results presented herein dem-
onstrate that the concentration of FAN consumption during
the stationary phase was significantly reduced with decreasing
pitching rate. Also, we noted that the yeast cell viability was
decreased with lower pitching rates during the stationary
phase. We can therefore conclude that the ability of yeast to
synthesize higher alcohols was reduced with decreasing
pitching rate. Previous study has found that the high-density
fermentation was linked with a percentage of aged cells, pos-
sibly due to the depletion of oxygen (Edelen et al. 1996). Aged
cells have been shown to ferment more efficiently and at a
higher rate than mixed aged or virgin cell cultures (Powell
et al. 2003). Overall, these finding can likely explain the dif-
ference in performance between the normal pitching rate and
lower pitching rate during the stationary phase.

Transcriptome analysis revealed that amino acid metabo-
lism was significantly affected, in agreement with significant
expression of differentially transcribed genes ALD4, ALD6,
ARO9, ARO10, and PUT1 once the cells entered the declining
growth phase at the lowest cell inoculum size.

The ALD4 and ALD6 genes in S. cerevisiae have been
reported to encode mitochondrial aldehyde dehydrogenase

Fig. 4 The acidification test with lowest pitching rate (0.1% v/v) and normal pitching rate (10% v/v) during the stationary phase (0 to 50 h). a Glucose
acidification power (GAP) curve. b Glucose-induced proton efflux (GIPE) curve

Fig. 3 Free amino nitrogen (FAN) consumption with lowest pitching rate
(0.1% v/v) and normal pitching rate (10% v/v)
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and cytosolic aldehyde dehydrogenase, respectively, which
are required for the conversion of fusel aldehydes to fusel
acids. Work by Hazelwood et al. suggested that oxidation of
isobutyraldehyde to isobutyrate by aldehyde dehydrogenases
(ALDs) competes with the production of isobutanol (Horton
et al. 2003; Saintprix et al. 2004; Hazelwood et al. 2008) and
isoamyl and isobutyraldehyde are known to be oxidized into
corresponding acids by aldehyde dehydrogenases (ALDs)
(Pank et al. 2014). ALD4 and ALD6 have been shown to be
involved in the pyruvate metabolism by converting aldehyde

to acetate, which can also help explain the formation of higher
alcohols by top-fermenting yeast.

Based on the sequencing data, we discovered that the
aromatic amino acid (phenylalanine, tyrosine, and trypto-
phan) metabolism was likely weakened by suppression of
ARO9 and ARO10 genes at the lowest inoculum size.
ARO9p and ARO10p were characterized as the aromatic
amino acid aminotransferase and transaminated amino ac-
id decarboxylase, respectively. Specifically, ARO9p cata-
lyzes the first s tep (the transamination step) of

Table 4 Differential gene expression of transcripts by at least two-fold in the lowest pitching rate (0.1% v/v) compared to the normal pitching rate (10%
v/v)

Gene/ORF Definition Regulation baseMeanA baseMeanB Fold change

SUT1 Sucrose transport protein Down 1227.851556 567.8015366 0.462435002

PDR15 ATP-binding cassette multidrug transporter ATP Down 16,331.49508 7263.127989 0.444731358

DAL80 GATA-binding protein, other eukaryote GATA Down 933.2838427 356.9332123 0.382448721

ALD4 Aldehyde dehydrogenase (NAD+) Down 12,065.61018 4724.47909 0.3915657

ALD6 Aldehyde dehydrogenase (NAD+) Down 23,908.59328 4823.227183 0.201736134

PUT4 Yeast amino acid transporter Down 3179.97026 653.1774923 0.205403648

UGA4 GABA-specific permease Down 1987.116848 957.65078 0.481929777

MEP1 Ammonium transporter, Amt family Down 2578.196616 1227.150785 0.475972537

ARO10 Phenylpyruvate decarboxylase Down 3267.46562 1156.175593 0.353844761

ARO9 Aromatic amino acid aminotransferase II Down 2059.057478 509.1698562 0.247282974

MPC3 Mitochondrial pyruvate carrier Down 1106.330222 374.4198539 0.338434083

FMP48 Protein-serine/threonine kinase Down 2219.465639 837.3015413 0.377253663

MKK1 Mitogen-activated protein kinase kinase Ups 530.8051856 1195.26338 2.251792959

RCK1 Protein-serine/threonine kinase Down 279.0129822 115.2061089 0.412905908

FLO11 Glucoamylase Ups 153.6029658 381.6202357 2.484458771

IMA2 Alpha-glucosidase Down 772.8756823 244.8129814 0.316755963

IMA5 Alpha-glucosidase Down 315.9554676 127.5496205 0.403694931

GPT2 Glycerol-3-phosphate O-acyltransferase /dihydroxyacetone phosphate
acyltransferase

Down 2313.766193 919.5916191 0.397443623

HXT2 MFS transporter, SP family, sugar:H+ symporter hexose transporter Down 5452.905285 2064.452326 0.37859677

HXT4 MFS transporter, SP family, sugar:H+ symporter Ups 284.8460062 580.1450483 2.036697148

DAL4 Nucleobase:cation symporter-1, NCS1 family Down 1849.068613 606.8893235 0.328213523

PUT1 Proline dehydrogenase Down 4339.769869 1387.616436 0.319744244

ADY2 Accumulation of dyad protein 2 Down 242.0704967 52.45992458 0.216713417

PHM7 Phosphate metabolism protein 7 Down 825.3728984 334.3034409 0.405033218

DAL2 Allantoicase Down 1779.072325 835.2442894 0.469483043

DAL3 Ureido glycolate hydrolase Down 625.1057405 236.5839736 0.378470326

CIN5 AP-1-like transcription factor Down 598.8571324 170.7519114 0.285129628

CWP1 Cell wall protein Down 1719.769914 719.0095545 0.418084738

PNS1 Protein PNS1 Down 2725.966557 1097.543912 0.402625597

NCE103 Carbonic anhydrase Down 2228.215175 823.9294037 0.369771023

BAG7 BAG family molecular chaperone regulator 7 Down 1773.239301 801.2996323 0.451884656

XBP1 Transcriptional repressor XBP1 Down 626.0779112 217.0400801 0.346666248

YBR126W-A Hypothetical protein Down 654.2708606 236.5839736 0.361599435

YJR115W Hypothetical protein Down 1077.165102 510.1984822 0.473649287

YNR014W Hypothetical protein Down 577.4693777 288.0152722 0.498754191

YPR145C-A Hypothetical protein Down 838.9832878 401.1641291 0.47815509
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phenylalanine, tyrosine, and tryptophan catabolism in
S. cerevisiae, while ARO10p protein carries out the decar-
boxylation of phenypyruvate to 2-phenylacetaldehyde.
Studies show that ARO9p and ARO10p are also involved
in branched-chain amino acid metabolism, suggesting that
they have a broad substrate-specific activity and can
strongly affect the formation of higher alcohols
(Urrestarazu et al. 1998; Li et al. 2017). In addition, the
aromatic alcohols phenylethanol and trytophol have been
shown to be quorum-sensing molecules in S. cerevisiae,
which are induced by cell density. Importantly, high levels
of these quorum-sensing molecules induce the expression
of ARO9 and ARO10 genes, in turn stimulating the accu-
mulation of aromatic alcohols and creating a positive
feedback loop (Chen and Fink 2006; Wuster and Babu
2009; Avbelj et al. 2015). This could likely explain the
relatively low expression of ARO9 and ARO10 in the cells
entering the declining growth phase at the lowest cell
inoculum size.

Branched chain amino acids and aromatic amino acids are
directly linked with the synthesis of higher alcohols. High cell
concentration was linked with the induction of ARO9 and
ARO10 genes and, thus, likely affected the formation of higher
alcohols, which can explain the lower expression of ARO9
and ARO10 once the cells entered the declining growth phase

at the lowest cell inoculum size. However, additional studies
are required to fully elucidate the mechanism underlying the
variable pitching rate effects on the expression of other differ-
entially transcribed genes.

Furthermore, we observed changes in the expression of
PUT1 (proline dehydrogenase), suggesting that the metabo-
lism of proline was also significantly affected by pitching rate.
Importantly, studies suggest that proline is a significant amino
acid that affects the production of higher alcohols in
S. cerevisiae (Procopio et al. 2011). Moreover, nitrogen me-
tabolism was also weakened at the lowest cell inoculum size,
which may help explain the formation of higher alcohols and
the lower FAN consumption.

This work provides significant evidence that the yeast cell
viability was reduced at lower inoculum sizes when cell
growth entered the stationary phase. This will likely have a
negative impact on the synthesis of higher alcohols during the
stationary phase and ultimately lead to the decreased levels of
higher alcohols at the lower inoculum sizes. Moreover, we
demonstrated that the transcriptional changes were signifi-
cantly affected by pitching rate at the declining growth phase,
and therefore likely affected the amino acid metabolism and
formation of higher alcohols. Finally, the properties of en-
zymes or proteins involved in the higher alcohol metabolism
should be given additional attention and should be further
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examined under different pitching rates, to ultimately help
unravel the regulatory mechanisms of higher alcohol
metabolites.
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