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Abstract: This study highlights the dynamics of phenolic acids, antioxidation, and 4-vinylguaiacol
in beer produced with dark purple rice malt, also known as Riceberry rice malt, as an adjunct and
base malt. Riceberry rice malt substituted barley malt at 40% (w/w), 60% (w/w), 80% (w/w), and
100% (w/w) with 100% (w/w) barley malt as the control. Two types of ale beer were produced
with two yeasts, designated as POF− and POF+. The wort produced with the Riceberry rice malt
had higher anthocyanin and vanillic acids relative to all barley malt wort. Fermentation and beer
maturation reduced phenolic acids and antioxidant activity in all treatment. Nevertheless, beer
produced from 40% (w/w)–80% (w/w) Riceberry rice malt maintained higher p-coumaric acid,
vanillic acid, anthocyanin, and antioxidant activity in beers with lower 4-vinylguaiacol relative to all
barley malt beer, which also had higher ferulic acid and sinapic acid contents. The beers made from
POF+ yeast contained more 4-vinylguaiacol contents than those found in beers made from POF−

yeasts. This study suggests that Riceberry rice malt or POF− yeast are suitable raw materials for
phenolic acid off-flavour reduction and the stabilisation of antioxidant activity in beer.

Keywords: Riceberry rice; p-coumaric acid; ferulic acid; 4-vinyl guaiacol; antioxidant activity

1. Introduction

Phenolic acids are often referred to as aromatic compounds with carboxylic functional
groups, which form an integral part of cereal chemical structure and play an important
role in antioxidation activity. Phenolic acids consist of two groups: hydroxycinnamic acids
and hydroxybenzoic acids. The hydroxycinnamic acids comprise ferulic acids, p-coumaric
acids, and sinapic acids [1], which are the precursors for volatile phenolic compounds in
non-alcoholic beverages (fruit juices and coffee) and alcoholic beverages (wine and beer) [2].
In beer, the most profound volatile phenolic compound is 4-vinylguaiacol (4-VG), which
is derived from the decarboxylation of ferulic acids [3]. In the beer brewing process, hy-
droxycinnamic acids solubilise in wort during mashing and are decarboxylated during the
boiling of wort. High amounts of decarboxylated hydroxycinnamic acids occur during wort
fermentation by yeast activity [2,3]. Yeast capable of decarboxylating phenolic acid is desig-
nated as a phenolic off-flavour producer (POF+). This yeast possesses the phenylacrylic
acid decarboxylase (PAD1) and ferulic acid decarboxylase (FDC1) gene [4]. In addition,
the non-decarboxylating phenolic acid yeast is classified as a non-phenolic off-flavour pro-
ducer (POF−) [5]. Recently, the PAD1 has been renamed as flavin prenyl-easterase, which
produces a modified flavin cofactor prenylated FMNH2 for the ferulic acids decarboxylase
(FDC1) enzyme activity [6]. Ogata et al. [7] suggested that the mutation of PAD1 and/or
FDC1 caused Saccharomyces cerevisiae to lack the ability to produce 4-vinylguaiacol from
ferulic acid, which is preferred by German and English beer styles, whereas in wheat beer
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and Saison beer, 4-vinylguaiacol is a key aroma for its organoleptic character. However, the
amount of hydroxycinnamic acid in beer is dependent on the type of raw material, brewing
process, and the amount of hydroxycinnamic acid decarboxylated by yeast. Therefore, the
phenolic acid profile in the composite wort and their transformation by brewing yeast and
the brewing process were investigated in this study.

The current surge of craft brewing has had a significant influence on the choice of
raw material to obtain diverse organoleptic properties of beer. Moreover, the use of other
malted cereals such as rye, oat, rice, sorghum, and buckwheat in substituting barley malt
affects phenolic acid profiles, the amount of volatile phenolic aroma compounds produced,
and antioxidation [2]. Among these cereals, rice is used globally as an adjunct for beer
brewing except in countries such as Germany, which restricts the use of other cereals apart
from barley.

In Asia, rice is an integral part of many beers produced. The prospects of rice as an
adjunct in beer brewing and as a base malt for the production of gluten-free beer have
been researched exhaustively with reports on malt attributes, organoleptic properties [8,9]
coupled with the study of specialty rice malt, and functional properties such as antiox-
idation and total phenolic acid in pigmented and non-pigmented rice cultivars [10,11].
Moirangthem et al. [12] reported higher oxidation stability in black rice malt beer than
in barley malt beer. In addition, the supplementation of barley malt with pigmented rice
influenced the colour and antioxidant activity of the wort via anthocyanin [10,11]. Pig-
mented rice such as the Riceberry rice (Oryza sativa) is a dark purple rice variety that is
widely cultivated in Thailand. This rice cultivar is produced via cross-breeding between the
Khao Hom Nin rice variety, which contains high antioxidants, and Khao Hom Mali 105, a
fragrant rice cultivar. It is cultivated for its nutritional value as a rich source of anthocyanin
and antioxidant activity [13].

The attributes associated with rice malt as an adjunct or base material on phenolic
acid dynamics, antioxidation, and volatile phenolic aromatic compounds in beer brewing
have not been investigated. The composition of malt grist, the brewing process, and the
type of yeast for fermentation affect the amount of hydroxycinnamic acid solubilisation
and 4-vinylguaiacol produced in wort after mashing and wort fermentation. Hence, this
study takes an in-depth look at hydroxycinnamic acid, antioxidation, and 4-vinylguaiacol
dynamics in wort made by substituting barley malt with varying Riceberry rice malt
fractions (40% (w/w), 60% (w/w), 80% (w/w), and 100% (w/w)), and in the respective beer
produced using Saccharomyces cerevisiae and Saccharomyces cerevisiae var diastaticus.

2. Materials and Methods
2.1. Malts and Yeast Strain

Malted Riceberry rice malt was produced according to the method described by Gonu
and Withayagiat [11] using Weyermann pilsner barley malt, German; centennial pellet hop
(T90) with alpha acid of 9.5–11.5%, 2020 cropping year, USA; and two top fermenting yeast
strains, LalBrew Belle SaisonTM (Saccharomyces cerevisiae var. diastaticus) and LalBrew BRY
97TM (Saccharomyces cerevisiae), produced by Lallemand Inc., Montréal, QC, Canada, which
were labelled as phenolic off-flavour producers (POF+) and phenolic off-flavour negative
(POF−), respectively.

2.2. Wort Production and Characterisation

The previous study showed that the phenolic acid profile and antioxidant activity of
wort containing 20% (w/w) of Riceberry rice malt in the composite malt was not significantly
different from 100%w/w barley malt [11]. Thus, in this study, the wort was prepared by
substituting barley malt (100% (w/w)) with Riceberry rice malt at 40% (w/w), 60% (w/w),
80% (w/w), and 100% (w/w) as shown in Table 1. The hundred percentage of barley malt
was designated the control of this study.
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Table 1. Physico-chemical properties of composite malt extract [11].

Samples

Composite Malt Ratio Wort Characteristics

Barley Malt
(B) (%w/w)

Riceberry
Rice Malt (R)

(%w/w)

Free
Amino Nitrogen

(mg/L)
pH

B100 100 0 282.00 ± 1.92 f 5.36± 0.01 c
R40B60 60 40 195.90 ± 0.72 d 5.36 ± 0.01 c
R60B40 40 60 171.70 ± 1.32 c 5.28 ± 0.01 b
R80B20 20 80 145.70 ± 0.39 b 5.24 ± 0.00 c

R100 0 100 127.70 ± 1.00 a 5.21 ± 0.01 a
Mean ± standard error. The different alphabet shown in the same column indicates significant differences at
p < 0.05.

The Riceberry rice malt–barley malt composite wort was produced in a mashing steel
bucket (10 L) with an overhead stirrer (250 rpm) using 1 kg malt to 5 L water. Wort was
produced using a temperature–time mashing schedule, as follows: an initial mashing-in
temperature of 45 ◦C for 20 min; 62 ◦C for 30 min; 72 ◦C for 30 min; and mashing-out at
78 ◦C for 20 min. The temperature increase was performed at a rate of 1 ◦C/min [11]. The
original gravity of each wort was adjusted to a specific gravity of 1.040, and free amino
nitrogen and the pH were analysed according to the EBC method (European Brewery
Convention, 2000) [14] reported in previous studies [11].

2.3. Bioreactor Configuration for Fermentation

A complete Winpact one fermenter system for 5 L double jacket vessel (Winpact
Scientific; PS-06-220 model, Saratoga, CA, USA) containing 4.2 L of oxygen saturated
wort was used for fermentation. The fermentation vessel was monitored via a control
unit, which consisted of a dissolved oxygen probe, a pH probe, a foam detection probe,
and a temperature probe with a coolant system connected to the heat exchanger unit
(Winpact one system FS-06 Series). The impeller was set at 100 rpm for gentle mixing,
better consistency of fermentation, and shorter time to attenuation. Dry yeast was activated
according to the Lallemand manufacturer guidelines using 1 g/L of wort. Fermentation
was carried out for 72 h at 20 ◦C. After 72 h fermentation, the impeller was stopped for
yeast cells to flocculate for 6 days at 4 ◦C. About 50 mL of the sample was taken every 12 h
during fermentation and at the end of yeast rest for sugar and ethanol analysis, phenolic
acid, 4-vinyl guaiacol analysis by HPLC, colour of beer by spectrophotometry [14] and
antioxidant activity (AOA) analyses.

2.4. Bottle Maturation of Beer

A sterilised swing-top amber bottle was used for beer packaging. Fermented wort
obtained after flocculation was conditioned to 20± 0.5 ◦C (temperature for beer maturation)
before being filled into the sterilised 0.33 L bottle. Glucose, which was used for carbonation
to obtain dissolved CO2 within 4.7–5 g/L, was calculated using Equation (1) [15]. The filled
capped bottles were kept for 4 weeks at 20 ◦C. Beer samples were analysed weekly for
phenolic acids, 4-vinylguaiacol, monomeric anthocyanin, and AOA.

Cb = Cf +
0.5(0.91D)

Vb
(1)

where Cf is the level of CO2 at end of fermentation, approximately 1.5 g/L; D is the amount
of glucose (g); Vb is the volume of beer per bottle (L); and CB is the carbonation level in the
finished beer (g/L).



Fermentation 2022, 8, 392 4 of 16

2.5. Analysis of Fermented Wort and Matured Beer
2.5.1. Extraction of Phenolic Acids in Wort and Beer via the Non-Hydrolysed Method

A wort/beer sample of 20 mL was adjusted to a pH of 2.5 with HCl (4 M), and 500 mg
of NaCl was added. The mixture was vortexed until NaCl was completely dissolved. Ethyl
acetate of 10 mL was added to the mixture to extract phenolic acids. The mixture was
vortexed and centrifuged at 10,000 rpm for 5 min to obtain the ethyl acetate fraction. The
extraction of phenolic acid was repeated thrice. The ethyl acetate was pooled together and
evaporated at 38 ◦C with a vacuum rotatory evaporator. The dry phenolic extract was
solubilised with 5 mL of 50% methanol and was kept at −20 ◦C prior to sample analysis [2].

2.5.2. Analysis of Phenolic Acids in Composite Malt Wort and Beer

The analyses of ferulic acid, p-coumaric acid, sinapic acid, and vanillic acid were
analysed according to Gonu et al. [11]. A gradient condition was set with a Phenomenex
(USA), Luna® C18 column (250 × 4.6 mm, 5 µm), conditioned at 35 ◦C. The mobile phase
constituted acetic acid (2%) (solvent A) and absolute acetonitrile (solvent B). The mobile
phase elution was performed at a flow rate of 0.8 mL/min with an elution gradient as
follows: 0–5 min, 4% (v/v) B; 5–15 min, 5% (v/v) B; 15–30 min, 10% (v/v) B; 30–50 min,
15% (v/v) B; 50–60 min, 18% (v/v) B; 60–70 min, 20% (v/v) B; 70–72 min, 25% (v/v) B;
72–74 min, 55% (v/v) B; 74–75 min, 70% (v/v) B; 75–78 min, 70% (v/v) B; 78–80 min,
4% (v/v) B; and 80–83 min, 4% (v/v) B. The peaks of ferulic acid, p-coumaric acid, and
sinapic acid were detected at 320 nm, and the peak of vanillic acid was detected at 280 nm.

2.5.3. Quantification of 4-Vinylguaiacol in Wort and Beer

The 4-vinylguaiacol was quantified via HPLC analysis on a Luna C18 column
(250 mm × 4.6 mm, 5 µm) with a mobile phase of 2% aqueous acetic acid (solvent A)
and 100% acetonitrile (solvent B), with flow rates set at 0.35 mL/min and 0.45 mL/min,
respectively. Approximately 20 µL of filtered (0.45 µm nylon filter) phenolic extract was
used for the HPLC analysis. The 4-vinylguaiacol yield via fermentation was determined as
the ratio of 4-vinylguaiacol production (mg/L) to ferulic acid consumption (mg/L), and
the rate of 4-vinylguaiacol production (mg/L/h) was the ratio of 4-vinylguaiacol yield
(mg/L) to fermentation time (h).

2.5.4. Total Anthocyanin by the pH Differential Method

Wort/beer of 0.6 mL was added to 2.4 mL potassium chloride (KCl) buffer of pH 1,
and the same volume of sample was added to 2.4 mL of sodium acetate (CH3COONa) with
pH 4.5. The samples were incubated at room temperature for 15 min, and the spectropho-
tometer absorbance was set at 510 nm and 700 nm for each sample with water used as a
reference [12].

The absorbance (A) of the samples was calculated as

A = (Aλ vis max − A700)pH 1.0 − (Aλ vis max − A700)pH 4.5 (2)

The total anthocyanin pigment (mg/L) was calculated as

Total anthocyanin pigment =
A×MW×DF× 1000

(ε× 1)
(3)

where MW is the molecular weight of anthocyanin (449.2 g/mol), DF is the dilution factor,
and ε is molar absorbance of cyn-3-glu (26,900 L/mol/cm).

2.5.5. Antioxidant Activity via 2,2-Diphenyl-1-picrylhydrazyl (DPPH) and
2-2′-Azino-bis-3-ethylbenzothiazoline-6-sulfonic Acid (ABTS) Assays

The antioxidant activity of wort and beer were assayed by colorimetric methods. The
2,2-di-phenyl-1-picrylhydrazyl (DPPH) is a stable free-radical compound used for a radical
scavenging capacity assay of hydrophobic compounds based on electron transfer activity,
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whereas ABTS is another form of free-radical compound used for an assay of hydrogen
atom transfer by antioxidant compounds soluble in an aqueous and organic solvent.

A DPPH solution of 80 µM was prepared in absolute methanol. A DPPH solution
of 2.9 mL was mixed with a 100 µL sample (wort/fermented wort and beer), deionised
water (blank), or standard Trolox. The mixture was then vortexed and incubated at room
temperature for 60 min and kept in a dark cabinet. The absorbance values of the sample, a
blank, and the standard reaction were taken at a wavelength of 517 nm using a Shimadzu
UV–1800 spectrophotometer. A standard calibration curve of Trolox (0.02–0.08 mM) was
plotted. The antioxidant activity of each sample was expressed as micromole of Trolox
equivalent (TE) per litre (µmoL TE L−1) [16].

The ABTS assay was conducted according to Suriano et al. [16] and Gonu et al. [11].
About 10 mL ABTS solution (7 mM) was prepared containing 2.45 mM potassium persul-
phate. The mixture was kept at room temperature for 16 h in a dark cabinet prior to use.
The 10 mL stock ABTS solution was mixed with reverse osmosis (RO) water to have a final
absorbance of 0.700 ± 0.02 at 734 nm using RO water as a reference. Antioxidant activity
was determined using a similar DPPH reaction volume with an incubation time of 20 min.
A Trolox (0.01–0.08 mM) calibration curve was constructed

2.5.6. Statistical Analysis

Each experimental treatment was carried out in triplicate. The data gathered were
subjected to a two-way analysis of variance (ANOVA) using GenStat Edition 12 (VSN
International, Hemel Hempstead, UK).

3. Results and Discussion
3.1. Glucose and Maltose Dynamics during Fermentation and Beer Maturation

Glucose, maltose, and ethanol in fermented wort were analysed by HPLC. Glucose
content was significantly different (p < 0.05) in the composite wort prior to fermentation
(Figure 1A,B). In the worts, glucose content was the highest in R100 (18.3 mg/L) and the
least in B100 (10.21 mg/L). Substituting barley with 40% (w/w), 60% (w/w), and 80% (w/w)
Riceberry rice malt was directly proportional to the glucose content in the worts. This
is because rice has more starch content, with amylopectin being the major component
(65–85%) compared to the starch amylopectin of barley (42–71.2%) [17]. The amylopectin is
hydrolysed during rice malting by the enzymes limiting dextrinase and alpha glucosidase,
which are in abundance in malted rice [18]. POF− and POF+ utilised glucose rapidly in
the worts of R80B20 and R100 during 36 h fermentation (Figure 1A,B), but it was faster
in POF+. Yeasts of diastaticus variants are characterised as rapid fermenters and have
optimum activity at higher temperatures of 20–35 ◦C [19]. Maltose content in composite
worts reduced with increasing percentages of Riceberry rice malt between 60% (w/w) and
100% (w/w). The maltose content varied significantly (p < 0.05) among the composite
worts produced. The wort B100 had the maximum maltose content (Figure 1C). The
high maltose content in B100 after mashing was because barley malt possesses a higher
amount of beta amylase, which cleaves the non-reducing ends of the polysaccharide chain
to produce maltose [20]. This enzyme activity is limited in rice malt, resulting in low
maltose production during mashing [8]. Hence, barley malt additions complemented
maltose content in the composite wort. The dynamics of maltose during the fermentation
of each composite wort by POF− and POF+ is presented in Figure 1C,D. Both POF− and
POF+ were able to utilise maltose sufficiently within 72 h, and the peak of the maltose
metabolism was within 60–72 h of fermentation. Comparing POF− and POF+, the latter
had a stronger affinity to metabolise maltose during active fermentation (72 h) in each
treatment (Figure 1C,D) and hence is referred to as a super-attenuating yeast [19].
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Figure 1. Dynamic of glucose and maltose during 72 h fermentation of composite wort: glucose
metabolism by POF− (A) and POF+ (B); maltose metabolism by POF− (C) and POF+ (D). BRY 97
(S. cerevisiae), POF−; and Belle Saison (S. cerevisiae var. diastaticus), POF+.

3.2. Ethanol Production

The ethanol production by POF− and POF+ was relatively similar but pronounced
in POF+ within 24 h. After 72 h of active fermentation with POF−, the ethanol yield was
4.0% (v/v), 3.9% (v/v), 3.8% (v/v), 3.6% (v/v), and 3.5% (v/v) in B100, R40B80, R60B40,
R80B20, and R100, respectively. For POF+, values of 4.1% (v/v), 3.7% (v/v), 3.7% (v/v),
3.6% (v/v), and 3.5% (v/v) were recorded in B100, R40B80, R60B40, R80B20, and R100,
respectively. Substituting barley malt with Riceberry rice malt resulted in a low ethanol
yield, unlike the use of unmalted rice as an adjunct, which increases ethanol yield. After
4 weeks of beer maturation, the alcohol content in B100, R40B60, and R60B40 was within
4.0–4.2% (v/v), and that in R80B20 and R100 was 3.6–3.8% (v/v), respectively, for both
POF− and POF+. In this study, beer of R100 had an ethanol content above 3.19–3.28% (v/v),
which was reported in black rice beer by Moirangthem et al. [12] but was below the values
(4.59–5.12% (v/v)) reported by Mayer et al. [9] for malted rice beer.
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3.3. Colour Unit of Cast Wort and Matured Beer

The EBC colour unit was anaylsed [14] and varied among each treatment cast wort,
as shown in Table 2. This was observed in beer after 4 weeks of maturation. Increasing
the percentage of Riceberry rice malt in malt compositions resulted in an increasing colour
unit. This was because Riceberry rice malt contains anthocyanin. It was observed that beer
produced with POF− had a higher EBC colour unit than beer produced with POF+.

Table 2. EBC colour value of composite wort and beer after 4 weeks of maturation produced with
BRY 97 (S. cerevisiae), POF−; and Belle Saison (S. cerevisiae var. diastaticus), POF+.

B100 R40B60 R60B40 R80B20 R100

Cast wort 10.36 ± 0.11 11.89± 0.29 16.43 ± 0.24 26.27 ± 0.18 29.49 ± 0.15
POF− 8.36 ± 0.12 7.36 ± 0.23 13.28 ± 0.11 22.02 ± 0.16 24.46 ± 0.20
POF+ 7.36 ± 0.10 6.97 ± 0.18 12.36 ± 0.05 20.36 ± 0.09 22.15 ± 0.1

3.4. Ferulic Acid Changes and 4-Vinylguaiacol Production during the Brewing Process as an
Impact of Composite Riceberry Rice Malt–Barley Malt and Yeast Type

Wort produced with Riceberry rice malt as a base raw material and as an adjunct
was characterised prior to fermentation. The Riceberry rice malt wort had ferulic acid
(3.8 mg/L) lower than that found in barley malt wort (4.5 mg/L) (Figure 2). The ferulic
acid in each treatment was within a range of 1.5–6.6 mg/L, as reported by McMurrough
et al. [21] and Coghe et al. [3] in wort. In this research, the dynamics of ferulic acid during
the fermentation process by POF− and POF+ yeast is illustrated in Figure 2. Wort fermented
by POF+ yeast had its ferulic acid concentration increase within 36 h (Figure 2). This was
observed in wort produced with 40% (w/w), 60% (w/w), and 100% (w/w) barley malt but
was absent in wort produced with 80% (w/w) and 100% (w/w) Riceberry rice malt. The
increase in ferulic acid during fermentation may be due to the presence of a ferulic acid
complex, such as ferulic-arabinoxylan in barley malt wort [22], which can be liberated
by the POF+ yeast. This group of yeast possesses the phenylacrylic acid decarboxylase
(PAD1) and ferulic acids decarboxylase (FDC1) gene [2] to express feruloyl esterase to
liberate ferulic acid bonded to a solubilised arabinoxylan structure [23]. Beyond 36 h of
active fermentation with POF+, ferulic acid began to decrease. This phenomenon was
not observed in wort fermented with POF− yeast (Figure 2). There was an indication
that POF− yeast lacked the expression of the FDC1 gene during fermentation, but ferulic
acid declined in each wort fermented by POF− (Figure 2), which was associated with
phenolic acid absorption, a phenomenon associated with brewing yeast [24]. At yeast rest
(flocculation), the ferulic acid content decreased in each treatment (Figure 2) and proceeded
to be relatively stable in beer produced with POF− during the 4 weeks of maturation,
and ferulic acid declined in each beer produced with POF+ within 2 weeks of maturation
and maintained stability until the fourth week (Figure 2). The stability of ferulic acid was
associated with two factors, including an increase in carbon dioxide production in the
bottled beer because of the priming sugar, hence creating an anaerobic condition which
limited yeast metabolism [15]. The second factor was the decline in yeast nutrients during
beer maturation. The POF- produced beer after 4 weeks of maturation, and B100, R40B60,
R60B40, R80B20, and R100 recorded ferulic acid of 4.00 mg/L, 3.59 mg/L, 3.54 mg/L,
3.55 mg/L, and 3.34 mg/L, respectively. In beer produced with POF+, the ferulic acid was
3.66 mg/L, 3.48 mg/L, 3.33 mg/L, 2.95 mg/L, and 3.32 mg/L in B100, R40B60, R60B40,
R80B20, and R100 beer, respectively. These concentrations were within the ferulic acid
content (2.8–6.6 mg/L) reported by McMurrough et al. [21] in ale commercial beers.
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The 4-vinglyguaiacol is responsible for the spice/clove characteristic in beverages
and some types of beer. Prior to fermentation, each composite cast wort contained
4-vinylguaiacol, as shown in Figure 2. Its level in boiled wort and cast wort ranged
between 0.15–0.20 mg/L; 0.13–0.17 mg/L; 0.15–0.17 mg/L; 0.14–0.15 mg/L; and 0.11 mg/L
in B100, R40B60, R60B40, R80B20, and R100, respectively. These were within the range
of 0.05–0.28 mg/L reported in wort after mashing and boiling by Coghe et al. [3] and
McMurrough et al. [21]. According to Figure 2, adding Riceberry rice malt to produce wort
led to low 4-vinylguaiacol production via boiling. In addition, that barley malt was the sole
contributor of ferulic acid for 4-vinylguaiacol production. The amount of 4-vinylguaiacol
produced by yeast activity was significantly influenced by the composite wort. Figure 2A–C
show 4-vinylguaiacol production by S. cerevisiae var. diastaticus (POF+), which occurred
simultaneously with ferulic acid release within 36 h. This led to an average 4-vinylguaiacol
content of 0.40 mg/L, 0.32 mg/L, 0.34 mg/L, 0.31 mg/L, and 0.29 mg/L after 72 h of
fermentation in B100, R40B80, R60B40, R80B20, and R100, respectively. Hence, POF+ yeast
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was neither influenced by wort composition nor the amount of ferulic acid present in
wort to produce 4-vinylguaiacol, and the presence of 4-vinylguaiacol before fermentation
did not inhibit its synthesis by POF+ yeast. The 4-vinylguaiacol yield by POF+ yeast was
0.05, 0.04, 0.05, 0.05, and 0.05 in B100, R40B80, R60B40, R80B20, and R100, respectively,
with production rates between 0.002 and 0.003 mg/L/h after 72 h of fermentation. The
amount of 4-vinylguaiacol produced in each fermented wort was within the threshold of
4-vinylguaiacol in 18 types of beer (0.01–0.57 mg/L) reported by McMurrrough et al. [21].
Unlike POF+, the POF− yeast did not possess the ability to decarboxylate ferulic acids to
4-vinylguaiacol in each composite wort (Figure 2) because it lacked the expression of the
PAD1 and FDC1 gene. However, 4-vinylguaiacol produced via boiling prior to fermenta-
tion persisted during fermentation and declined gradually. Bottled beers produced with
POF+ after 4 weeks of maturation had 4-vinylguaiacol content between 0.29–0.37 mg/L,
and that of matured beer produced with POF− ranged between 0.13 mg/L and 0.17 mg/L.

3.5. p-Coumaric Acid Kinetic in Fermented Wort and Beer

The p-coumaric acid in each composite wort prior to fermentation was 2.26 mg/L,
2.65 mg/L, 3.18 mg/L, 3.72 mg/L, and 4.20 mg/L in B100, R40B60, R60B40, R80B20, and
R100, respectively (Figure 3). The difference in malt composition influenced p-coumaric
acid in worts significantly (p < 0.05). The concentration of p-coumaric acid was dependent
on the malted rice fraction. Gonu et al. [13] reported that malted paddy rice contained
high p-coumaric acid because of the rice husk containing more p-coumaric acid [1]. The
p-coumaric acid varied significantly (p < 0.05) with fermentation period and among the
yeast strains. In POF+ fermented wort, p-coumaric acid declined with fermentation period
(Figure 3A) because of the decarboxylation of p-coumaric acid to 4-vinylphenol by POF+

metabolism [5]. This resulted in a reduction in p-coumaric acid by 1.9%, 19.2%, 9.9%,
13.4%, and 8.7% in B100, R40B60, R60B40, R80B20, and R100, respectively, after 72 h of
fermentation. The p-coumaric acid content was stable in POF− fermented wort (Figure 3A).
For the bottled maturation of beer produced with POF+, p-coumaric acid declined after
a week of maturation, and it maintained a relatively stable concentration into week 4 of
beer maturation (Figure 3A). POF+ beer recorded a final p-coumaric acid concentration of
2.10 mg/L in B100, R40B60 (1.98 mg/L), R60B40 (2.74 mg/L), R80B20 (3.07 mg/L), and
R100 (3.66 mg/L). The beers produced with POF− had p-coumaric acid of 2.08 mg/L in
B100, R40B60 (2.42 mg/L), R60B40 (2.96 mg/L), R80B20 (3.50 mg/L), and R100 (3.96 mg/L).
The observed effect of brewing with R100 on the hydroxycinnamic acid profile contradicts
with that of p-coumaric acid reported by Moirangthem et al. [12] in rice beer, which was
below the ferulic acid concentration. The variation in results reported can be associated
with the mashing schedule, boiling period, the type of rice cultivar, and the phenolic
acid extraction process. In this study, prior to phenolic extraction, the acidification was
carried out, which was absent in the work by Moirangthem et al. [12]. Nevertheless, worts
produced with 50% of rice and 50% barley malt contained higher p-coumaric acid than
ferulic acid [2], which corroborates with this study. However, inadequate data exist on
rice malt as an adjunct on hydroxycinnamic acid in beer. This study suggests that paddy
rice malt additions changed the dynamics of hydroxycinnamic acid and the potential of
more decarboxylated p-coumaric acid during boiling and fermentation with POF+, unlike
conventional beer brewed with barley malt [2] or wheat malt [3], which have higher
concentrations of ferulic acid and 4-vinylguaiacol.
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posite wort (B100, R40B60, R60B40, R80B20, and R100) by the two yeast strains BRY 97 (S. cerevisiae),
POF−; and Belle Saison (S. cerevisiae var. diastaticus), POF+.

3.6. Sinapic Acid (SA) Kinetics in Fermented Wort and Beer

The sinapic acid kinetics in composite worts during 72 h of fermentation by POF− and
POF+ yeast is illustrated in Figure 3B. In cast worts of B100, R40B60, R60B40, R80B20, and
R100, the SA content was 0.82 mg/L, 0.78 mg/L, 0.77 mg/L, 0.81 mg/L, and 0.79 mg/L,
respectively, and was present in each fermented wort and bottled beer (Figure 3B). The
amount of SA in worts before fermentation and during fermentation was the least among
the phenolic acids analysed. The fermented wort after 72 h by POF− recorded a decline
in sinapic acid by 4.89%, 3.8%, 2.6%, 10.0%, and 6.3% in B100, R40B60, R60B40, R80B20,
and R100, respectively. Sinapic acid reduction is linked to two activities: the adsorption of
sinapic acid by the yeast cell wall, and sinapic acid polyphenol complex formation, which
precipitates during fermentation and yeast rest [25]. In worts fermented with POF+, sinapic
acid is significantly reduced in B100 (19.5%), R40B60 (21.8%), R60B40 (27.3%) R80B20
42.5%), and R100 (34.2%).

3.7. Vanillic Acid Dynamics in Fermented Wort and Matured Beer

Vanillic acid is classified among hydroxybenzoic acids. The concentration of vanillic
acid varied significantly in each sample (Figure 3C). Riceberry rice malt as an adjunct
elevated vanillic acid content in worts produced because Riceberry rice malt contains high
vanillic acid [13]. The dynamics of vanillic acid after 72 h of fermentation (Figure 3C)
among the two yeast strains were similar to those of sinapic acid. For the reduction in
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vanillic acid from worts to beer, there was a similar pattern observed in all black rice malt
beer (a decline from 3.37 mg/L in wort to 3.06 mg/L in beer), but in white kernel rice malt
beer, vanillic acid increased from 0.29 mg/L to 0.52 mg/L despite using the same yeast
strain Nottingham ale dried yeast [12]. These comparisons suggest that vanillic acid can be
metabolised by the brewing yeasts or reduce via precipitation in the pigmented fermented
wort, as observed in this study. Vanillic acid concentrations after 4 weeks in beer were
3.43 mg/L, 4.05 mg/L, 4.15 mg/L, 5.94 mg/L, and 6.37 mg/L in B100, R40B60, R60B40,
R80B20, and R100, respectively, with POF−. In addition, in POF+ matured beer, vanillic acid
content was 2.76 mg/L, 3.47 mg/L, 3.56 mg/L, 4.89 mg/L, and 5.06 mg/L in B100, R40B60,
R60B40, R80B20, and R100, respectively, which were above the vanillic acid concentratiosn
reported by Moirangthem et al. [12] in rice beer produced from pigmented rice (3.06 mg/L)
and non-pigmented (0.52 mg/L) rice. However, vanillic acid concentrations in this study
and those reported by Moirangthem et al. [12] were above the ferulic, p-coumaric, and
sinapic acid reported in beer samples; hence, the use of pigmented rice malt as an adjunct
in the brewing process improves vanillic acid concentrations in beers.

3.8. Dynamics of Monomeric Anthocyanin in Fermented Wort and Beer

Figure 4 illustrates monomeric anthocyanin kinetics during fermentation for each
treatment. Before fermentation, monomeric anthocyanin was present in worts containing
Riceberry rice malt, except for B100. The monomeric anthocyanin declined as fermentation
progressed and experienced a further reduction during the yeast flocculation period in
both POF− and POF+ fermented wort (Figure 4) samples. The reduction in monomeric
anthocyanin was because of the precipitation of anthocyanin due to the decline in pH and
the yeast cell membrane adsorption of anthocyanin during fermentation [26]. Furthermore,
anthocyanin can precipitate via anthocyanin and hydroxycinnamic acid interactions, but
this requires a prolonged period [27], such as during beer maturation. According to
de Freitas et al. [27], declines in anthocyanin during fermentation are also contributed
to by yeast metabolites such as acetaldehyde, which reacts with anthocyanin to form
pyranoanthocyanins or polymeric anthocyanin. The transformed compound reacts with
proteins and precipitates at low temperatures during yeast flocculation [28]. Hence, there
is a low anthocyanin content in composite beer containing high barley malt proportions
(60–100% (w/w)) because barley is a rich source of protein. These factors, in addition to
the instability of monomeric anthocyanin, collectively led to the decline of the EBC colour
value of beer after 4 weeks of maturation in R80B20 and R100 significantly (Table 1).
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3.9. Antioxidant Activity (AOA) during Wort Fermentation and in Beer via DPPH and
ABTS Assay

The antioxidant activity via DPPH assay during fermentation among the five com-
posite worts by each yeast strain are shown in Figure 5A,B. The AOA of the fermentation
in each composite wort was significantly different (p < 0.05) and was more noticeable in
the R80B20 and R100 treatments. The antioxidant activity of R80B20 and R100 in each
fermentation treatment was similar (Figure 5). Likewise, the fermented worts of B100,
R40B60, and R60B80 shared similarity of antioxidant activity. The fermentation of worts by
POF+ was associated with unstable antioxidant activity, as shown in Figure 5B, because
of the POF+ ability to metabolise phenolic acids, including ferulic acid to 4-vinylguaiacol
and p-coumaric and sinapic acid to 4-vinylphenol and 4-vinylsyringol, respectively [5].
These phenolic derivatives possess less antioxidation. Each fermented wort containing
Riceberry rice malt between 40% (w/w) and 100% (w/w) had higher or equal antioxidant
activity relative to B100. Although some antioxidants are associated with oxidation stability,
others can serve as being pro-oxidant, thus influencing the total antioxidation stability of
the fermented wort or the end product of beer. Barley malt beer has been reported to have
less oxidation stability compared to black rice malt beer [12]. The high antioxidant activity
in R40B60, R60B40, R80B20, and R100 was attributed to the trace amount of monomeric
anthocyanin present in the beer, the high vanillic acid content, and the potential of low
pro-oxidant species possessed in rice malt relative to barley malt beer, as proposed by
Moirangthem et al. [12]. In the course of bottled beer maturation with POF− for 4 weeks at
20 ◦C, the DPPH assay revealed a steady decline in antioxidant activity between 1–2 weeks,
and it maintained stable antioxidant activity between 3 and 4 weeks. Hence, antioxidant
activity via DPPH assay had ranges of 748.8–782.6 µmoL TE/L, 745.6–756.1 µmoL TE/L,
750.1–761.7 µmoL TE/L, 901.2–924.9 µmoL TE/L, and 961.0–970.8 µmoL TE/L in B100,
R40B80. R60B40, R80B20, and R100, respectively, in the beer produced with POF−. In POF+

beer, AOA was 756.8–785.7 µmoL TE/L, 778.3–795.2 µmoL TE/L, 820.6–835.0 µmoL TE/L,
900.9–918.8 µmoL TE/L, and 878.5–895.1 µmoL TE/L in B100, R40B80, R60B40, R80B20,
and R100, respectively. Few data are available on the AOA of rice beer and composite beer
with rice. However, Ceccaroni et al. [11] reported AOA in rice beer via a DPPH assay with
a range of 437–587 µmoL TE/L, which is below the values recorded in this study because
of rice cultivar variation. Nevertheless, the range of AOA via DPPH was within the range
of values recorded for some commercial Polish beer, such as wheat beer (>500 µmoL TE/L),
lager (>1200 µmoL TE/L), bock beer (>2000 µmoL TE/L), and porter beer (>2200 µmoL
TE/L) [29].
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The AOA of fermenting composite worts via ABTS assay is illustrated in Figure 6. The
mean AOA via ABTS assay was significantly different among the treatment carried out
for each yeast strain. The ABTS assay maintained a similar pattern, as reported for AOA
via DPPH. POF− beer had AOA of 1615.6–1625.3 µmoL TE/L, 1461.4–1491.4 µmoL TE/L,
1470.2–1492.9 µmoL TE/L, 1706.3–1745.4 µmoL TE/L, and 1702.8–1723.6 µmoL TE/L in
B100, R40B80. R60B40, R80B20, and R100, respectively. However, POF+ beer had AOA in
B100, R40B80. R60B40, R80B20, and R100 as 1589.3–1650 µmoL TE/L, 1525.5–1558.6 µmoL
TE/L, 1608–1636.6 µmoL TE/L, 1765.8– 800.8 µmoL TE/L, and 1721.9–1754.4 µmoL TE/L,
respectively. The AOA values were above the antioxidant activity via ABTS recorded for
12 non-hydrolysed dark beer samples, which ranged between 390 and 720 µmoL TE/L [30]
but were below the AOA in beer produced with specialty rice malt with 2860 ± 440 µmoL
TE/L [31]. This was because the AOA was assayed using the native beer, hence the potential
interference of other macromolecules, such as proteins.
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and R100) by the two yeast strains BRY 97 (S. cerevisiae), POF− (A); and Belle Saison (S. cerevisiae var.
diastaticus), POF+ (B).

4. Conclusions

Using Riceberry rice malt as a raw material for brewing purposes is feasible. Using
Riceberry rice malt as an adjunct for beer production influenced phenolic acid by reducing
ferulic acid and elevating vanillic acid in wort at 40% (w/w), 60% (w/w), 80% (w/w), and
100% (w/w). The reduced ferulic acid led to low production of 4-vinylguaiacol in wort and
in beer by POF− and POF+ yeast strains. Substituting barley malt with Riceberry rice malt
increased monomeric anthocyanin content in wort produced, and it was present in the final
beer. Hence, there was higher antioxidant activity in cast wort and beer than all barley wort
and beer produced. The study revealed that the amount of phenolic acids and monomeric
anthocyanin in wort prior to fermentation are a determinant of the antioxidant activity in
beer. However, phenolic acid metabolising yeast such as S. cerevisiae var diastaticus (POF+),
which can convert hydroxycinnamic acids to volatile phenolic acids (4-vinylguaiacol), can
influence the final antioxidant activity in beer relative to beer produced with S. cerevisiae
(POF−), which maintains a relatively stable antioxidant activity. This study suggests that
using pigmented rice such as Riceberry rice malt as an adjunct can increase vanillic acid
and monomeric anthocyanin content in worts and can improve the antioxidation activity
of beer.
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