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This study investigated the effects of reducing sugars and protein-to-sugar ratios on generating volatile
compounds from nutritional yeast hydrolysates after Maillard reaction. Nutritional yeast extract (NYE)
was cleaved using Flavourzyme®™ at an enzyme-to-substrate ratio of 0.5% w/w, followed by heat treatment
with varying concentrations of reducing sugars (i.e., hexoses: glucose and fructose and pentoses: xylose
and ribose). The results showed that pentoses generate higher numbers and concentrations of volatiles
than hexoses, especially furans, Strecker aldehydes, and sulphur-containing compounds such as dimethyl
disulphide. However, hexoses produced higher concentrations of pyrazines. Strecker aldehydes and pyra-
zines served as key aroma-active compounds in meat aroma. Likewise, sulphur-containing compounds
played an important role in meat aroma due to their low detection threshold. The results showed that
reducing sugars significantly impacts the volatile profile of NYE, potentially influencing the formation of
meaty aroma compounds. These findings demonstrate the potential of MRPs to enhance meaty flavours
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Introduction

Nutritional yeast extract (NYE), derived from the
deactivated and dried cells of the yeast Saccharomyces
cerevisiae, offers a readily available and inexpensive
source of protein and amino acids for the food industry.
Produced through enriched medium fermentation, NYE
boasts a high protein content (40-60% dry weight)
(Bekatorou et al., 2006; Shurson, 2018; Ma et al., 2023),
which makes NYE a promising substrate for generating
meaty flavours through the Maillard reaction.

Maillard reaction is a well-established technique in
the food industry used to create complex flavours. It
involves a series of reactions between proteins and
reducing sugars. These reactions begin with an initial
condensation, followed by a cascade of interactions
between the reactants that ultimately generate aroma-
active compounds (Zhang et al., 2018; Raza et al.,
2020b). Aroma-active volatiles, such as pyrazines and
sulphur-containing compounds, can also be derived
from the Maillard reaction, even with plant protein

*Correspondent: E-mail: chiang_jie_hong@sifbi.a-star.edu.sg

doi:10.1111/ijfs.17373
© 2024 Institute of Food Science & Technology (IFST).

substrates, contributing to meaty aromas. The com-
plexity of Maillard reaction arises from its dependence
on numerous factors, such as temperature, pH, reac-
tion time, water activity, and the type of protein,
amino acids, or sugars involved. Slight variations in
these factors can lead to unique reaction outcomes.
Hence, the control of Maillard reaction can play a cru-
cial role in shaping the flavour profile of NYE. For
example, the initial phase of the Maillard reaction is
critically dependent on reducing sugars, acting as pre-
cursors for flavour development and influencing reac-
tion kinetics. Parker (2015) reported that aldopentoses
are more reactive than aldohexoses and disaccharides,
influencing the type of volatile compounds formed
during the Maillard reaction. This highlights the cru-
cial role of sugar selection in optimising Maillard reac-
tion for desired flavour profiles.

Researchers have explored the impact of various
reducing sugars on the Maillard reaction and resulting
volatile profiles in Maillard reaction products (MRPs).
Begum ef al. (2019) and Zhang et al. (2019) investi-
gated the Maillard reaction using various types of
bone broth hydrolysate as starting reactants. The
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authors studied how adding reducing sugars such as
glucose and xylose affected the Maillard reaction and
the flavour compounds produced. In contrast, other
studies focused solely on the influence of reducing
sugars (e.g., glucose, fructose, galactose, and ribose)
on protein precursors like casein and yeast protein
(Brands & van Boekel, 2001; Raza et al., 2020b).
These diverse studies collectively emphasise how both
starting materials and reaction conditions can signifi-
cantly impact the final aroma profile of MRPs.

Despite the widespread use of yeast protein in the food
industry, a critical gap remains in understanding how dif-
ferent reducing sugars influence the development of
meaty flavours during the Maillard reaction with NYE
after being hydrolysed. Nutritional yeast hydrolysates
(NYH), rich in amino acids and peptides, serve as a
source material for MRPs. These MRPs can be employed
to enrich the flavour profile of various food products,
predominantly plant-based alternatives. While NYH con-
tributes a savoury note on their own, Maillard reaction
unlocks a more intricate and nuanced flavour profile,
ideal for enhancing the sensory experience of plant-based
meats. Previous research has also demonstrated the
potential of yeast extract in the development of meaty
volatile compounds (Mahadevan & Farmer, 2006; Alim
et al., 2018; Wang et al., 2019) and the potential between
the reaction of yeast protein with various sugars in Mail-
lard reaction to product meat-like volatiles (Lin
et al., 2014; Raza et al., 2020a, 2020b). While the role of
Maillard reaction in aroma development in yeast and
other proteins has been established, understanding its
specific effects on aroma development within the context
of nutritional yeast is still evolving. Thus, further investi-
gation is needed as understanding the relationships
between reducing sugars and nutritional yeast during
Maillard reaction would allow better strategies to be
developed in the context of flavour optimisation of nutri-
tional yeast, making them more comparable to their
meaty flavour counterparts (e.g., bone broth hydroly-
sates). This study addresses this gap by investigating the
specific impact of different reducing sugars (i.e., pentoses
and hexoses) on the MRPs derived from NYH. Flavour-
zyme® was used to hydrolyse the NYE, which was then
subjected to heat treatment with various reducing sugars
at different concentrations. The generated MRPs were
analysed for browning intensity, pH, and volatile com-
pounds using solid-phase microextraction coupled with
gas chromatography-mass spectrometry.

Materials and methods

Materials

Nutritional yeast (Bob’s Red Mill, 48.17 £ 0.47%
protein) was purchased from Phoon Huat Pte Ltd.
(Singapore) as the protein substrate. Flavourzyme®
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1000 L (1000 Leucine Amino Peptidase Units g ',
Batch: HPNO00565) was obtained from Novozymes
(Bagsverd, Denmark). All reducing sugars, glucose,
fructose, D-xylose, and D-ribose were bought from
Phoon Huat Pte Ltd. (Singapore), The Green Earth
Organic LLP (Singapore), Sigma Aldrich (Singapore),
and Kimic Chemitech Pte Ltd (Singapore), respectively.
Alkane standards (C7-C30) and 2-methyl-3-heptanone
were procured from Sigma Aldrich (Singapore). Ultra-
pure water purified using Milli-Q equipment (Millipore
Corporation, Massachusetts, USA) was used. All other
reagents and chemicals used were of analytical grade.

Enzymatic hydrolysis of nutritional yeast extract

The enzymatic hydrolysis of NYE was carried out in
accordance with Chiang et al. (2022). A homogenous pro-
tein dispersion (10% w/w) was prepared by hydrating
nutritional yeast flakes in ultrapure water and stirred mag-
netically overnight at room temperature. The dispersion
was adjusted to pH 6 using 1 mol/L NaOH and mixed
with Flavourzyme® at an enzyme-to-substrate ratio of
0.5% w/w (enzyme-to-protein weight). The hydrolysis
reaction was conducted at 50 °C (based on the manufac-
turer’s specification) using a temperature-controlled orbital
shaker (Max Q6000, ThermoFisher Scientific, USA) for
2 h at 150 rpm. The enzyme was then inactivated by heat-
ing the hydrolysate in a 95°C water bath for 15 min. The
NYH was stored at 4 °C for subsequent analysis.

Preparation of Maillard reaction products (MRPs)

The hydrolysate and reducing sugars (i.e., glucose [G],
fructose [F], xylose [X], and ribose [R]) were mixed in
different protein-to-sugar ratios of 1:0.5, 1:1 and 1:2,
with the pH of the solutions being adjusted to 6.5
according to Chiang et al. (2022). The samples were
labelled as “protein-to-sugar ratio” (e.g., G-0.5, indi-
cating using glucose as the reducing sugar, followed by
1:0.5 protein-to-sugar ratio) in this study. The Mail-
lard reaction of the hydrolysate was carried out in a
temperature-controlled shaking water bath (BT-350D,
Yihder Technology, Taiwan) at 100 °C for 2 h at
120 rpm with reference to Chiang et al. (2022). The
NYE and hydrolysate (NYH, without adding reducing
sugars) were also heat-treated to serve as controls. The
resultant MRPs were cooled and kept at 4 °C until
further analysis. The pH values of the MRPs were
measured and recorded using a benchtop pH meter
(S220, SevenCompact™, Mettler-Toledo AG, Switzer-
land). The pH meter was calibrated using buffer solu-
tions (pH 4, 7 and 9.21) before analysis.

Browning intensity analysis

The browning intensity of the samples was measured
according to Chiang et al. (2019). The samples were
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diluted to 1.25 mg/mL with ultrapure water before
measuring the absorbance of the diluted hydrolysates
at 420 nm (absorption) and 550 nm (turbidity correc-
tion). The browning index is determined using eq. (1):

Browning index (A}y) = Aa—Asso (1)

Volatile compounds analysis

The wvolatiles were extracted using headspace
solid-phase microextraction (HS-SPME) and were ana-
lysed by gas chromatography-mass spectrometry (GC—
MS), according to Chiang et al. (2022) and Sun
et al. (2014). Samples (1 g) were mixed with 1 g of
sodium chloride solution (30% w/w) in a 20 mL
flat-bottom headspace vial. The internal standard was
2-methyl-3-heptanone (0.0005% v/v) in methanol:
water (50:50). The vial was sealed with PTFE-coated
silicone septa screw caps. Before headspace solid-phase
microextraction (SPME), the SPME fibre coated with
50/30 pm  DVB/CAR/PDMS (Supelco, Bellefonte,
USA) was conditioned at 270 °C for 30 min. The fibre
was then exposed in the static headspace mode for
30 min at 60 °C with an autosampler (PAL RSI 120,
Agilent, USA) after the samples were equilibrated for
15 min with agitation. Volatile compounds were then
dissociated at 240 °C for 5 min in spitless mode.

The volatiles of each sample were analysed by gas
chromatography (GC; 7890B, Agilent, USA) equipped
with a mass spectrometer (MS; 5977B, Agilent, USA).
The separation analysis was carried out on a
60 m x 0.32 mm id X 0.5 pm ZB-WAXplus™ capil-
lary column (Zebron, Phenomenex, USA) with helium
at a 1.0 mL/min flow rate as carrier gas. The tempera-
ture oven program was as follows: the temperature
was kept at 40 °C (5 min), 40-210 °C (4 °C/min),
210-240 °C (10 °C/min), and 240 °C (5 min). The
transfer line towards the MS was maintained at
250 °C while the transfer line towards the quadrupole
was maintained at 150 °C. The scanning speed was set
at 1562 u/s, and mass spectra were fixed at 30-300 m/z
ranges. National Institute of Standards and Technol-
ogy (NIST14) database and retention indices (RI) were
used to identify the volatile compounds. The concen-
tration of the volatiles was derived by comparing the
peak area of the volatiles to a standard curve estab-
lished using the peak area of different concentrations
of the internal standard (in ppm). Relative RI values
were calculated using an n-alkanes series (C7-C30).

Data analysis

All experiments were carried out in triplicates and ana-
lysed with two-way multivariate variance analysis
(MANOVA) using Minitab® 17 statistical software
(Minitab Inc., USA). The results are expressed in
mean =+ standard deviation. Two-way MANOVA was
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used to analyse the relationship between E/S ratios
(0% and 0.5% w/w) and sugars (no sugar — NYE and
NYH, G, F, X and R) and the relationship between
sugars (G, F, X and R) and sugar ratios (1:0.5, 1:1
and 1:2). Principal component analysis (PCA) was
conducted using Minitab® 17 statistical software to
evaluate the relationships between specific volatiles
and the samples. Origin 2020 software (OriginLab
Corp, Massachusetts, USA) was used to plot all
figures.

Results and discussion

pH and browning intensity

The extent of the Maillard reaction could be indicated
by pH and browning intensity. As there was no exter-
nal pH control during the heat treatment, the initial
pH of 6.5 decreased due to the consumption of amino
groups during Maillard reaction (Liu et al., 2008). At
the same time, Maillard reaction progressed to the
advanced stage as the browning intensity increased by
producing brown pigments, also known as melanoidins
(Laroque et al., 2008). Figure 1 shows the changes in
pH and browning intensity with various protein-to-
sugar ratios for each sugar type. The pH and brow-
ning intensity of the MRPs decreased and increased
after heat treatment as the protein-to-sugar ratios
increased, respectively.

The decrease in pH was attributed to the production
of organic acids, where the reducing sugar degrades
and reacts with proteins and amino acids under heat
during Maillard reaction (Lertittikul er al., 2007; Liu
et al., 2014). Organic acids like acetic acid could be
formed from bond cleavage reactions involved in the
Strecker reaction or sugar degradation, which often
indicates that Maillard reaction had reacted to the
final stage (Resconi et al., 2013; Li et al., 2021). At the
same time, browning intensity serves as a potential
metric to quantify the degree of Maillard reaction
advancement. The increase in intensity would indicate
that the reaction had progressed to the later stages of
Maillard reaction, which would often be accompanied
by brown pigments (Fig. 2), leading to higher brow-
ning intensity values (Laroque et al., 2008).

Effects of sugar types

The pH of MRPs, when reacted with pentoses, was
lower than that of hexoses (Fig. 1a), which was also
reported by Chen & Kitts (2011). Pentoses are gener-
ally more reactive than hexoses due to the cyclic forms
of sugars being less stable, making them react more
readily with the amino compounds than hexoses (Lar-
oque et al., 2008). This would indicate that the
amounts of acids produced by pentose would be
higher than hexose within the same reaction time,
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Figure 1 (a) pH and (b) browning intensity of Maillard reaction
products (MRPs) at enzyme-to-substrate (E/S) ratio of 0.5% w/w,
sugar types (glucose, fructose, xylose, and ribose) and protein-to-
sugar (1:0.5, 1:1 and 1:2) ratios. Data are presented as the mean and
standard deviation of three replicates.

which eventually caused a greater decrease in pH
(Parker, 2015; Karangwa et al., 2017).

Browning intensity of the MRPs was also observed
to be higher in pentoses than in hexoses (Figs 1b and 2).
The reactivity of pentoses could be greater than hex-
oses due to the higher amount of oxo form, which is
the open-chain form of sugar that could promote the
reaction between carbonyl and amino ends of sugar
and protein, respectively (Eskin et al., 2013). These are
present in pentoses, allowing them to form more
brown pigments, thus resulting in higher browning
intensity. However, the effects of glucose and fructose
on the browning intensity of MRPs were supported by
different stances across various literature. Karangwa
et al. (2017) and Kwak & Lim (2004) reported that
glucose-derived MRPs had greater browning intensity
than fructose-derived MRPs because glucose is an
aldose. The presence of the aldehyde group in the
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acylic form of an aldose is more electrophilic than the
keto group of the acyclic form of ketoses. This
resulted in aldoses being more reactive than ketoses
during the Maillard reaction. On the other hand, Sun
et al. (2004) and Benjakul et al. (2005) reported that
fructose-derived MRPs had higher browning intensity
than glucose-derived MRPs, which had a similar trend
as the results reported in this study. This could be due
to fructose having more open-chain forms than glu-
cose, allowing the sugar to more readily react with an
amino acid to form an amino-sugar complex (Benjakul
et al., 2005; Phisut & Jiraporn, 2013).

It could be seen that the heat treatment of NYH
with sugar types resulted in decreased pH and
increased browning intensity. Hence, the reactivity of
reducing sugars was observed in the following order:
ribose > xylose > fructose > glucose.

Effects of protein-to-sugar ratios
The changes in protein-to-sugar ratios influenced the
pH and browning intensity of the MRPs are shown
in Fig. 1. Higher initial sugar concentrations likely
resulted in a more extensive Maillard reaction due to
an increased availability of reactants for the initial
condensation between sugars and amino groups. The
results aligned with Liu et al. (2008), who reported
decreased pH values across the galactose/glycine model
systems with increasing sugar concentrations. Consis-
tent with these findings, MRPs prepared with higher
protein-to-sugar ratios displayed an overall increase in
browning intensity. Benjakul ez al. (2005) reported that
higher browning intensity values were observed as the
sugar concentration in the initial reactants increased.
Overall results showed that sugar types and protein-
to-sugar ratios influenced the pH and browning inten-
sity of MRPs. Pentose (i.e., ribose and xylose) at a
higher protein-to-sugar ratio (e.g., 1:2) led to a more
pronounced decrease in pH and increased browning
intensity, suggesting a greater extent of Maillard reac-
tion. This observation highlights the potential for tai-
loring the reaction conditions to achieve desired
characteristics in MRPs.

Volatile compounds

Analysis of volatile compounds in MRPs derived from
different sugar types (i.e., glucose, fructose, xylose, and
ribose) and protein-to-sugar ratios (e.g., 1:0.5, 1:1, and
1:2) revealed a diverse range of volatile compounds
(Table 1). These volatiles can be broadly classified into
the following groups.

Pyrazines

Pyrazines contribute to the roasted, meaty and nutty
aroma in model meat systems and are detected at
low odour thresholds. Pyrazines are associated with

© 2024 Institute of Food Science & Technology (IFST).



Color

(

Nutritional
yeast

Glucose

Fructose

NYE

Xxxx A. H. P. Theng et al.

NYH

Xylose

Ribose

1:0.5 1:1 1:2

Figure 2 Visual images of nutritional yeast extract (NYE), nutritional yeast hydrolysate (NYH) at E/S ratios of 0.5% w/w, and Maillard reac-
tion products derived from glucose, fructose, xylose, and ribose at protein-to-sugar ratios of 1:0.5, 1:1, and 1:2 (left to right).

various meat types; for instance, alkylpyrazines (e.g.,
methylpyrazine and 2,6-dimethylpyrazine) have been iden-
tified in chicken and lamb subjected to high-temperature
cooking methods like roasting and grilling (Jayasena
et al., 2013; Resconi et al., 2013). However, the numbers
and concentrations of pyrazines detected in plant sources
(e.g., flaxseed, rice bran, pea, wheat and rice) were low
(Ko et al., 2005; Frank et al., 2016a, 2016b).

Nine pyrazines were observed in all samples (Table 1).
NYE exhibited a lower amount of pyrazines (i.e.,
methylpyrazine, 2,6-dimethylpyrazine) than chicken
bone extract, previously reported by Chiang er al.
(2022). This difference likely arises from the lack of spe-
cific amino acids (e.g. creatine) or dipeptides (e.g., car-
nosine and anserine) in plant sources that influence the
type and amount of pyrazines produced compared with
in animal meat (Wu, 2020). The hydrolysis of NYE with
Flavourzyme® did not alter pyrazine formation or con-
centration. Notably, some pyrazines (e.g., 2-ethyl-5-
methylpyrazine, 3-ethyl-2,5-dimethylpyrazine and 2-
ethyl-3,5-dimethylpyrazine) were found at lower levels
in NYH compared with NYE. Although enzymatic
hydrolysis breaks down the proteins and peptides of
NYE into smaller fragments such as di- or tri-peptides
and free amino acids as flavour precursors (Purbanin-
grum et al., 2023), this process apparently does not
influence pyrazine levels in the hydrolysate. A possible
explanation for the decrease in these specific pyrazines
could be the preferential breakdown of precursor amino
acid combinations by the enzyme (Meinlschmidt et al.,
2016; Cui et al., 2021).

The addition of four reducing sugars to NYH dur-
ing heat treatment did not significantly increase overall

© 2024 Institute of Food Science & Technology (IFST).

pyrazine levels (Table 1). However, there was a nota-
ble exception where MRPs derived from fructose, a
hexose sugar, exhibited pyrazine concentrations 3.8—
7.4 times higher than NYH alone. This highlights the
influence of sugar type on pyrazine formation during
the Maillard reaction. Interestingly, the reducing
sugars appeared to promote the generation of specific
pyrazines (e.g., methylpyrazine and 2,6-dimethylpyra-
zine). However, the extent of this increase varied
significantly, with hexoses generally leading to higher
pyrazine concentrations in MRPs than in pentoses.
Hexoses provide more potential carbon backbones to
form complex molecules like pyrazines during the
Maillard reaction. The extra carbon atom in hexoses
offers more building blocks for creating these volatile
compounds than pentoses (Sun et al., 2023). Fructose,
a ketose sugar, exists primarily in a furanose form,
which is inherently more reactive than the pyranose
form in glucose (an aldose sugar). The furanose struc-
ture, along with the ketose nature, potentially contrib-
utes to an increased efficiency in forming pyrazines
during the Maillard reaction (Li et al., 2020; Laemont
& Barringer, 2023).

The type of reducing sugar added to NYH impacted
the number of pyrazines present in the MRPs
(Table 1). This was observed through the absence of 2-
ethyl-3,5-dimethylpyrazine  and  2,3,5-trimethyl-6-
ethylpyrazine, and lower concentrations of ethylpyra-
zine and 2-ethyl-5-methylpyrazine in pentose-derived
MRPs. The higher reactivity of pentoses might lead to
a more rapid consumption during the initial stage of
the Maillard reaction compared with hexoses (Laroque
et al., 2008). This could leave fewer reactive
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Table 1 Volatile compounds of heat-treated nutritional yeast extract (NYE), heat-treated nutritional yeast hydrolysate (NYH) and
Maillard reaction products (derived from NYH-sugar mixtures) at enzyme-substrate (E/S) ratio of 0.5% w/w with different sugar

types and ratios

Relative concentration (ppm)*

Glucose (G)
Compounds RI* NYE NYH G-0.5 G-1 G-2
Strecker aldehydes
2-methyl propanal 802 ND ND ND ND ND
Methional 1512 ND ND ND ND ND
Benzeneacetaldehyde 1697 ND ND ND ND ND
Aldehydes
Heptanal 1208 0.245 + 0.051° 0.129 + 0.028° 0.137 + 0.040°°¢f 0.155 + 0.024°°° 0.132 + 0.048°F
3-methyl-2-butenal 1229 ND ND ND ND ND
Octanal 1328 0.046 + 0.006° ND ND ND ND
Nonanal 1443 0.115 + 0.008* ND ND ND ND
Benzaldehyde 1587 0.369 + 0.098 0.311 £ 0.063 0.347 + 0.073% 0.334 -+ 0.068" 0.319 =+ 0.054°
Ketones
2-octanone 1326 ND 0.016 =+ 0.001° 0.015 + 0.001* 0.015 + 0.001? 0.013 =+ 0.003"
1-hydroxy-2-propanone 1350 ND ND ND ND ND
Furans
2-methyl furan 845 ND ND ND ND ND
2-(2-propenyl)furan 1235 ND ND ND ND ND
2-propyl furan 1574 ND ND ND ND ND
Furfural 1520 ND 0.016 + 0.0067 0.036 + 0.008" 0.050 + 0.003* 0.070 + 0.004%
1-(2-furanyl)ethanone 1564 ND ND ND ND ND
1-(2-furanyl)-1-propanone 1632 ND ND ND ND ND
2,2'-bifuran 1650 ND ND ND ND ND
2,2'-methylenebisfuran 1658 ND ND ND ND ND
2-furanmethanol 1702 ND 0.025 =+ 0.004° 0.199 =+ 0.000° 0.353 + 0.049" 0.493 + 0.119°
1-(2-furanyl methyl)- 1H-pyrrole 1856 ND ND ND ND ND
4-(2-furanyl)- 3-buten-2-one 1922 ND ND ND ND ND
Lactones
2(5H)-furanone 1803 ND ND ND ND ND
Sulphur-containing compounds
Dimethyl disulphide 1074 ND ND ND ND ND
Dimethyl trisulphide 1445 ND ND ND ND ND
Thiophenes
5-methyl-2-thiophenecarboxaldehyde 1641 ND ND ND ND ND
Pyrazines
Methylpyrazine 1313 0.016 + 0.002* 0.031 =+ 0.005" 0.043 + 0.004°¢ 0.050 + 0.001 0.050 -+ 0.007°¢
2,6-dimethylpyrazine 1379 0.058 + 0.008% 0.056 + 0.006" 0.057 + 0.009% 0.056 + 0.007% 0.047 + 0.008"
Ethylpyrazine 1389 0.015 + 0.001¢ 0.016 + 0.002¢ 0.012 + 0.003¢ 0.016 + 0.005¢ 0.017 + 0.002%¢
2-ethyl-5-methylpyrazine 1452 0.042 + 0.007% 0.024 + 0.004% 0.037 + 0.024% 0.021 + 0.003* 0.018 =+ 0.003"
3-ethyl-2,5-dimethylpyrazine 1505 0.231 + 0.008% 0.194 + 0.0227 0.187 + 0.038* 0.211 + 0.009? 0.218 + 0.0407
2-ethyl-3,5-dimethylpyrazine 1523 0.041 + 0.004* 0.029 =+ 0.003" 0.027 + 0.006% 0.026 + 0.003" 0.024 + 0.002°
2-ethenyl-6-methyl pyrazine 1551 ND ND ND ND ND
2,3,5-trimethyl-6-ethylpyrazine 1573 0.032 + 0.001° 0.038 + 0.004° 0.029 + 0.020° 0.024 + 0.005° 0.031 + 0.007°
2-methyl-5-(2-propenyl)pyrazine 1616 0.037 + 0.005% 0.032 + 0.003* 0.031 + 0.004% 0.030 + 0.005% 0.028 + 0.004?
Acid
Acetic acid 1500 ND ND ND ND ND
Propanoic acid 1603 ND ND ND ND ND
2-methylpropanoic acid 1628 0.179 + 0.015° 0.128 + 0.014° 0.196 + 0.061°* 0.216 + 0.097°%¢ 0.171 + 0.033*
Butanoic acid 1673 ND ND ND ND ND
3-methylbutanoic acid 1710 0.296 + 0.036" 0.211 £ 0.0038* 0.305 + 0.1417 0.362 + 0.187° 0.304 + 0.028%
Hexanoic acid 1865 0.027 + 0.004% 0.027 + 0.0197 0.035 + 0.009? 0.036 + 0.0147 0.043 + 0.0057
Octanoic acid 2032 ND ND ND ND ND
Alcohol
Phenylethyl alcohol 1926 0.106 + 0.003 0.114 £ 0.011 0.123 + 0.023* 0.124 + 0.028% 0.095 -+ 0.003"
Pyrrole
1H-pyrrole-2-carboxaldehyde 2017 ND ND ND ND ND
Others
3-fluorobenzaldehyde 1668 ND ND ND ND ND
2,4-dimethylbenzaldehyde 1854 0.047 + 0.006 ND ND ND ND
Butylated hydroxytoluene 1917 0.011 + 0.001? 0.016 + 0.0027 0.020 + 0.001? 0.018 + 0.004* 0.015 + 0.001?
p-Cresol 1989 0.019 + 0.002% 0.027 =+ 0.000° 0.035 + 0.004% 0.033 + 0.007% 0.028 + 0.003"

Compound count

20

21

21

21

22

Values bearing different lowercase letters in the same row were significantly different (P < 0.05) according to ‘Tukey’s posthoc test’.

ND, Not Detected.

TRetention indices (RI) were calculated based on retention times of the standard n-alkanes series. Rl = 30.379 Rt + 574.630, where Rt is the
retention time of the volatile detected in the sample.
*Relative concentration of each compound based on internal standard (2-methyl-3-heptanone) was expressed as means and standard deviation of

triplicates in three decimal places.

International Journal of Food Science and Technology 2024

© 2024 Institute of Food Science & Technology (IFST).



Xxxx A. H. P. Theng et al.

Fructose (F) Xylose (X) Ribose (R)

F-0.5 F-1 F-2 X-0.5 X-1 X-2 R-0.5 R-1 R-2

ND ND ND ND ND ND 0.159 + 0.001° 0.192 + 0.017° 0.204 + 0.075°
ND ND ND ND ND 0.025 + 0.001 ND ND ND

ND ND ND ND ND ND ND 0.078 + 0.008” 0.080 + 0.006”

0.126 + 0.018°F

0.303 -+ 0.023%

0.011 + 0.0017
0.019 + 0.004°

ND
ND
ND
0.030 + 0.018*

0.074 + 0.012*¢
ND
ND

ND

ND
ND

0.021 + 0.004*

0.285 + 0.012°¢
0.940 + 0.039°
0.027 + 0.001°
0.035 + 0.002*
0.186 + 0.025%
0.025 + 0.006°
0.033 + 0.007°
0.025 + 0.006°
0.022 + 0.003*

ND
ND

0.148 + 0.015%
ND

0.279 + 0.044%%
0.034 + 0.010%
ND

0.101 + 0.002*
ND

ND
ND
0.012 + 0.002*
0.025 + 0.002%
24

0.316 + 0.0797

0.013 + 0.004°
0.029 + 0.007°°

0.111 + 0.020*
ND
ND

ND

ND
ND

0.024 + 0.006%

0.502 + 0.091%
1.759 + 0.291°
0.040 + 0.008"
0.044 + 0.003*
0.256 + 0.061°
0.025 + 0.005%
0.053 + 0.007%
0.026 + 0.004°
0.021 + 0.008%

ND
ND

0.230 + 0.069°*¢
ND

0.337 + 0.225
0.052 + 0.018%
ND

0.104 -+ 0.008*
ND

ND
ND
0.013 + 0.001*
0.030 + 0.003"
24

0.308 -+ 0.089"

0.013 + 0.001*
0.031 + 0.006°

0.130 + 0.012*
ND
ND

ND

ND
ND

0.022 + 0.007*

0.579 + 0.034%
2.024 + 0.059°
0.051 + 0.005%
0.040 + 0.007%
0.267 + 0.067%
0.026 + 0.008”
0.061 + 0.014%
0.028 + 0.006"
0.026 + 0.004%

ND
ND
0.276 + 0.030*
ND
0.473 + 0.062%9
0.047 + 0.011?
ND

0.102 + 0.014*
ND

ND
ND
0.013 =+ 0.000°
0.029 + 0.007°
24

0.180 + 0.033°%f

0.383 -+ 0.033"

ND
0.130 + 0.018%

0.609 + 0.1317°
0.008 + 0.002*
ND
1.326 + 0.172¢
0.079 + 0.023%°
ND
0.028 + 0.005°
ND
0.511 + 0.020°f
ND
0.035 + 0.008%

0.055 + 0.008%°

0.068 £ 0.011?
0.113 + 0.023"

ND

0.119 + 0.003°
0.067 + 0.010%
0.013 + 0.006¢
0.017 + 0.003*
0.187 + 0.038%
ND

ND

0.060 + 0.013%
0.026 + 0.003*

0.716 + 0.061°
ND

0.883 + 0.074°°
0.416 + 0.315°"°
1.491 + 0.074™
0.064 + 0.018%
0.261 + 0.1412

0.101 + 0.015%
ND

0.075 + 0.003”
ND
0.018 + 0.008%
0.035 + 0.007%
32

0.280 + 0.077%
ND
0.020 + 0.004°
ND
0.503 + 0.126%

ND
0.121 + 0.04129®

0.436 + 0.122°°
0.014 + 0.003°°
ND
8.220 + 0.414¢
0.420 + 0.105%
ND
0.260 + 0.061°
ND
0.811 + 0.060°
ND
0.074 + 0.0112

0.091 + 0.019°

0.070 + 0.025%
0.142 + 0.016°

ND

0.111 + 0.019°
0.060 + 0.006%
0.015 + 0.003¢
0.020 + 0.004*
0.249 + 0.048%
ND
ND
ND
0.027 + 0.006%

1.216 + 0.405°
ND

1.230 + 0.272°
0.818 + 0.204%°
2.022 + 0.406°
0.070 + 0.016?
0.315 + 0.1712

0.121 + 0.036°
ND

0.096 + 0.008"
ND
0.016 + 0.004%
0.044 + 0.006°
32

0.201 + 0.030%"
ND
0.039 + 0.008°
ND
0.506 -+ 0.039°

ND
0.045 + 0.008%

0.150 + 0.014%
0.024 + 0.001°
ND

20.730 + 1.239%
0.731 + 0.019%
ND

1.090 + 0.089¢
ND

0.838 -+ 0.055°
ND

0.108 + 0.027°

0.085 -+ 0.009%

0.072 + 0.009%
0.144 + 0.013*

ND

0.049 + 0.002
0.044 + 0.008"
0.012 + 0.001¢
0.021 + 0.004*
0.229 + 0.060°
ND
ND
ND
0.029 + 0.006%

0.806 + 0.168°
ND

0.825 + 0.008"
0.429 + 0.068%°
1.404 + 0.060°
0.066 + 0.001%
0.189 + 0.090%

0.093 -+ 0.028%
ND

0.052 + 0.025°
ND
0.021 + 0.001*
0.033 + 0.004"
32

0.233 + 0.011°9f
0.011 =+ 0.000°
0.034 + 0.014°
ND

0.338 + 0.013°

ND
0.104 + 0.036%¢

0.493 + 0.065%
0.016 + 0.006°
0.088 + 0.003°
1.882 + 0.236°
0.228 + 0.055%
0.221 + 0.0212
0.105 + 0.018°
ND

0.594 + 0.052°f
0.020 + 0.004°
0.056 + 0.019°

0.056 + 0.011%°

0.062 + 0.017%
0.140 + 0.019°

ND

0.068 + 0.004
0.052 + 0.008”
0.012 + 0.001¢
0.018 + 0.003*
0.176 + 0.029°

0.023 + 0.002*

0.879 + 0.137%
0.032 + 0.004%
0.878 + 0.0899"
0.621 + 0.0312P°
1.510 + 0.102%°
0.059 + 0.006%
0.250 + 0.038%

0.100 -+ 0.010*
0.052 + 0.012°

0.155 -+ 0.004*
ND
0.015 + 0.006%
0.037 + 0.004*
39

0.245 + 0.008°%°
0.008 + 0.002*
0.041 + 0.008%
ND

0.437 + 0.252°

ND
0.068 + 0.000°9°

0.241 + 0.046°°
0.024 + 0.003°
0.168 + 0.017%
10.135 + 0.397¢
0.590 + 0.040°
0.461 + 0.036%
0.728 + 0.081°
0.027 + 0.002*
0.803 + 0.041°
0.036 + 0.004°
0.110 + 0.021°

0.082 + 0.012%

0.072 + 0.006%
0.172 + 0.031°

ND

0.044 + 0.003
0.039 + 0.003*
0.008 + 0.001¢
0.017 + 0.002*
0.172 + 0.028%

0.027 + 0.005%

0.865 + 0.055%
0.041 + 0.014%
0.854 + 0.0899
0.631 + 0.041%
1.467 + 0.162¢
0.060 -+ 0.007%
0.183 + 0.151%

0.115 + 0.025%
0.124 + 0.041*

0.179 + 0.017*
ND
0.023 + 0.014*
0.044 + 0.013*
40

0.123 + 0.027°%
ND

0.029 + 0.008%
ND

0.395 -+ 0.1472

ND
0.041 + 0.008%

0.065 + 0.0412
0.022 + 0.001¢
0.178 + 0.022%
21.960 + 0.822%°
0.736 + 0.033%
0.393 + 0.172%
2.248 + 0.101?
0.062 + 0.007%
0.749 + 0.082°
0.036 + 0.001%
0.207 + 0.014¢

0.077 + 0.008*

0.076 + 0.011?
0.161 + 0.028°

ND

0.022 + 0.001¢
0.026 + 0.003*
ND
0.016 + 0.004%
0.155 + 0.017%
ND
ND
ND
0.025 + 0.004%

0.661 + 0.082%
0.037 + 0.006%
0.593 + 0.042"
0.313 + 0.032%°
0.990 + 0.088°
0.055 + 0.005%
0.207 + 0.070%

0.097 + 0.015%
0.224 + 0.015°

0.079 + 0.012¢
ND
0.016 + 0.003%
0.039 + 0.011?
38

© 2024 Institute of Food Science & Technology (IFST).

International Journal of Food Science and Technology 2024

7



8

Xxxx A. H. P. Theng et al.

intermediates available for subsequent pyrazine forma-
tion. Additionally, pentoses might be more susceptible
to degradation and caramelisation that favour the for-
mation of furans over pyrazines. This could lead to a
selective generation of furans instead of pyrazines in
pentose-derived MRPs (Sun ez al., 2023).

Within each sugar type, an overall decrease in pyra-
zine concentration was observed when the protein-to-
sugar ratios increased (Table 1). This aligns with
observations by Li et al. (2020), who reported a
decline in pyrazine formation from defatted flaxseed
meal when glucose content exceeded 15% during the
Maillard reaction. These findings suggest that excessive
sugar can be counterproductive for pyrazine forma-
tion. A potential explanation lies in the generation of
carboxylic acids during sugar breakdown. These acids
reduce the pH of the reaction system, thus hindering
pyrazine formation (Davidek er al., 2006). In this
study, the starting protein-to-sugar ratio provided a
relatively high sugar concentration, where the increas-
ing sugar might have contributed to a decrease in pyr-
azine formation by lowering the reaction pH, as
shown in Fig. la.

This study demonstrates that NYH can produce
pyrazines under the Maillard reaction conditions. In
contrast, other plant hydrolysates generally exhibit
much lower pyrazine formation. For instance, only
2-methylpyrazine was identified in the MRPs produced
using peony-seed hydrolysates. In contrast, soybean
meal hydrolysate yielded just three pyrazines (i.e., 2-
methylpyrazine, 2,5-dimethylpyrazine and 2,5-dimethyl-
3-ethylpyrazine) (Chen et al., 2018; Xia et al., 2021; Sun
et al., 2023). On the other hand, Alim et al. (2020) and
Raza et al. (2020b) identified a diverse range of pyra-
zines found in yeast extract. These studies collectively
suggest that NYH, compared with other plant hydroly-
sates, is a promising source of pyrazine precursors dur-
ing Maillard reaction.

Principal component analysis provided valuable
insights into how sugar types influence pyrazine forma-
tion during the Maillard reaction. The score plot
(Fig. 3a) visualises the samples as points in a
two-dimensional space. The positions of these points
reflect the similarities and differences in their pyrazine
profiles. NYE appeared as a potential outlier compared
with other samples. Hexoses were more dispersed, sug-
gesting a more diverse influence on the types of pyra-
zines formed. Also, glucose-derived MRPs were
positioned close to NYH, implying a comparable effect
of glucose and no added sugar on the pyrazine profiles.
In contrast, pentoses clustered in the top left corner,
indicating a similar impact on pyrazine formation. As
for protein-to-sugar ratios, there is an observable trend
for fructose-derived MRPs; increasing protein-to-sugar
ratios caused a progressively stronger (increasingly
positive) association with the first (PC1) principal
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Figure 3 (a) score plot, (b) loading plot and (c) biplot for pyrazines
of nutritional yeast extract (NYE), nutritional yeast hydrolysate
(NYH) and Maillard reaction products (MRPs) derived from glucose
(G-0.5, G-1, G-2), fructose (F-0.5, F-1, F-2), xylose (X-0.5, X-1,
X-2) and ribose (R-0.5, R-1, R-2) at different protein-to-sugar ratios,
generated from the principal component analysis (PCA). The follow-
ing symbols represent NYE (@) and NYH (O), followed by the
treatment with different reducing sugars: G (l), F (x), X (&) and
R (0).
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component. On the other hand, a trend was not
observed for the other reducing sugars.

The loading plot (Fig. 3b) depicts the pyrazines as
vectors in the same 2-dimensional space, where the
length and direction of each vector represent the
importance of that specific pyrazine in differentiating
the samples. Some alkylpyrazines (i.e., ethylpyrazine,
methylpyrazine, and 2,6-dimethylpyrazine) displayed
positive loadings on both PC1 and second (PC2) prin-
cipal component, suggesting a strong association with
these components. Additionally, these alkylpyrazines
likely have a strong influence on the overall meaty
profiles of the MRPs.

The biplot (Fig. 3c) combined the information from
both the score and loading plots, showing the relation-
ships between pyrazine profiles and the different sam-
ples/reaction conditions. The biplot revealed a closer
relationship between pyrazine formation and hexoses,
especially fructose; fructose-derived MRPs were posi-
tioned near many alkylpyrazines, suggesting a stronger
link between these pyrazines and fructose compared
with pentose-derived pyrazines. This might indicate
distinct pathways for pyrazine formation depending on
the sugar type used in the Maillard reaction.

Furans
Furans are primarily generated through the thermal
degradation of sugars and are associated with caramel,
sweet, and burnt aromas (Eric et al., 2013; Zhang
et al., 2018). Furans are often associated with meat that
has been thermally processed; for example, furfural has
been reported to be found in grilled goat meat and
cooked aged beef (Madruga et al., 2009; Watanabe
et al., 2015). Another notable furan, 2-furanmethanol,
associated with burnt meat and vitamin-like aroma, was
also identified and contributed positively to the overall
aroma profile in dry ham products (Pham ez al., 2008).
Due to their low detection threshold and pleasant
aroma, furans play an important role in the overall
aroma profile of cooked meat (Ramirez & Cava, 2007).
A total of 11 furans were identified across all MRPs
in this study. Furans were not identified in NYE, and
only two furans (i.e., 2-furanmethanol and furfural)
were found in trace amounts in NYH, as shown in
Table 1. Enzymatic hydrolysis of NYE with Flavour-
zyme®, a blend of endo- and exo-peptidases, impacted
the generation of furans. The enzyme breaks down pro-
teins and peptides into smaller fragments and free
amino acids, leading to a higher concentration of these
smaller molecules in NYH than in NYE. While reduc-
ing sugars are generally recognised as contributors to
furan formation during Maillard reaction, certain
amino acids (e.g., serine and cysteine) can participate
through alternative pathways (Seok et al., 2015). The
Strecker degradation of these amino acids generates
intermediates such as acetaldehyde. Subsequently, these

© 2024 Institute of Food Science & Technology (IFST).
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intermediates can undergo aldol condensation, cyclisa-
tion, and dehydration reactions, ultimately forming
furans. (Perez Locas & Yaylayan, 2004). Specifically,
the furans could have further decarbonised during the
hydrolysis, forming the furfural found in NYH, which
was not present in NYE. Huang et al. (2023) reported
that furfural was found in a model system that only had
serine as a reactant after Maillard reaction. They pro-
posed that furans could be generated from serine degra-
dation during thermal treatment followed by Strecker
reaction. This indicated the possibility of generating
furans from only amino acids during Maillard reaction
and explained the presence of furans in NYH.

The addition of sugar promoted furan formation in
MRPs, which is evident from the higher concentra-
tions and greater diversity of furans compared with
NYE and NYH (Table 1). The reducing sugars signifi-
cantly impacted furan formation, with pentoses
favouring furan generation more than hexoses. This
observation is supported by identifying more furans in
pentose-derived MRPs. Specifically, another nine
furans were detected in pentose-derived MRPs com-
pared with those derived from hexoses. Volatiles such
as furfural and 2-furanmethanol were also significantly
higher in concentrations found in pentose-derived
MRPs than in hexose-derived MRPs. Previous obser-
vations suggested pentoses are more prone to degrada-
tion and caramelisation during Maillard reaction,
leading to a selective generation of furans instead of
pyrazines. This was reflected in higher concentrations
of furans and, conversely, lower concentrations of pyr-
azines found in pentose-derived MRPs compared with
hexose-derived MRPs. The increased susceptibility of
pentoses to degradation facilitates the generation of
reactive intermediates, such as deoxyosones, which
serve as a larger precursor pool for furan formation
(Perez Locas & Yaylayan, 2004).

Compared within the hexoses, glucose-derived
MRPs generated higher concentrations of furans than
fructose-derived MRPs. Contrary to our results, litera-
ture reported that using fructose, along with single
amino acids such as serine, favoured the formation of
furans compared with glucose-serine mixtures (Huang
et al., 2023). Hu et al. (2018) suggested that the effects
of furan formation are significantly altered by the spe-
cific amino acid combinations used in the Maillard
reaction. Studies investigating model systems with sin-
gle hexoses have reported that fructose promotes furan
generation (Limacher et al., 2008). However, contrast-
ing results were observed when the model system was
supplemented with specific amino acids, such as phe-
nylalanine or a combination of alanine and serine.
Furans can be generated through two different path-
ways involving different intermediates: 4-deoxyhexo-
2,3-diulose and 3-deoxyhexos-2-ulose. In particular,
furfural is derived from the 3-deoxyhexos-2-ulose
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intermediate (Limacher et al., 2008). The authors fur-
ther reported that approximately 38% of furans in glu-
cose but only 9% in fructose were generated via this
pathway. This difference in pathway utilisation might
explain the observed variations in furfural and overall
furan content between glucose-derived MRPs and
fructose-derived MRPs in literature and the observed
findings in this study.

Between pentoses, ribose favoured the generation of
furans compared with xylose, as higher concentrations
of furans were found in ribose-derived MRPs. This
could be observed in many other literature that reported
higher concentrations of furans across different
mediums (e.g., soybean meal, sunflower protein hydro-
lysate, peony seed hydrolysate) in ribose-derived MRPs
than in xylose-derived MRPs (Karangwa et al., 2017,
Shang et al., 2020; Sun et al., 2023). This could be due
to a higher reactivity of ribose than xylose during Mail-
lard reaction. Compared with xylose, ribose possesses a
less stable ring structure, leading to a higher proportion
of acyclic forms (Laroque et al., 2008). This increased
presence of acyclic ribose molecules could contribute to
its increased efficiency in generating furans during the
Maillard reaction.

The increase in protein-to-sugar ratios led to an
overall rise in furan concentration. This observation
aligned with findings from other studies using different
reactants, where higher sugar content resulted in
increased furan formation (Van Lancker ez al., 2011;
Guo et al., 2019; Li et al., 2021).

Therefore, this study demonstrated that adding
reducing sugars with NYH during the Maillard reac-
tion significantly enhanced furan formation, with pen-
toses being more efficient than hexoses. While furans
like furfural and 2-furanmethanol have been reported
in commercial yeast extracts (Alim et al., 2018, 2020),
no furans were detectable in NYE in this study. Fur-
thermore, the furan concentrations observed in those
studies on commercial yeast extracts were considerably
higher than those found in our NYH. However, the
furan concentrations in MRPs from this study were
higher than those reported in the literature. This high-
lights the potential of using reducing sugars during
Maillard reaction with NYH to generate furans
with NYH.

The positions of points in the score plot (Fig. 4a)
reflect the similarities and differences in the furan pro-
files. Hexose-derived MRPs clustered at the bottom
left, indicating a similar furan profile to NYE and
NYH. In contrast, pentose-derived MRPs were scat-
tered along the plot, suggesting a more diverse influ-
ence on the types of furans formed. Ribose-derived
MRPs, though scattered across the plot, showed a pos-
itive association with PCIl. This association became
progressively stronger (increasingly positive) as the
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Figure 4 (a) score plot, (b) loading plot and (c) biplot for furans of
nutritional yeast extract (NYE), nutritional yeast hydrolysate (NYH)
and Maillard reaction products (MRPs) derived from glucose (G-0.5,
G-1, G-2), fructose (F-0.5, F-1, F-2), xylose (X-0.5, X-1, X-2) and
ribose (R-0.5, R-1, R-2) at different protein-to-sugar ratios, gener-
ated from the principal component analysis (PCA). The following
symbols represent NYE (@) and NYH (O), followed by the
treatment with different reducing sugars: G (l), F (x), X (A) and

R (O).
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protein-to-sugar ratio increased. It was also observed
that xylose-derived MRPs exhibited a progressively
stronger relationship with PC1 with an increased
protein-to-sugar ratio. Also, xylose-derived MRPs
positioned together exhibited a strong positive associa-
tion with the PC2. Similarly, the increased protein-to-
sugar ratio in hexose-derived MRPs led to a stronger
association with PC2. However, there was no observ-
able change in the association with PC1 in the context
of hexose-derived MRPs.

From the loading plot (Fig. 4b), several furans (i.e.,
2-furanmethanol, 2-methyl furan and furfural) dis-
played positive loadings on PC1 and PC2. This sug-
gests a strong association with these components and
potentially indicates their significant contribution to
the overall furan profile observed in the MRPs. The
biplot (Fig. 4c) revealed a closer relationship between
furans and pentose-derived MRPs, particularly ribose-
derived MRPs. This positioning suggests a stronger
correlation between ribose and furan generation dur-
ing the Maillard reaction, which aligned with the
higher numbers and concentrations of furans observed
in ribose-derived MRPs compared with xylose-derived
MRPs in Table 1.

Other contributing volatiles

Strecker aldehydes. Building on the diverse volatile pro-
files observed in Table 1, Strecker aldehydes strongly
influenced the overall aroma profile in the MRPs. For
instance, methional, known for its low odour threshold
and meaty aroma, has been consistently identified as a
critical volatile compound in cooked meat (Celia
Resconi et al., 2012; Ruan et al., 2015). Frank et al.
(2016a) and Ko et al. (2005) reported that methional
was the most potent aroma and dominant active volatile
in Korean grilled beef and Australian grilled beef when
analysed by gas-chromatography olfactory (GC-O).
The formation of key Strecker aldehydes, including
methional (derived from methionine), 2-methyl-
propanal (from valine), and benzeneacetaldehyde (from
phenylalanine), is directly linked to the specific amino
acids present in the reaction mixture (Resconi et al.,
2013; Sasanam et al., 2021). Strecker aldehydes have
also been previously reported in plant-based MRPs.
Benzeneacetaldehyde was reported to be found in
MRPs derived from mushroom and peony seed hydro-
lysates (Chen et al., 2018; Xia et al., 2021). Similarly,
methional and benzeneacetaldehyde have also been
reported to be found in yeast extracts (Mahadevan &
Farmer, 2006; Alim et al., 2020; Raza et al., 2020b).
Three Strecker aldehydes were identified in this study,
which were only found in pentose-derived MRPs. This
indicated that the reactivity of sugar, rather than the
enzymatic hydrolysis of NYE, impacted the formation
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of Strecker aldehydes. Similar to Arsa & Theerakulk-
ait (2018), who did not detect Strecker aldehyde (i.e., 2-
methylbutanal and 3-methylbutanal) in rice bran hydro-
lysates, our study also did not identify these specific
Strecker aldehydes. This highlights that the formation
pathway of Strecker aldehydes is more likely to be influ-
enced by the reaction with reducing sugars during Mail-
lard reaction.

Pentoses are more reactive than hexoses during
Maillard reaction due to their higher proportion of
acyclic forms than hexoses. The acyclic form readily
undergoes carbonyl-amino reactions, creating precur-
sors for Strecker aldehydes (Parker, 2015). This
explained why only pentose-derived MRPs contained
Strecker aldehydes. Furthermore, ribose, being more
reactive than xylose due to a higher acyclic form con-
tent, facilitated a greater extent of Maillard reaction
and resulted in a higher abundance of Strecker alde-
hydes in ribose-derived MRPs.

Sulphur-containing  volatiles. Sulphur-containing com-
pounds are well-recognised contributors to the charac-
teristic meaty aroma of meat products (Liu et al.,
2015; Bassam et al., 2022). Due to their low odour
threshold, they play a significant role in the overall
aroma profile. Dimethyl disulphide, known for its sul-
phurous aroma and abundance in chicken and beef,
has been linked to positive quality perception in grilled
beef steak (Gardner & Legako, 2018). Similarly,
dimethyl trisulphide, characterised by an onion-like
odour, is commonly found in pork and beef (Raza
et al., 2020Db).

The study identified two specific sulphur-containing
compounds (dimethyl disulphide and dimethyl trisul-
phide) and one thiophene in the MRPs, but not in
NYE or NYH. Interestingly, thiazole was found exclu-
sively in fructose-derived MRPs. At the same time, the
sulphur-containing compounds were detected only in
pentose-derived MRPs. This suggests a potential link
between the type of sugar used and these aroma-
contributing volatile compounds formed during the
Maillard reaction.

Several studies have reported the presence of sulphur-
containing compounds in yeast extracts, with dimethyl
disulphide and dimethyl trisulphide being the most com-
monly identified volatiles (Wang et al., 2019; Alim
et al., 2020; Raza et al., 2020a, 2020b). Wang et al. (2019)
characterised dimethyl disulphide as a key aroma com-
pound in yeast extracts derived from the enzymatic
hydrolysis of S. cerevisiae, attributing its significance to a
meaty and burnt aroma profile. Similar observations
were also made by Lin et al. (2014), who identified both
dimethyl disulphide and dimethyl trisulphide as promi-
nent aroma-active volatiles in yeast extract samples.
These findings, coupled with the low detection thresholds
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of the sulphur-containing compounds, highlight their
potential influence on the overall aroma profile of the
MRPs produced in this study.

Oxygen-containing volatiles. A diverse range of oxygen-
containing volatiles in the MRPs, including seven
acids, five aldehydes, two ketones, one alcohol, and
one lactone, was identified in this study. However, due
to their generally high odour thresholds, these volatiles
may not significantly impact the overall aroma profile
unless present in very high concentrations (Su
et al., 2011). Interestingly, aldehydes, alcohols, and
methyl ketones, which are considered as lipid-derived
volatiles (Karangwa et al., 2015), were identified in all
samples, including NYE and NYH. This suggests a
potential contribution from the breakdown of starting
materials during the Maillard reaction.

Three acids (i.e., 2-methylpropanoic acid, 3-
methylbutanoic acid, and hexanoic acid) were present
among the identified oxygen-containing volatiles. Nota-
bly, acetic acid was only detected in pentose-derived
MRPs. This specific acid indicates Maillard reaction pro-
gress, as it arises from sugar degradation (Li ez al., 2021);
its presence solely in pentose-derived MRPs suggests a
higher reactivity of pentoses compared with hexoses dur-
ing Maillard reaction. This potentially indicates a more
advanced Maillard reaction in pentose-derived products,
leading to the generation of acetic acid.

Heptanal and benzaldehyde were detected among
the aldehydes. This suggests that the aldehydes might
have been formed from the breakdown of lipids within
the reactant, potentially due to natural oxidation pro-
cesses. Supporting this notion, He et al. (2021)
reported heptanal as a common lipid degradation
product in various commercial plant protein burger
samples. Interestingly, the concentration of most alde-
hydes (excluding benzaldehyde) in this study decreased
by adding reducing sugars and increasing protein-to-
sugar ratios. This aligns with observations by Van Ba
et al. (2013), who suggest that the presence and con-
centration of reducing sugars can influence the oxida-
tion pathways of fatty acids. Consequently, the types
and concentrations of volatile compounds formed dur-
ing the Maillard reaction might be altered. The excep-
tion of benzaldehyde in this trend suggests further
investigation into its specific formation pathway.

Relationship  between other volatiles and  treatment
of NYE. The relative positions of the samples in the
score plot (Fig. 5a) reveal the influence of sugar type
on other volatiles, particularly for Strecker aldehydes,
sulphur-containing compounds, and oxygen-containing
volatiles. The close proximity of NYE and NYH
suggests a limited impact of enzymatic hydrolysis on
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Figure 5 (a) score plot, (b) loading plot and (c) biplot for other vol-
atiles of nutritional yeast extract (NYE), nutritional yeast hydroly-
sate (NYH) and Maillard reaction products (MRPs) derived from
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the treatment with different reducing sugars: G (H), F (x), X (A)
and R ({).
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volatile formation. However, a greater distinction was
observed between pentose-derived and hexose-derived
MRPs, indicating a more significant effect of sugar
type. Pentose-derived MRPs occupied a distinct region
compared with NYE and NYH, suggesting a more
substantial difference in their volatile profiles. Interest-
ingly, hexose-derived MRPs clustered closer to NYE
and NYH, indicating a similar volatile profile across
these samples. Within the pentose group (Fig. 5a),
xylose-derived MRPs exhibited strong positive associa-
tions with both PCl and PC2, indicating a more
diverse volatile profile enriched with compounds like
Strecker aldehydes and acids (Fig. 5c¢), compared with
ribose-derived MRPs, which primarily positively asso-
ciated with PC1 and likely possess a less diverse profile
dominated by other volatile classes (e.g., aldehydes
based on Fig. 5c).

The loading plot (Fig. 5b) further clarifies the asso-
ciation of specific volatiles with the observed patterns.
Most acids showed strong positive associations with
both PC1 and PC2, and they are also closely linked to
xylose-derived MRPs in the biplot (Fig. 5c¢). Addition-
ally, dimethyl disulphide and methional were posi-
tioned near xylose-derived MRPs, indicating their
prevalence in these samples. Conversely, ribose-derived
MRPs are positioned closer and in the same quadrant
to Strecker aldehydes (benzeneacetaldehyde and 2-
methyl propanal) and dimethyl trisulphide in the
biplot, suggesting a higher abundance of these specific
volatiles compared with xylose-derived ones. Finally,
the positioning of hexose-derived MRPs near certain
ketones and alcohols in the biplot suggests a distinct
volatile profile compared with pentose-derived MRPs.

Conclusion

This study provides the initial demonstration that sugar
types (pentoses and hexoses) and protein-to-sugar ratios
significantly influence the pH, browning intensity, and
volatile profile of MRPs derived from NYH. The result-
ing MRPs possessed various desirable volatile com-
pounds known to contribute to roasted or meaty
aromas, including pyrazines, Strecker aldehydes (e.g.,
methional), and sulphur-containing compounds. PCA
shows a link between pentoses and the generation of
Strecker aldehydes and sulphur-containing compounds.
Xylose, in particular, promotes the generation of
methional and dimethyl disulphide. At the same time,
ribose favours the formation of 2-methyl propanal and
dimethyl trisulphide. However, it is important to note
that PCA also associates pentose-derived MRPs with
furans, which are known for imparting bitter notes at
high concentrations. Conversely, hexoses appear to
favour the generation of pyrazines. PCA highlights a
positive correlation between fructose and the formation
of methylpyrazine and 2,6-dimethylpyrazine. Similarly,
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glucose promotes the generation of 2-methyl-5-(2-pro-
penyl)pyrazine. However, some aldehydes associated
with off-flavours, potentially arising from lipid oxida-
tion, were also observed in hexose-derived MRPs. In
conclusion, these findings suggest that MRPs derived
from NYH offer promising potential as plant-based
enhancers, contributing to developing meaty flavours in
the alternative protein industry. Further research could
explore the optimisation of reaction conditions to maxi-
mise the generation of desirable aroma compounds
while minimising off-flavours.
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