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Introduction: Huangjiu is an important Chinese alcoholic beverage, usually prepared
from rice. Although its unique flavor improves with prolonged storage in traditional
pottery jars, knowledge of the aging mechanism, necessary for commercialization of
an optimum product, remains unclear.

Methods: Here, volatile aroma compounds from forced aged samples exposed
to different temperatures and oxygen treatments were measured by GC/MS. After
retention time alignment and normalization, the peak vectors were compared
over storage time using Pearson’s correlation, and a correlation network was
established. Marker compounds, representative of traditionally aged Huangjiu, were
then monitored and compared to similar compounds in the forced aged product.

Results and discussion: Correlation network analysis revealed the following:
Temperature had little effect on most aroma compounds; alcohols, acids, and esters
all increased with increasing dissolved oxygen, while polyphenols, lactones, and
ketones were readily oxidized; aldehydes (e.g., furfural and benzaldehyde) were
highly dependent on both temperature and dissolved oxygen. Dynamic changes
in the targeted aging-markers showed that a higher initial oxygen concentration
intensified the "aging-aroma” of Huangjiu in the early and middle stages of storage.
Consequently, careful control of oxygen supplementation and storage temperature
could be beneficial in controlling the desirable flavor of Huangjiu in the artificially
aged product.

Huangjiu (Chinese rice wine), aroma, forced aging, temperature, dissolved oxygen,
metabolomics, network analysis

1. Introduction

Huangjiu, or Chinese rice wine, as a typical fermented rice wine, is known as Chinese
national wine, and “Pottery storage, and more aging, more flavors” is one of its most typical
characteristics. Although this well-known phrase “more aging, more flavors” is not completely
true for all Huangjius (1, 2), the practice proved that there are significant differences between
storage in pottery and stainless-steel tank, and this typical “more aging, more flavors” for
Huangjiu can be generally characterized only by stored in pottery, not in stainless-steel tank
(1, 3, 4). However, it is why?

The unique flavor of traditional Huangjiu is believed to develop during storage over
several years in pottery jars. However, to meet increased demand for alcoholic beverages
(5, 6), a relatively short-term industrial storage in stainless-steel tank must be instead of the
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FIGURE 2
PCA scores plot obtained from the untargeted SPME-GC/MS data for the forced aging samples.

FIGURE 3

(A-D) Network analysis shows the correlated characteristic peaks obtained from the untargeted GC/MS data: The nodes represent the characteristic
peaks, while the different densities of the connecting edges indicate the relative strength of the associations. The number is the code of characteristic
peaks, and the different color regions represent different conditions (temperature and oxygenation) with time.
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FIGURE 4

Network analysis map showing the associations between the characteristic peaks in region A: Inset charts show changes in the concentrations of marker
compounds for each treatment condition (temperature and oxygenation) with time. The nodes represent the characteristic peaks, while the different
densities of the connecting edges indicate the relative strength of the associations in this region. The number in front is the code of characteristic peaks,
corresponding with those in Figure 3, and the number in the back is the observed features (m/z).

3.2.2. Correlation network analysis of region B

Most  of the features region
identified as phenethyl alcohol, with lesser amounts of y-
2,4-dimethylphenol,
(Figure 5).  Contrary to
and frequency of oxygenation (3
the

candidate in B were

non-alactone, ethyl palmitate, phenethyl

and other unknowns
the

decreased

acetate,
region A, interval
and 50;)

aroma COI‘IlpOllIldS.

concentration of these volatile

Many phenolic compounds have antioxidant properties
and are readily oxidized during aging. Correspondingly, the
content of 2,4-dimethylphenol following 10, supplementation
was significantly higher than that with 3 and 50,, suggesting
that a higher initial
increased the of phenolic compounds during
aging. The presence of both phenethyl acetate and phenethyl
alcohol in the same region also indicated that the ester was
mainly derived from the reaction of the parent alcohol with
acetic acid.

The fatty acid ester ethyl palmitate is readily hydrolyzed to
palmitic acid and ethanol in an acidic environment (47). Previously
we reported that the relatively high concentration of ethyl palmitate
in young Huangjiu decreased throughout the aging process, while the
total acid content showed the opposite trend (14, 16).

concentration of dissolved oxygen
oxidation

Since the volatile compounds (including unknowns) in region B
were readily oxidized, dissolved oxygen had a greater influence on the
aging aroma of Huangjiu than temperature.
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3.2.3. Correlation network analysis of region C

Compared with the box-plots derived from the untargeted
GC/MS data (Figure 6), all the candidate features in region C were
pre-confirmed as the same component (RT 29.47-29.48 min). The
identity of the unknown could not be confirmed because of the
limited mass accuracy of the single quadrupole mass spectrometer
used. Inspection of the inset box plots of Figure 6 shows that the
abundance of some unknown compounds (i.e., nodes 79, 105, and
130) approached zero at 3 and 50; in condition (II). This implied that
the molecular species were easily oxidized, and the aroma compounds
in region C had similar characteristics to those of region B.

3.2.4. Correlation network analysis of region D

As shown in Figure 7, benzaldehyde was the most abundant
volatile compound, followed by an unknown and furfural
Benzaldehyde can be formed by the oxygenation of its parent
alcohol, which could account for the higher concentrations of the
aldehyde found in samples 3 and 50, compared with 10,. The
highest concentration of benzaldehyde and the most significant
change occurred in samples at 50°C and 50,, respectively, which
agreed with the reported oxygen and temperature dependence
of benzaldehyde (and sotolon) during Port wine aging (23). The
identification of benzaldehyde may also be useful in unraveling the
connection between the Maillard mechanism and oxidation during
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corresponding with those in Figure 3, and the number in the back is the observed features (m/z).

Network analysis map showing the associations between the characteristic peaks in region B: Inset charts show changes in the concentrations of marker
compounds for each treatment condition (temperature and oxygenation) with time. The nodes represent the characteristic peaks, while the different
densities of the connecting edges indicate the relative strength of the associations in this region. The number in front is the code of characteristic peaks,
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Network analysis map showing the associations between the characteristic peaks in region C: Inset box plots show the abundance for each treatment
condition (temperature and oxygenation). The nodes represent the characteristic peaks, while the different densities of the connecting edges indicate the
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FIGURE 7

Network analysis map showing the associations between the characteristic peaks in region D: Inset charts show changes in the concentrations of marker
compounds for each treatment condition (temperature and oxygenation). The nodes represent the characteristic peaks, while the different densities of
the connecting edges indicate the relative strength of the associations in this region. The number in front is the code of characteristic peaks,
corresponding with those in Figure 3, and the number in the back is the observed features (m/z).

the aging of Huangjiu. Temperature also had a significant effect on
the formation of furfural in region D during aging.

Maillard reactions are regarded as the major pathways of furan
formation. Furans are responsible for the key “caramel-like” aroma
in aged wine (17), and their formations are believed to occur via
Maillard reactions and oxidation (21, 23). The aldehyde substituted
furan, furfural, is a common flavor compound in wine, and its
formation was shown to be significantly affected by temperature
during the aging of a fortified wine (21). Here the concentration of
furfural increased with increasing temperature (40 and 50°C) and
dissolved oxygen (3 and 50,). Although the effect of condition (II)
was much less than that of condition (I), furfural showed a strong
association between time and dissolved oxygen (r values: 0.826™*,
0.802**, and 0.819** at 1, 3, and 50, respectively). Hence, dissolved
oxygen may also play an important role in the formation of furfural.

Frontiersin Nutrition

3.2.5. Network analysis fingerprinting: Summary of
effects

Temperature had little effect on the aging-aromas in regions
A, B, and C, but the alcohols, acids, and esters in region A
were highly dependent on oxygen. Although they were not
easily oxidized, their concentrations increased with increasing
dissolved oxygen. In contrast, the polyphenols, lactones, ketones,
and unknowns in regions B and C were easily oxidized, and
their concentrations were significantly affected by dissolved
oxygen. The effects of both temperature and dissolved oxygen
on the formation of the key marker compounds, furfural,
and benzaldehyde, in region D, confirmed the importance
of these parameters during the aging of Huangjiu (15, 17).
The interval and frequency of oxygenation also increased
their concentrations.
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FIGURE 8

at different conditions.

Effects of temperature and dissolved oxygen on the concentrations of key marker compounds during the forced aging of Huangjiu: (A)
2-Phenyl-2-butenal; (B) acetophenone; (C) ethyl phenylacetate; (D) isoamyl acetate; (E) isovaleric acid (3-methylbutanoic acid); and (F) y-butyrolactone
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3.3. Effects of dissolved oxygen and
temperature on key aging-markers during
the forced-aging of Huangjiu

To compare the effects of forced-aging with the natural
process, six aging-markers (2-phenyl-2-butenal, ethyl phenylacetate,
3-methylbutyric acid, acetophenone, isoamyl acetate, and vy-
butyrolactone) were selected from previous investigations of
Huangjiu (14-16). Although these compounds could not be extracted
by the untargeted GC/MS-based network analysis method used in
this study, they were considered to be important markers for the
aging status of Huangjiu (15, 16).

Figure 8 showed the influence of temperature and dissolved
oxygen on the key marker compounds in Huangjiu.

3.3.1. Aromatic marker compounds
The ethyl
phenylacetate, acetophenone; Figures 8A-C) showed an initial

aromatic  compounds  (2-phenyl-2-butenal,
increasing trend for most conditions during the forced aging process.
These compounds, together with benzaldehyde, are characteristic
markers of the long-aged product (10-15 years) (14-16) and
are, therefore, indicators of high-quality Huangjiu. However, the
concentration of these markers all decreased after 4 or 5 weeks for
samples under condition (I), and this trend increased with increasing
temperature (Figures 8A-C). In the presence of oxygen, the initial
increasing trend persisted until weeks 8-9 (especially 3 and 50,).
Compared with the traditional aging in pottery jars, the decrease
in the three aromatic aging-markers after 4 or 5 weeks under the
condition (I) represented the largest difference. This difference
could be attributed to insufficient dissolved oxygen and poor oxygen
permeability in the forced aging process.

In addition, the trends for each treatment condition showed
that the effect of temperature on 2-phenyl-2-butenal and ethyl
phenylacetate was greater than that of dissolved oxygen (Figure 8A),
and so was ethyl phenylacetate, while dissolved oxygen had a greater
effect on acetophenone, phenethyl alcohol, and phenethyl acetate
(Figure 5).

3.3.2. Non-aromatic marker compounds

The overall decreasing trends in the concentrations of isoamyl
acetate showed a spiked increase for the condition (I) sample at week
4, the magnitude of which decreased with increasing temperatures
(Figure 8D), and this agreed with a previous investigation of
Huangjiu (15). Higher initial concentrations of isoamyl acetate, and
a greater decreasing trend, were observed in samples subject to
increased oxygenation (2 and 30,), and this mirrored the behavior
of 3-methlybutaol and acetic acid in region A of network analysis
(Figure 4).

The highest amounts of isovaleric acid (Figure 8E) were also
found in samples with the highest oxygenation treatments. This was
similar to the behavior of compounds in region A of network analysis,
and its effect was greater than that of temperature. Hence, isoamyl
acetate and isovaleric acid, together with the volatile compounds
identified in region A of network analysis (Figure 4), constitute
potential markers for the forced aging process of Huangjiu.
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3.3.3. Lactone marker compounds

Lactones are cyclic organic esters of the corresponding carboxylic
acids, and their formations in wine are reported to be sensitive
to temperature (23). Here a slightly higher concentration of vy-
butyrolactone (Figure 8F) existed at 50°C compared with the other
temperature treatments. This followed the behavior of y-non-
olactone (Figure 5), but the trends were not clear. The concentration
of y-butyrolactone was highest at 10, (Figure 8F), compared
with 3 and 50, indicating that the lactone was readily oxidized
during the forced aging process. Hence dissolved oxygen had a
greater influence on y-butyrolactone than temperature. However,
the regulation of dissolved oxygen on a commercial scale, and
optimization of y-butyrolactone and y-non-olactone formation, may
require development.

3.3.4. Other marker compounds

Although the key marker compounds ethyl butyrate and
ethyl 3-methylbutyrate were expected, they were only detected in
some samples at 50°C, and their concentrations were very low.
Consequently, their absence/low concentration suggests that the
forced aging procedure may require further development/validation.

4. Conclusions

Metabonomic fingerprinting based on network analysis of
untargeted GC/MS volatile compound data, and quantitative analysis
of targeted marker compounds, was successfully applied to determine
the effects of dissolved oxygen and temperature on the forced aging
aroma of Huangjiu. Alcohols, acids, and esters all increased with
increasing dissolved oxygen, while polyphenols, lactones, and ketones
were readily oxidized; aldehydes (e.g., furfural and benzaldehyde)
were highly dependent on both temperature and dissolved oxygen.
Dynamic changes of six marker compounds during the laboratory
scale forced aging of Huangjiu identified potential limitations in
aroma generation for the product stored in large-scale stainless-
steel tanks. Higher initial concentrations of oxygen, together with
supplementation in the middle stages, favored the generation of
stronger aging aromas. While higher temperatures promoted the
concentration of some key marker compounds, this observation
required verification and optimization on a commercial scale.
Consequently, here the model system was to be further developed,
including a further study on the kinetics of the identified aging
markers, but this study would provide a theoretical reference
for the development of high quality Huangjiu using modern
production methods.
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