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1  | INTRODUC TION

Mulberry fruit belonging to the Moraceae family is ubiquitously 
present and localized widely across the Europe, Africa, and 

south-east Asian countries (China, Japan, Korea, India and the 
Himalaya foothills), and more prevalent in China (Bao et al., 2016). 
Traditional Chinese Medicine has witnessed the initialization of ther-
apeutic potentials of food as medicine and has been documented 
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Abstract
The process of fermentation renders the superior quality of mulberry wine based on 
the microorganisms utilized. The present study aimed at investigating the changes 
and correlation between phenols and product quality of mulberry wine fermented 
with Lactiplantibacillus plantarum and Saccharomyces cerevisiae combinatorially. Total 
anthocyanins concentration (TAC), polyphenols concentration (TPC), flavonoids con-
centration (TFC), and antioxidant capacity decreased significantly with high correla-
tion in the fermentation process. TAC gradually reduced with a loss rate of 47.98% 
from 0 to third day of fermentation. Fermented mulberry wine obtained indicated a 
dynamic balance due to the presence of p-hydroxybenzoic acids as compared to the 
primary phenolic constituent. Chlorogenic acid usually presents in mulberry juice. 
The relative intensity of sourness was the most prominent and reached the maxi-
mum (10.93) on day 2 of fermentation. A total of 21 volatile esters were quantified 
(6621.59 μg/L), which contributed significantly to the aroma of mulberry wine. The 
enhanced quality of fermented mulberry wine showed contraindications with de-
creased constituents and escalated wine quality. Rather than usual single inoculum, 
fermentation combination of LAB and yeast holistically influenced the color, taste, 
fragrance, phenolic profiles, and antioxidant properties in mulberry wine, ensuring 
palatability and fit for commercialization prospects.
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in the Chinese pharmacopeia edition 2015 (Zhang, Ma, et al., 2018). 
Mulberry poses a rich and nutritious bioactive ingredients includ-
ing vitamins, minerals, fibers, amino acids, polysaccharides, and a 
variety of polyphenols, flavonols and phenolic acids, as well as an-
thocyanins (You et al., 2018; Yuan & Zhao, 2017). A wide spectrum 
of bio-pharmacological activities has been emphasized, comprising 
antioxidant activities, anticancer profiles, cardiovascular abatement, 
immunomodulatory effects, hepatoprotective efficacies, antihy-
perglycemic perspectives, and neuroprotective properties (Khalifa 
et al., 2018; Sanchez-Salcedo et al., 2015). Further, the polyphenols in 
mulberry have been addressed as beneficiary in combating diabetes, 
weight loss, and anti-inflammatory potentialities due to wine com-
positions (Li et al., 2017; Mahboubi, 2019; Vasserot et al., 2010; Wei 
et al., 2018). The colorants in phenolic dark brown fruits belonging 
to natural polyphenols play a decisive role, and cyanidin 3-glucoside 
(C3G) and cyanidin 3-rutinoside (C3R) are the major constituents 
in mulberry fruit compositions. (Juan et al., 2012). Phenolic acids in 
mulberry are attributed to hydroxycinnamic acid and benzoic acid 
derivatives (Yuan & Zhao,  2017). The mulberry plant and various 
functionalities pertain with essential functions of fruit, leaves, and 
the root bark establishing versatility (Kavitha & Geetha, 2018; Zhang, 
Ren, et al., 2014). Maintaining the perseverance of mulberry fruits 
with concomitant functional reservations renders the post-harvest 
elongations optimally (Wang, Sun, et al., 2015). Commercialization 
aspects of consumer perspectives are time-consuming, and post-
harvest losses are the dire need. Hence, a rational approach in mul-
berry wine making is addressed as an important provocation. To 
further, an important provision is to optimize and provide a flavoring 
and aromatic optimistic potential in wine breweries.

Malolactic fermentation is affirmative of the present perspec-
tives, and a tackling aspect is presented here to evaluate to the al-
cohol fermentation to mitigate the post-harvest losses. The native 
preservatives in mulberry wine are incumbents of native aroma of 
wine brewing industrial scenario (Tchabo, Ma, Kwaw, Zhang, Xiao, 
et al., 2017). Resultant metabolites of monolactic fermentation yield 
a wide range of alcoholic secondary metabolites including alcohols, 
esters, acids, aldehydes, and carbonyl compounds which are pro-
duced in the process of alcoholic fermentation comprising a majority 
of prominence (Feng et al., 2015). Esterification and alcohol accu-
mulation are an intrinsic preparations mechanism in fermentation, 
owing to the finalization. Economic feasibility is redressed in ren-
dering the applicability and suitability of fermentative microbes with 
escalated efficiency. With a notion for aroma and flavor, wine in-
dustry necessitates the optimization protocols based on preliminary 
studies.

Winery researches are established based on the color, antiox-
idant capacity, and volatility of organic ingredients (Kwaw, Ma, 
Tchabo, Apaliya, Sackey, et al., 2018; Liu et al., 2017; Tchabo, Ma, 
Kwaw, Zhang, Xiao, et al., 2017). Research concerned with variation 
profiles of the change of phenolic constituents and holistic quality 
of the whole mulberry wine fermentation process are scarcely avail-
able. However, the active ingredients invigorated the changes in 
several active compounds during the mulberry alcohol fermentation 

pose process deserve attention dire benefits due to because they 
are vital for primary implications in human health. Earlier reports 
concerning the changes in bioactive phenolic compounds investi-
gated during mulberry wine fermentation are adequately examined, 
and changes in flavor, quality, and texture remain to be the area 
unexplored (Wang, Sun, et al., 2015). Therefore, the present study 
aimed to discover the dynamic changes of total anthocyanin concen-
tration (TAC), total polyphenol concentration (TPC), total flavonoids 
concentration (TFC), phenolic acid, and sensory parameters (flavor, 
color, and taste) during the process of mulberry wine fermentation. 
The correlation between phenolic substances, antioxidant capacity, 
and color. The preliminary analysis emphasizes the theoretical basis 
for further optimization and essential downstream processing.

2  | MATERIAL S AND METHODS

2.1 | Plant material

Zhèn shēn 1 hào (Morus nigra) was picked from Jiangxinzhou, 
Zhenjiang, Jiangsu Province, China. The matured black fruits were 
harvested and selected for wine preparation. The surface micro-
bial contamination was eliminated by treating sodium hypochlorite 
(0.02%, v/v) and sterile water. Subsequently, undamaged fruits were 
stored in the deep freezer at −20°C.

2.2 | Chemicals

Phenolic acid standards (gallic acid, p-hydroxybenzoic acid, proto-
catechuic acid, vanillic acid, syringic acid, chlorogenic acid, caffeic 
acid, p-coumaric acid, ferulic acid, and erucic acid) were purchased 
from Shanghai Yuanye Biotechnology (Shanghai, China). Other 
analytical pure reagents were obtained from Sinopharm Chemical 
Reagent (Shanghai, China).

2.3 | Mulberry wine fermentation process

2.3.1 | Activation of microbial species

The Lactiplantibacillus plantarum and Saccharomyces cerevisiae were 
procured from DuPont (Shanghai, China). Starter culture activation 
was preceded as per the method enumerated, previously Kwaw, Ma, 
Tchabo, Aapaliya, Wu, et al. (2018). Briefly, L. plantarum (37°C) and 
S. cerevisiae (35–40°C) were activated in 5% glucose solution for 
20–30 min.

2.3.2 | Fermentation process

The stored frozen mulberry fruits were defrosted at room tempera-
ture (28 ± 2°C). After crushing and treatment with 0.1% pectinase, 
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they were pretreated for temperature regulation by incubating in 
water bath at 40°C for 40 min duration and centrifuged (3200 g, 4°C 
for 10 min). The clarified juice was added with 60 mg/L SO2 and the 
fermentation was initiated by inoculating yeast (5%) and LAB (0.3%) 
at 22°C. Periodic samples of the fermentation broth were taken for 
further investigation on days 0, 1, 2, 3, 4, 5, 6, 7, 9, 11, 14, and 17.

2.4 | Color measurement

Samples’ color parameters were measured with a colorimeter 
(HunterLab, Reston, USA) and expressed as the L*, a*, and b*. Based 
on a* and b*, the saturation C* and hue Angle H0 of the samples were 
respectively calculated according to Equations (1) and (2) (Kwaw, Ma, 
Tchabo, Aapaliya, Wu, et al., 2018). 

2.5 | Total anthocyanin concentration measurement

The TAC was determined according to the method described by Jiang 
and Nie (2015). Briefly, 1 ml of mulberry wine was added into two 
separate 10 ml volumetric flask containing two various buffer solu-
tions with 0.2 mol/L KCl: 0.2 mol/L HCl = 25:67 (pH = 1) and 1 mol/L 
NaAc: 1 mol/L HCl: H2O = 100:60:90 (pH = 4.5), correspondingly 
with constant volume and kept in the dark for 2 hr. The absorbance 
of the two samples was measured at 510 nm and 700 nm (UV-1600 
spectrophotometer, Ruili Analytical Instrument, Beijing China), re-
spectively. TAC was calculated according to Equations (3) and (4). 
The results were expressed as mg C3G/L.

Wherein A represents the absorbance as a result of Equation (3) and 
MW refers to molecular weight (C3G, MW = 449.2 mol/L), DF dilu-
tion factor (100), ɛ depicts the molar extinction co-efficient (C3G, 
ε = 29,600 L/mol/cm), and L corresponds to optical path (1.0 cm).

2.6 | Determination of the total phenolics 
concentration

A modified protocol of Zhang, Yang, et al. (2018) was adopted for TPC 
determination employing the Folin–Ciocalteu method. The absorb-
ance of mulberry wine was measured at 760 nm with 1:10 dilution. 
The TPC of the sample was calculated from the gallic acid regression 
equation of the standard curve. The results were expressed in mil-
ligrams gallic acid equivalents (GAE) per liter (mg GAE/L).

2.7 | Determination of the total flavonoids 
concentration

The TFC was determined by Sicari's method (Sicari et al., 2016) with 
minor modifications. Briefly, 1 ml of sample was poured into 50 ml 
volumetric flask containing 20 ml of 70% (v/v) ethanol. Then, 2 ml 
of NaNO2 solution (5%) was added and allowed to stand for 6 min. 
Consequently, the mixture was added with 2ml of Al(NO3)3 solu-
tion (10%) with continuous stirring and left to stand for 6 min. After 
that, 4 ml of 1.0 mol/L NaOH was added and made up with distilled 
water. After incubating at 25°C for 15  min, the absorbance was 
measured at 510 nm. The results were expressed in milligrams rutin 
equivalents (RE) per liter (mg RE/L). The standard curve for rutin was 
A = 0.0112X + 0.0008 (R2 = 0.9998). A and X represent absorbance 
and concentration, respectively.

2.8 | Determination of the antioxidant activity

2.8.1 | Determination of 2,2-diphenyl-1-
picrylhydrazyl scavenging activity (DPPH-SA)

DPPH scavenging activity was determined by a modified method 
of Ivanovic et al. (2013). Briefly, 0.2 ml of mulberry wine at various 
concentrations (10, 30, 60, 100, 150, and 200 mg/L) was added to 
7.8  ml of 95% ethanolic DPPH (0.025  mg/ml) solution and mixed 
thoroughly. The solution mixture was incubated in a dark room for 
30 min. The absorbance of the sample was measured at 517 nm by 
a UV-Vis spectrophotometer (Ruili Analytical Instrument, Beijing 
China). The results were expressed as millimoles Trolox Equivalent 
(TE) per liter (mmol TE/L).

Ablank: Absorbance of DPPH and methanol; Asample: Absorbance 
of sample and DPPH.

2.8.2 | 2,2'-azino-bis (3-ethylbenzothiazoline-
6-sulfonic acid) scavenging activity (ABTS-SA) 
measurement

ABTS-SA of the mulberry fruit wine was evaluated by the ABTS cat-
ion decolorization assay with basic modifications (Tao et al., 2016). 
The ABTS radical cation (ABTS+) was generated by reaction of ABTS 
solution (7 mM) with potassium persulfate (2.45 mM). The reaction 
mixture was kept in the dark for 12 h at ambient temperature. The 
ABTS+ solution was mixed with ethanol to attain an optical density 
of 0.70 ± 0.02 at 734 nm. Briefly, 0.2 ml of mulberry wine at different 
concentrations (10, 30, 60, 100, 150, and 200 mg/L) was mixed with 
ABTS solution and the reaction mixture after 6 min was measured at 

(1)C
∗ =

[

(a∗)2+ (b∗)2
]1∕2

(2)H
0 = arctan (b∗∕a∗)

(3)A = (A510−A700)pH1.0 − (A510−A700)pH4.5

(4)TAC (mgC3G∕L) =
A × MW × DF × 1000

� × L

(5)DPPH - SA% =

(

Ablank − Asample

)

Ablank

× 100
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734 nm using a UV-Vis spectrophotometer. The results were calcu-
lated as per Equation (6) and expressed in mmol TE/L.

Ablank: Absorbance of ABTS+ and methanol; Asample: Absorbance 
of sample and ABTS+.

2.8.3 | Determination of potassium ferricyanide 
reducing activity (PFRA)

The PFRA was performed with some modifications (Fang 
et al., 2011). The absorbance of the mulberry fruit wine at the vari-
ous concentration (10, 30, 60, 100, 150, and 200 mg/L) was meas-
ured at 700 nm by a UV-Vis spectrophotometer. The absorbance of 
the reaction mixture indicated the antioxidant activity of the sample, 
with a larger absorbance value indicating stronger antioxidant abil-
ity. The experimental results were expressed as millimoles ascorbic 
acid equivalent (AAE) per liter (mmol AAE/L).

2.9 | Determination of phenolic acid content

The phenolic acid content of the mulberry wine was determined by 
the methods of Kwaw, Ma, Tchabo, Aapaliya, Wu, et al. (2018) using 
Shimadzu LC-20AD (Kyoto, Japan). The phenolic acid content in the 
sample was calculated by a regression equation of 10 kinds of phe-
nolic acid. The samples were filtered through a 0.45 μm microporous 
membrane and stored in the dark at 4°C.

Gradient elution: mobile phase A: methanol, acetic acid, water 
(10:2:88), mobile phase B: methanol, acetic acid, water (90:2:8), flow 
rate 1 ml/min.

Elution procedure: 0 to 25 min, B 0% to 10%; 25 to 45 min, B 10% 
to 50%; 45 to 53 min, B 50% to 0%; 53 to 58 min, B 0%. Detection 
wavelength: 280 nm.

2.10 | Determination of taste quality

Kobayashi's method was used for the taste quality determination of 
the samples (Kobayashi et al., 2010). Precisely, the samples (diluted 5 
times) were tested on the SA 402B Electronic Tongue (Insent, Japan). 
The fermented samples collected on the day 0 were taken as internal 
standards. The difference between the taste intensity values of other 
fermentation days and the internal standard was the relative intensity 
value. The intensity values of the internal standard were classified as 0.

2.11 | Determination of aromatic components

The method of Tchabo was used for headspace solid-phase microex-
traction (HS-SPME) and GC-MS (Agilent 6890/5973, Palo Alto, USA) 

parameters determination with trivial modifications (Tchabo, Ma, 
Kwaw, Zhang, Xiao, et al., 2017).

2.11.1 | Solid-phase microextraction

Briefly, 5  ml of sample was added with 1.0  g NaCl, and internal 
standard was loaded into 15  ml of headspace bottle and pre-
heated at 40°C for 10 min. Afterward, the extraction fiber (DVB/
CAR/PDMS 50/30 µm, Supelco, USA) was inserted into the head-
space bottle for 30 min, and the magnetic stirring speed was set at 
800 rpm/min.

2.11.2 | GC-MS parameter

Chromatographic conditions: chromatographic column DB-WAX 
(60 m × 0.25 mm × 0.25 μm), extraction head resolution for 5 min, 
inlet temperature 250°C, carrier gas (He) flow rate 1.0 ml/min, no 
shunt injection. Programmed heating: kept at 50°C for 2  min, in-
creased to 150°C at 6°C /min, held for 2 min, then raised to 220°C 
at 8°C/min, held for 7  min. Mass Spectrometry Conditions: 5973 
Quadrupole Mass Spectrometer, Interface Temperature 250°C, 
Electron Bombardment (EI) Ion Source, Electronic Energy 70  eV, 
Electron Multiplier Voltage 1353 V, Ion Source Temperature 230°C, 
Quadrupole Temperature 150°C, Mass Scanning Range 33–450 
amu.

2.11.3 | Qualitative and quantitative methods for 
volatile aroma components

Qualitative Methods encompass the data retrieval from spectral 
library retrieval, and components classification, corroboratively 
(Kwaw, Ma, Tchabo, Sackey, Apaliya, et  al.,  2018). The retention 
time of C7 to C40 mixtures of n-alkanes proceeded for heating pro-
cedure as reported earlier and the retention index (RI) of aroma 
components was calculated according to the retention index for-
mula (7).

RI refers to the retention index, and n and n + 1 are the number 
of carbon atoms of n-alkanes before and after the outflow of the 
substance to be measured; Tn and Tn+1 represent the retention time 
of corresponding n-alkanes; T is the retention time of the substance 
to be measured (Tn < T < Tn+1).

Quantitative analysis was carried out by internal standard 
method using 0.02 μl/ml n-propanol). The concentration of the com-
ponents was measured according to formula (8).

(6)ABTS - SA% =

(

Ablank − Asample

)

Ablank

× 100

(7)RI = 100n + 100 ×

(

T − Tn

Tn+1 − Tn

)

(8)C =
A × Ci

Ai
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C corresponds to the concentration of the component and A re-
fers to the peak area of the component; Ci accounts for the con-
centration of the internal standard and the peak area of the internal 
standard depicts Ai.

2.11.4 | Data processing and analysis

All the experiments were performed in triplicate, and the data were 
statistically represented as Mean ± Standard Deviation. The SPSS 
17.0 (IBM, USA) was used for profiling significant differences be-
tween parametric variations. Origin Pro 2016 (OriginLab, USA) was 
used for computing the analysis of variance and drawing graphs with 
statistical inferences.

3  | RESULTS AND DISCUSSION

3.1 | Changes of color in mulberry wine during 
fermentation

Wine color changes in the mulberry wine samples are pictorially il-
lustrated in Figure  1a, b. The results demonstrated that the tran-
sition pattern of the four-color parameters (L*, a*, b*, and C*) was 
comparatively prominent. However, from 0 to day 1 of fermentation, 

the transition pattern of L* and b* was inversely proportional to that 
of a* and C*. The comparison of the four-color parameters and TAC 
(Figure 1c) from day 1 to 9 revealed that the transition pattern of 
the four-color parameters (L*, a*, b*, and C*) was opposite to TAC. 
Table 1 clearly revealed the significant inverse relationship between 
the four-color parameters and TAC. From day 9 to 17, L* decreased 
significantly (p <  .05), while a*, b*, and C* showed a slight fluctua-
tion. This contradicted with the findings of Wang, Sun, et al. (2015) 
which could be attributed to the various varieties of mulberry fruits. 
The four-color parameters increased gradually and then decreased 
during the fermentation period, and each color parameter increased 
dramatically after the fermentation period (p <  .05). H0 and C* in-
creased significantly during the fermentation period (p <  .05). The 
trend of H0 change was consistent with that of L* from day 3 to 17, 
shown by a rapid rise followed by a decrease. According to earlier 
studies (Kwaw, Ma, Tchabo, Aapaliya, Wu, et al., 2018; Wang, Sun, 
et al., 2015), the change of L* and H0 is closely related to TAC which 
shows negative correlation between TAC and L* and H0, respectively.

3.2 | Changes of TPC, TFC, and TAC in mulberry 
wine during fermentation and correlation analysis

The changes of TPC, TAC, and TFC in mulberry wine during fermen-
tation are depicted in Figure 1c. The TPC increased from day 0 to 3 

F I G U R E  1   Changes of color (a and b), phenol concentration (c), and antioxidant capacity (d) during mulberry wine fermentation
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and reached the maximum (1792.17 mg GAE/L) on day 3. From day 
3 to 9, the TPC decreased significantly (p < .05), and the decreasing 
rate was greater than the increasing rate at the start of fermenta-
tion. After the 9 days of fermentation, there was no significant dif-
ference (p > .05) between the TPC of the samples. TFC significantly 
decreased (p < .05) from day 0 to 2, and the TFC and TAC transition 
trends were similarly observed. Anthocyanin poses as an essential 
component of flavonoids, and hence, the depletion of TFC is closely 
linked to the deterioration of anthocyanins (Garrido & Borges, 2013). 
From day 2 to 4, the TFC increased, indicating the contents were still 
significantly lower than the initial quantity (p <  .05). After 4 days, 
TFC decreased gradually. At the end of the fermentation period, the 
TPC and TFC of the samples were significantly decreased (p < .05) 
showing similar trends.

Anthocyanin is an important active component of mulberry, a 
kind of natural antioxidant, and has a positive effect on the human 
body with nutraceutical benefits (Mangani et  al.,  2011; Zhang 
et  al.,  2014). TAC significantly decreased (p  <  .05) from day 0 to 
3 with a loss rating of 47.98% (Figure 1c). The decrease was great 
from day 1 to 2 at a loss of 32.77%. Overall, the TAC decreased rap-
idly and then tended to be stable during the fermentation process. 
Anthocyanins are susceptible to pH, temperature, sulfur dioxide, 
metal ions, enzymes, and ascorbic acid (Lopes et al., 2007). Studies 
have shown that yeast quantity and metabolites can affect antho-
cyanins (Mangani et al., 2011). Yeast multiplication and propagation 
result in rapid decomposition and culmination of anthocyanins. Also, 
anthocyanins efficiently reacted with o-quinones produced by the 
oxidation of phenolic enzymes (Romero-Cascales et  al.,  2005). All 
these could be the cause of the decline observed in the TAC of the 
samples. In general, the TAC significantly decreased (p <  .05) after 
the fermentation period.

The significant positive correlation (p <  .01) observed between 
the four-color parameters (L*, a*, b*, and C*) is represented in Table 1. 
The results indicated that the strongest correlation was performed 
between a* and C* (R2 = 0.999), indicating the escalated anthocyanin 
contents as evident from purple-red coloration. The TPC had a sig-
nificant negative correlation with L*, b*, and H0 (p < .01). TFC and TAC 
were negatively correlated with L*, a*, b*, and C* (p <  .01). Among 
phenolic compounds, TAC had the highest negative correlation 

with these four parameters (L*, a*, b*, and C*). The TAC was nega-
tively correlated to the H0 (p < .05), indicating that the change of H0 
was associated with the TAC establishing consistency (Kwaw, Ma, 
Tchabo, Sackey, Apaliya, et al., 2018). Similarly, the TPC had a sig-
nificant negative correlation with H0 (R2 = −0.920). The trend of H0 
did not increase with the decrease of TAC in the early stage of the 
fermentation. This was due to the increase of TPC and the instability 
of the fermentation system.

3.3 | Changes of antioxidant capacity during 
mulberry wine fermentation and correlation analysis

All the antioxidant activities measured by the three different meth-
ods decreased significantly (p < .05) from day 0 to 2, depicting the 
degradation and transformation of phenolics in initial stage of the 
fermentation (Figure 1d). Nevertheless, from day 2 to 4, DPPH-SA 
and ABTS-SA levels increased significantly (p < .05). However, PFRA 
increased significantly (p < .05) from day 2 to 3 and then decreased 
significantly (p < .05) from day 3 to 4. The increase in the activities 
of the three antioxidants observed may be attributed to the break-
down of further phenolic compounds in the ethanol generated by 
fermentation. The three antioxidant activities decreased as phenolic 
compounds decreased during the fourth day of fermentation. After 
the fermentation period, DPPH-SA, ABTS-SA, and PFRA levels were 
significantly lower than on day 0 (p < .05). Our findings differed from 
the report of Wang, Sun, et al. (2015) and Wang, Xie, et al. (2015), 
which may be attributed to differences in the fermentation mecha-
nism, yeast species, and mulberry varieties used.

From Table 2, the antioxidant activity was highly correlated with 
TPC, TFC, and TAC. Among the phenolic compounds, an extremely 
significant correlation was observed between TPC and ABTS-SA 
as well as TPC and PFRA (p <  .01). The correlation between TAC, 
TFC, and the three antioxidant abilities was extremely significant. 
The strongest correlations were found between TPC and PFRA 
(R2 = 0.939), TFC and DPPH-SA (R2 = 0.973), and TFC and ABTS-SA 
(R2  =  0.957). Antioxidant potentials of phenolic ingredients may 
be coerced to structural associations of simple glycosidic ligands 
and necessary regulation for quenching reactive oxygen species 

TA B L E  1   Pearson's correlation analysis between color and phenolics during the fermentation of mulberry wine

L* a* b* C* H0 TPC TFC TAC

L* 1

a* 0.965** 1

b* 0.991** 0.942** 1

C* 0.974** 0.999** 0.954** 1

H0 0.796** 0.644* 0.852** 0.671* 1

TPC −0.786** −0.620* −0.827** −0.647* −0.920** 1

TFC −0.943** −0.929** −0.930** −0.935** −0.688* 0.759** 1

TAC −0.955** −0.990** −0.934** −0.989** −0.627* 0.641* 0.960** 1

Note: ** means the correlation is extremely significant (p < .01); * means the correlation is significant (0.01 < p < .05).
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(Pérez-Gregorio et  al.,  2011). The amount of acidity and phenolic 
hydroxyl can influence the relationship between flavonoid, phe-
nols, and antioxidant efficacy. The resonance between the aromatic 
benzene ring and the phenoxy free electron pair enhances electron 
delocalization, promoting antioxidant activity against free radicals 
(Kwaw, Ma, Tchabo, Aapaliya, Wu, et al., 2018).

3.4 | Changes of phenolic acid content in mulberry 
wine during fermentation

The content of phenolic acid in the mulberry wine at different fer-
mentation times is illustrated in Figure  2a, b. The most abundant 
phenolic acid constituent in the mulberry juice (fermentation 0th 
day) was chlorogenic acid (21.155  mg/L), which is consistent with 
the results reported by Gecer et  al.  (2016); however, there was a 
difference in content. The activities of glucosidase produced by L. 
plantarum resulted in the metabolism and release of the phenolic 
compounds (Zhou et al., 2020), leading to the significant (p <  .01) 
increment observed in the content of protocatechuic acid. Research 
proved that Lactiplantibacillus metabolizes catechin and gallic acid to 
protocatechuic acid (Valero-Cases et al., 2017). The contents of van-
illic acid, syringic acid, and p-coumaric acid first increased and then 
decreased, and optimally saturated on the days 4, 3, and 5, respec-
tively. Chlorogenic acid reduced dramatically from day 0 to 2 and 
then stabilized, consequently. LAB can hydrolyze chlorogenic acid 
to release caffeic acid (Fritsch et  al.,  2016). However, the content 
of caffeic acid initially increased, then decreased, and reached the 
maximum (18.115 mg/L) on day 1. During the fermentation period, 
the levels of ferulic acid and erucic acid slightly fluctuated.

The transition pattern of total p-hydroxybenzoic acids (gallic 
acid, p-hydroxybenzoic acid, protocatechuic acid, vanillic acid, and 
syringic acid), p-hydroxycinnamic acids (chlorogenic acid, caffeic 
acid, p-coumarinic acid, ferulic acid, and erucic acid), and phenolic 
acid content was analyzed to better understand the overall change 
of phenolic acid throughout the fermentation phase. The transition 
pattern is depicted in Figure 2c. The total phenolic acid content was 
dynamically balanced and maintained at an enhanced level. From 
day 0 to 2, the content of total p-hydroxybenzoic acids increased 
by 13.936 mg/L while the content of p-hydroxycinnamic acids de-
creased by 16.727 mg/L. Chlorogenic acid and ferulic acid levels de-
creased by 17.357  mg/L and 0.016  mg/L, respectively, suggesting 

that chlorogenic acid was the main cause attributed for decreased 
levels of p-hydroxycinnamic acids from day 0 to 2 of fermentation. 
p-Hydroxycinnamic acid production was reduced due to the in-
creased levels of caffeic acid, p-coumaric acid, and erucic acid which 
was less than the decrease of chlorogenic acid and ferulic acid. The 
composition of p-hydroxybenzoic acids and overall phenolic acid 
showed similar pattern changes after day 2 of fermentation. Hence, 
p-hydroxybenzoic acids are referred for content variations in total 
phenolic acid contents.

3.5 | Taste and quality changes of mulberry wine 
during fermentation

Wine taste was detected using the detection sensor of the electronic 
tongue which comprise an artificial lipid membranous cast in an elec-
trode widely used for the routine assessment (Lu et al., 2016). Twelve 
mulberry wine samples with different fermentation times were 
investigated to determine the changing trend of five basic flavors 
(acid, bitter, astringent, salty, and umami) and the aftertaste of bitter 
(ATB), astringent (ATA), and umami (ATU). According to Figure  3a, 
the relative intensity of each flavor index of the 12 mulberry wine 
samples varied significantly, with the sourness index demonstrating 
a tremendous variation (10.93). However, the umami was 1.01 (the 
lowest). According to Kobayashi et al. (2010), if the difference of the 
relative strength of two samples on the same index is greater than 
1, in the cause of measuring and evaluating their taste index with 
electronic tongue, then the difference can be identified by sensory 
evaluation. Hence, the changes in taste indexes of mulberry wine 
could be distinguished by sensory evaluation.

Figure 3b,c showed that sourness reached a maximum of 10.93) 
on day 2. However, from day 9 to day 17, stability in taste was estab-
lished. The sourness was reflected by the pH of the wine rendered 
through fermentation efficacy. During the early stages of fermenta-
tion, the yeast grew and generated many acidic metabolites and CO2, 
subsequently making the pH to drop dramatically and the fermenta-
tion broth sour. The relative intensity of bitterness reached the min-
imum (−2.07) on day 2. However, astringency first increased, then 
decreased significantly (p < .05), and reached the maximum (3.90) on 
day 3. The bitterness and astringency of wine are mostly due to phe-
nolic compounds (Cai et al., 2020). The phenolic compounds in mul-
berry wine steadily decreased as fermentation continues, resulting 

DPPH-SA ABTS-SA PFRA TPC TFC TAC

DPPH-SA 1

ABTS-SA 0.941** 1

PFRA 0.843** 0.957** 1

TPC 0.654* 0.849** 0.939** 1

TFC 0.973** 0.957** 0.897** 0.759** 1

TAC 0.939** 0.860** 0.780** 0.641* 0.960** 1

Note: ** means the correlation is extremely significant (p < .01); * means the correlation is 
significant (0.01 < p < .05).

TA B L E  2   Pearson's correlation analysis 
between phenolics and antioxidant 
capacity in the fermentation of mulberry
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in a steady decrease in astringency and bitterness. From day 0 to 5, 
the relative intensity of saltiness and umami declined, subsequently 
increasing the significance (p <  .05), reaching a minimum on day 1 
(−0.54) and day 2 (−0.62), respectively. Due to alcohol fermentation, 
the relative strength of the five simple flavors changed dramati-
cally from day 0 to 4 and the substrates were stabilized after 4th 
day. From day 0 to 4, ATA, ATB, and ATU demonstrated an average 
upward trending comprehensively. From day 4 to 17, ATA and ATB 
fluctuated significantly with initial decrease and drastic variations 
except for ATU that remained stable. According to our findings, the 
taste of mulberry wine samples became more durable, and unpleas-
ant flavors diminished.

3.6 | Changes of aroma components in mulberry 
wine during fermentation

The mulberry wine samples were harvested and analyzed on days 
0, 2, 4, 7, and 17. It showed the quantity and content of aroma 

components in Figure 3d and Table 3. In mulberry wine, 51 volatile 
substances were detected by using SPME-GC-MS method, including 
13 alcohols, 24 esters, seven aldehydes, three ketones, three acids, 
and one aromatics component. The results indicated that the total 
volatile components content first increased and then decreased, and 
reached the maximum (11,808.48 μg/L) on the 7th day. Furthermore, 
after fermentation, the total volatile compounds of mulberry wine 
were significantly (p < .05) higher than mulberry juice (fermentation 
0th day). As a whole fermentation process, alcohols and esters ac-
counted for the largest proportion of the total volatile components 
constituents.

According to Belda et  al.  (2017), alcohols are essential flavor 
compounds in fruit wine, and they are mostly generated through 
glycolysis. Furthermore, amino acids precursors in resultant higher 
alcoholic compositions play a pivotal role. Among the identified 
volatile compounds, alcohols played an important role in volatile 
substances, accounting for 20.62% to 42.37% of the total volatile 
substances. Ethanol, isobutanol, isoamyl alcohol, and phenyleth-
anol were the principal components of alcohols, and their levels 

F I G U R E  2   Changes of p-hydroxybenzoic acids (a), p-hydroxycinnamic acids (b), and total phenolic acid (c) during mulberry wine 
fermentation
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reached the maximum on the 7th day. Isoamyl alcohol presented 
the greatest concentration of higher alcohols in mulberry wine. 
Additionally, phenylethanol was found to impart a distinct floral fra-
grance to mulberry wine (Wang, Xie, et al., 2015). Compared with 
mulberry juice (fermentation 0th day), the amount of alcohol in mul-
berry wine after day 17 of fermentation decreased. However, the 
overall content was significantly higher than that in mulberry juice 
(p < .05). The content of alcohol group increased from 80.53 μg/L 
to 3333.85 μg/L after fermentation. Hexanol (16.42 μg/L) was the 
most important alcohol volatile substance in mulberry juice, which 
has a grassy and woody fragrance, decreased rapidly during the fer-
mentation period. However, it was not detected on the 17th day 
of fermentation. After fermentation, isoamyl alcohol was the main 
alcohol volatile in mulberry wine which was produced during the 
fermented process.

As the largest family of mulberry wine volatile compounds, es-
ters accounted for 56.07% to 71.15% of the total identified com-
pounds. It has been proposed that esters are formed by the reaction 
of alcohols and organic acids during the fermentation process, which 
has a significant impact on the aroma of wine (Belda et al., 2017). 

Furthermore, the presence of yeast and other microbes might result 
in the production of esters (Wang, Xie, et al., 2015). Among the vola-
tile esters identified, ethyl acetate, isoamyl acetate, ethyl hexanoate, 
ethyl octanoate, and ethyl citrate predominated in ester family. Ethyl 
caprylate presented the highest ester content during the fermen-
tation process, but was not detected in mulberry juice, reaching a 
maximum of 2721.32 μg/L after day 7. The research suggested that 
ethyl acetate has a significant effect on the fruity aroma of the wine. 
Isobutyl acetate has a floral fragrance and is produced by the reac-
tion of isobutanol and acetic acid in fruit wine. Moreover, isoamyl ac-
etate has a strong aroma similar to banana (Peng et al., 2016). Some 
esters disappeared at the early stage, however appeared with the 
progress of fermentation. In the comparison of the aroma at the end 
of the fermentation period (fermentation 17th day) to that at day 
0 of fermentation, 9 ester aroma components were added, and the 
total esters content increased from 233.76 μg/L to 5482.69 μg/L. 
Moreover, the change of ethyl octanoate was the most significant 
after fermentation. Thus, the days of fermentation from 0 to 17 
clearly depicts transesterification reactions with augmented ester 
contents.

F I G U R E  3   The box plot of relative intensity of each taste index (a), the relative intensity of each taste index (b and c), varieties of aroma 
components in mulberry wine fermentation (d); SO-Sour, BI-Bitter, AS-Astringent, SA-Salty, UM-Umami, ATA-Aftertaste of Astringent, ATB- 
Aftertaste of Bitter, and ATU-Aftertaste of Umami
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The strains, Lactiplantibacillus plantarum and Saccharomyces cerevi-
siae, used for the fermentation influenced the phenolic compounds 
(TPC, TAC, and TFC) of the mulberry wine samples. During the fer-
mentation period, the total anthocyanin, phenolic, and flavonoid 
content decreased significantly in the mulberry wine. Furthermore, 
mulberry wine exhibited better free radical quenching ability due 
to the presence of microbially biotransformed phytochemical com-
pounds after L. plantarum and S. cerevisiae fermentation. These com-
pounds influenced the quality of mulberry wine. Fermentation with 
LAB and yeast significantly influenced color, taste, aroma, phenolic 
profiles, and antioxidant properties of the mulberry wine samples, 
which could focus the application prospects for nutraceutical and 
healthcare potentials. Besides, mulberry wine production makes 
maximum use of mulberry fruits, prevents post-harvest losses, and 
demonstrates significant economic potential.
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