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Abstract  The present study aims to evaluate the quality 
of chemical, sensory properties and antioxidant potential 
of mulberry wine using selenium-enriched yeasts employ-
ing eight different methods (MW1–MW8). The selenium-
enriched yeast significantly (p < 0.05) increased phyto-
chemical profiles, flavor, quality and antioxidant capacity. 
The most effective method for raising the selenium level of 
mulberry wine was using L-seMC (MW5). Mulberry wine 
color was attributed to the anthocyanins and phytochemi-
cal composition with selenium content. DPPH and ABTS 
radical scavenging activity varied with change in treatment 
methods suggesting their impact on antioxidant activity. 
Total selenium content on L-SeMC supplementation proved 
a significant correlation between selenium content with total 
anthocyanin content, total polyphenol content and flavonoid 
content. Sensory analysis by electronic nose exhibited MW2 
with high response value in the W2S sensor showing high 
alcohol concentration. GC–MS analysis showed the presence 
of 57 volatile aromatic compounds comprehended by esters 
and alcohol (isoamyl alcohol, 2-methylbutanol, 2,3-butan-
ediol, and phenethyl alcohol). Principal component analysis 
affirms the response values for four categorical score values 

with reliability and consistency for all the parameters, sig-
nificantly. Thus, the workflow demonstrates a simpler, cost-
effective traditional methodology for rationalized outcomes.

Keywords  Mulberry fruit · Selenium-enriched 
yeast · Fermented mulberry wine · Aroma compounds · 
Antioxidant activity
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Biological, chemical and microbiological
PC-3	� Pectinase
L-SeMC	� L-selenium-methylselenocysteine
DPPH	� 1,1-Diphenyl-2-trinitrophenylhydrazine
ABTS	� 2,2-Diazobis-3-ethylbenzene, thiazoline-6-sul-

fonic acid diamine salt
Na2SeO3	� Sodium selenite
KCl	� Potassium chloride
HCl	� Hydrochloric acid
C3G	� Cyanidin 3-glucoside
Na2CO3	� Sodium carbonate
AlCl3	� Aluminum chloride
NaCl	� Sodium chloride
CFU	� Colony forming unit

Experiments
TSS	� Soluble solids
TTA​	� Total Acidity
TVA	� Total volatile acidity
TAL	� Total alcohol content
CI	� Color intensity
CH	� Hue angle
TAC​	� Total anthocyanin concentration
TPC	� Total phenolic concentration
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TFC	� Total flavonoid concentration
PCA	� Principal component analysis

Instrumental techniques
pH	� Potential of hydrogen
UV	� Ultra violet
VIS	� Visible
ICP-MS	� Inductively coupled plasma mass spectrometry
PEN3	� Portable electronic nose
GC–MS	� Gas chromatography–mass spectrometry

Introduction

Mulberrry acts as the principal component for food as medi-
cine and is usually referred to as "folk sacred fruit". Mul-
berry possesses several health benefits owing to the presence 
of phenolic substances and its antioxidant nature. The rich 
flavonoids in mulberry effectively reduce lipid peroxida-
tion in the human body and improve the antioxidant status 
in the liver and blood. Augmentation of human health is 
attributed to the presence of glutathione peroxidase (GSH-
Px) and superoxide dismutase (SOD) enzymes (Yang et al. 
2010). Further, rutin and isoquercitrin prevent inflammation 
by reducing the level of inflammatory cytokine IL-6. Sub-
sequent reactions correlate to the inhibition of nitric oxide 
synthase through inducible synthesis and increased expres-
sion of anti-inflammatory cytokine IL-10. Adequate research 
has demonstrated that anthocyanins and flavonoids have 
potent anti-inflammatory effects by inhibiting cytokines, 
nitric oxide synthase, and NF-kB against pathogens such 
as, Escherichia coli, Staphylococcus aureus, etc. (Chen 
et al. 2017). The prominent health impact of mulberry wine 
has been coerced to the presence of bioactive compounds 
along with nutritional benefits. (Yuan and Zhao 2017). The 
chemical constituents in mulberry wine by alcohol fermenta-
tion yield carbonyl compounds, alcohols, esters, acids and 
acetals, and ethanol production (Feng et al. 2015). Thus 
the by-products improves the flavor of mulberry wine with 
increased palatability and compatibility.

The essential micronutrient, selenium (Se) shows mul-
tiple health implications and various biological functions 
encompassing antioxidant activities (Grasemann and Hol-
guin 2021), immune enhancement (Sena et al. 2013) and 
anti-ageing properties (Liu et al. 2016; Cai et al. 2019). Se 
deficiency is associated with several diseases, including 
Keshan disease, cancers, diabetes, thyroid disease, athero-
sclerosis, asthma, hearing failure, and skin diseases (Liu 
et al. 2018a, b, c). Therefore, organic selenium-fortified 
wines, foods and other functional foods are recommended 
for humans (approximately 55 µg/day). However, the toxic 
nature of inorganic Se, selenate and selenite requires micro-
bial biotransformation of Se into organic forms, including 

selenocysteine, selenomethionine, and selenomethyl sele-
nomethionine (Kieliszek et al. 2015). Numerous studies have 
demonstrated that selenium-loaded Saccharomyces cerevi‑
siae is capable of converting inorganic selenium to organic 
selenium through biotransformation (Kieliszek et al. 2015), 
and probiotic-based nutraceuticals (Palomo-Siguero 2016). 
The emphasis on emerging trends of fermented Se-enriched 
yeasts mulberry wine of non-dairy origin for increased 
health benefits, probiotics and antioxidant profiles is neces-
sitated. The purpose of this study was to evaluate the qual-
ity of chemical, sensory properties and antioxidant profile 
of mulberry wine fermented with selenium-enriched yeasts 
using different methods (MW1–MW8). The goals were (a) 
preparation of Se-enriched yeast and mulberry fruit Juice 
(b) perform mulberry wine fermentation by Se-enriched 
yeast with different methods (c) evaluate sensory proper-
ties, chemical and antioxidant profiles during fermenta-
tion (d) Identification and quantification of volatile aroma 
compounds during fermentation (e) correlation of sensory 
properties, aroma components and antioxidant profiles 
using principal component analysis (PCA). Thus a simpler 
protocol for screening various plethora of selenium incor-
porations is assessed through a concrete and cost-effective 
methodology.

Materials and methods

The methodology utilizes a simple protocol that can be 
rationalized for applications in enhancing a variety of 
organic selenium sources (Figure S1).

Preparation of mulberry fruit sample

Black-colored mulberry fruits—Morus nigra was mixed to 
maintain Brix value of 19 with pH of 4.7 and 6.2 g/L acid-
ity. Mulberry fruits were obtained from the mulberry farm 
at Zhenjiang, Jiangsu, China. After washing the fruits with 
0.02% sodium hypochlorite, the preparation of wine was pre-
ceded by rinsing with sterile water and was stored at -20 °C.

Chemicals and reagents

PC-3 pectinase was purchased from Nuo Enzyme Pro-
ductivity Promotion Co., Ltd (Tianjin, China). Potassium 
metabisulfite was purchased from DAL CIN, Italy. L-Sele-
nium-Methylselenocysteine (L-SeMC) was procured from 
Chuanqi Pharmaceutical Co., Ltd (Jiangxi, China). Chemical 
reagents were purchased from Sinopharm Chemical Reagent 
Co., Ltd. included Folin-Ciocalteu reagent, rutin, 2,2-diazo-
bis-3-ethylbenzene, thiazoline-6-sulfonic acid diamine salt, 
1,1-diphenyl-2-trinitrophenylhydrazine, etc.
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Preparation of samples

Preparation of selenium‑enriched active yeast

The seed culture was prepared according to several mani-
fested protocols. Precisely, a ring of Saccharomyces cerevi‑
siae stored in CECA (Angel Yeast Co., Ltd., Hubei, China) 
was picked up and streaked onto the sterilized YPD solid 
medium. The yeast was cultured and incubated in an incuba-
tor (25 °C for two days). Then, a single colony was selected 
from the solid medium and was inoculated into 100 mL of 
YPD liquid medium. Subsequent culturing in a shaker at 
28 °C and 150 rpm for 24 h was performed. The optimized 
fermentation parameters include the addition of seed solu-
tion inoculum with 4.6%, sodium selenite (Na2SeO3) for 4 h 
of fermentation (40 μg/mL) with selenium enrichment time 
for 58 h.

Preparation of selenium‑enriched yeast extract

The extract of Angel Selenium Enriched Yeast Nutritional 
Additive (Angey Yeast Co., Ltd., Hubei, China) was pre-
pared as per the following methodology. First, the compound 
protease (obtained from Nanning Donghenghua Road Bio-
technology Co., Ltd., Guangxi, China) was added and final 
composition of 0.32% was obtained. The enzymatic hydrol-
ysis temperature and the enzymatic hydrolysis time were 
54 °C and 12 h, respectively. The final concentration of the 
yeast suspension was made up 4.6%.

Mulberry wine preparation

The mature and non-spoiled mulberries were selected as 
the raw material. After the mulberries were beaten, 0.2% 
pectinase was added. The mulberry juice was centrifuged at 
4000 rpm for 15 min and heated in a water bath (40 °C) for 
90 min. Mulberry juice (1000 mL), 4.6% (v/v) yeast inocu-
lum (107 CFU/mL), and potassium metabisulfite (120 mg/L) 
were added to eight 2-L fermentation vessels (MW1–MW8) 
to initiate alcohol fermentation. These sample mixture was 
fermented for 7 days at 25 °C and kept in a orbital shaker 
at 160 rpm. Then 200 μg/L of other selenium nutritional 
additives were added before and after the fermentation of 

mulberry wine. The detailed fermentation and addition 
methods are shown in Fig. 1a.

Evaluation of enological parameters

Physicochemical parameter analysis

LIDA Instrument PHS-3C Precision pH/mV meter was uti-
lized for pH estimation. WYT 0–80° Brix Meter was used 
to estimate Soluble solids (TSS), Total Acidity (TTA), Total 
Volatile Acidity (TVA), and Total Alcohol Content (TAL). 
Physicochemical parameters were done according to the 
Chinese National Standard GB/T 15038–2006 (General 
Analysis Method for Wine and Fruit Wine).

Color evaluation

The color detection (TCD) was evaluated using the method 
of Zhang et al. (2017). Mulberry wine was prepared to detect 
the absorbance of the sample at wavelengths 420, 520 and 
620 nm. The color intensity and hue angle of mulberry wine 
was calculated according to Eqs. (1) and (2). The contribu-
tion of each color (yellow, red and blue) to the overall color 
of mulberry wine were calculated by dividing the absorb-
ance at 420 nm (Ye%), 520 nm (Re%) and 620 nm (Bl%). 
The color intensity was calculated using the formula.

Phytochemical composition

Determination of  total anthocyanin content  Dai et  al.
(2009) method was used to determine the total anthocya-
nin concentration (TAC). In brief, 1 mL sample was placed 
in two 10 mL volumetric flasks. The volume was adjusted 
with pH 1.0 (0.2 mol/L KCl: 0.2 mol/L HCl = 25: 67 (v/v)) 
buffer solution and pH 4.5 (1  mol/LNaAc: 1  mol/L HCl: 
H2O = 100: 60: 90 (v/v/v)) buffer solution, respectively. The 
solutions were allowed to stand at room temperature for 2 h. 
The absorbance of the two samples was measured at wave-
lengths of 510 nm and 700 nm, respectively. Anthocyanins 
were calculated using Eq.  (1) and expressed using corn 
color cyanidin 3-glucoside (C3G).

(1)Color intensity (CI) = A420 + A520 + A620

(2)Hue angle (CH) =
A420

A520

(3)
TAC (mg/L) =

(A510 − A700)pH1.0 − (A510 − A700)pH4.5 ×MW × DF × 1000

ε × L
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where MW refers to the molecular weight of 
C3G = 449.2 mol/L, DF corresponds to the dilution fac-
tor, ε—The molar absorbance (26,900 L/mol cm), and L 
accounts for the optical path length of the cuvette (1.0 cm).

Determination of  total polyphenol content  The Folin-
Ciocalteu method described by Bajčan et al. (2013) was 
used to estimate total polyphenol content. Briefly, 0.2–

1.2 mL of the gallic acid standard solution (100 μg/mL) 
was taken in six test tubes and the volume was made up 
to 25 mL with distilled water. Without sample served as 
the blank. Subsequently, 1.0 mL of Folin-Ciocalteu rea-
gent was added. Then, the tubes were permitted to stand 
for 5 min after vortexing at room temperature. After that, 
4.0 mL of Na2CO3 (12%), the solution was added and kept 
at 25 ℃ in the dark for 2 h. The absorbance was measured 

Fig. 1   Different fermentation 
methods and Sensory evaluation 
a Mulberry wine. with differ-
ent selenium sources b PEN3 
electronic nose sensor with its 
Performance description
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at 760 nm in a UV spectrophotometer (UV-1600) against 
a blank. Similarly, 1 mL of mulberry wine was diluted 50 
times and the polyphenol content was calculated. Finally, 
total phenol content was estimated in the samples and 
expressed as mg gallic acid equivalents/g sample.

Determination of  total flavonoids  The aluminum chloride 
method was employed to evaluate the flavonoid content in 
mulberry wine Magalhães et al. (2012). Initially, a standard 
rutin solution with a mass concentration of 0.2 mg/mL was 
prepared. Distilled water and reagents mixture served as a 
blank. Briefly, different volumes of the standard solution (2, 
4, 6, 8, 10 and 12.0 mL) were taken in a 50 mL volumetric 
flask and the final volume was made up to 20 mL of distilled 
water. Further, 2  mL of sodium nitrate (5%) solution was 
added, mixed and allowed to stand for 6 min. Then, 2.0 mL of 
AlCl3 (10%) solution was added and the mixture was allowed 
to stand for 6 min. To the above mixture, 4 mL of NaOH solu-
tion was added and the volume was adjusted to 50 mL with 
distilled water. The absorbance was measured at 510 nm using 
a UV spectrophotometer (UV-1600) against a blank (distilled 
water and reagents) to prepare a standard curve. Similarly, a 
1 mL mulberry wine was measured and the content of total 
flavonoids was calculated according to the standard curve.

Antioxidant assays

2‑diphenyl‑1‑picrylhydrazyl (DPPH) radical‑scaveng‑
ing  Kwaw et al. (2018a) adopted a modified method for 
estimating DPPH radical scavenging activities. Briefly, 
2 mL of ethanolic DPPH (0.1 mM) solution was added with 
2 mL of 20-fold diluted mulberry wine sample. The mix-
ture was vortexed well and kept in the dark for 30 min. The 
absorbance (As) of the sample was measured at a wavelength 
of 517 nm using a UV–VIS spectrophotometer. The solution 
mixture of 2 mL of ethanol added with 2 mL of DPPH solu-
tion served as control. The DPPH radical scavenging ability 
of the sample was expressed by the formula (4).

ABTS radical cation scavenging activity  The ABTS radical 
scavenging activity was determined by the method of Chaves 
et al. (2020). ABTS solution (7.4 mmol/L) and the potassium 
persulfate solution (2.6 mmol/L) were mixed in equal volumes 
and stored in the dark at an ambient temperature for the gen-
eration of cation radical. The solution prepared are optimized 
with double distilled water to set 0.700 OD at 734 nm. Fur-

(4)

DPPH radical scavenging ability (%) =

(

A0 − A
s

)

A0

× 100

ther, 2 mL of mulberry wine sample was mixed with 2 mL 
of freshly prepared ABTS solution. The solution mixture was 
shaken well and allowed stand for 6 min. The absorbance (As) 
of the sample was measured at 734 nm by a UV–VIS spec-
trophotometer. The absorbance (A0) of the without sample 
ABTS working solution was measured under the same con-
ditions. The ABTS radical scavenging ability was measured 
according to formula (5).

Determination of  hydroxyl radical scavenging  The 
hydroxyl radical scavenging ability (HRSA) was determined 
by the method described by Çelik et  al. (2010). Alcohol 
salicylate solution (6 mM), ferrous sulfate solution (6 mM) 
and hydrogen peroxide solution (6 mM) were prepared. The 
20-fold diluted mulberry wine sample (2 mL), ferrous sul-
fate solution (2 mL) and hydrogen peroxide solution (2 mL) 
was added to the test tube 1. Further, it was mixed and 
allowed to stand for 10 min. Salicylic acid solution (2 mL) 
was added to the sample group (A1). Then, 2 mL each of 
ferrous sulfate, salicylic acid, and mulberry wine samples 
were added to test tube 2 (A2). The solution mixture con-
taining 2 mL of ferrous sulfate, salicylic acid, and hydrogen 
peroxide was served as the blank control group (A0). Each 
test tube was placed in a water bath (37 °C for 30 min), and 
the absorbance value was measured at 510 nm. The HRSA 
of the sample was expressed by formula (6).

Ferric reducing antioxidant power (FRAP) capacity  The 
FRAP assay was performed by Haida and Hakiman (2019) 
method. The mulberry wine sample (2  mL) was diluted 
50-fold, and phosphate-buffered saline (2.5 mL, 0.2 mol/L, 
pH 6.6) and potassium ferricyanide solution (2.5 mL, 1% 
(w/v)) were added to the test tube. The mixture was incu-
bated in a water bath at 50  °C for 20 min. After cooling, 
2 mL of 10% trichloroacetic acid solution (w/v) was added 
and centrifuged at 4000  rpm for 10  min. Ferric chloride 
solution (0.5 mL 0.1% (w/v)) was added to the supernatant 
(2  mL) and made up to 6  mL with distilled water. After 
mixing, the absorbance was measured at a wavelength of 
700 nm. The absorbance value reflected the reducing power. 
Strong reducing power detected was corroborated to greater 
absorbance.

(5)ABTS ⋅ +scavenging (%) =

(

A0 − As

)

A0

× 100

(6)HRSA% =

(

1−
A1−A2

A0

)

× 100



371J Food Sci Technol (February 2024) 61(2):366–384	

1 3

Determination of total selenium content (TSC)

The selenium-enriched yeast sample (0.2–0.5 g) was placed 
in a microwave digestion tank, and nitric acid (5–10 mL) 
was added and placed for 1 h or overnight. The comple-
tion of the reaction between the sample and nitric acid was 
regarded as the endpoint. Microwave digestion refers to the 
national standard GB 5009.268–2016. The heating program 
corresponds to the digestion employing temperature at 120 
℃ for 5 min, 150 ℃ for 10 min, and 190 ℃ for 20 min (the 
temperature rise in each stage was controlled at 5 min). After 
the digestion was completed, ultrasonic degassing was per-
formed for 5 min. The volume was adjusted to 25 mL for 
later use.1000 μg/mL selenium standard solution was used 
to prepare 0.0, 0.1, 1.0, 5.0, 10.0, 30.0, 50.0, 100.0 μg/L 
corresponding to 8 gradients of selenium standard solution. 
The solution was kept on the machine to be tested, a standard 
selenium concentration curve was drawn, and the response 
value was calculated. ICP-MS detection conditions encom-
pass radiofrequency power of 1500 W, plasma gas flow rate 
of 15 L/min, carrier gas flow rate of 0.8 L/min, the auxiliary 
gas flow rate of 0.8 L/min, and helium gas flow rate of 4 mL/
min. The atomization of the chamber temperature was 2 °C. 
The sample lifting rate was 0.3 r/s. The method was repeated 
thrice with the sample to assess reproducibility.

Determination of electronic nose

The instructions depicted in the machine was used to cali-
brate the PEN3 electronic nose with acetone, isopropanol 
and propanol. Initially, 5 mL of each mulberry wine sample 
was taken in a 20 mL headspace bottle. The sample was 
equilibrated for 5 min for headspace enrichment before anal-
ysis. Then, the measurement phase lasted for 250 s, long 
enough for the sensor to reach a stable signal value. Next, 
the clean gas was pumped into the sample gas channel for 
300 s to normalize the sensor signal. The response value 
of the sensor was defined as G/G0, where G0 and G are 

the conductivity of the activated carbon filter gas and the 
volatile sample gas detected by the sensor, respectively. The 
PEN3 electronic nose detector was composed of 10 kinds of 
sensor elements, and the sensitive substances corresponding 
to each sensor are different, as shown in Fig. 1b (Ekumah 
et al. 2021).

Determination of volatile flavor substances

Briefly, 5 mL mulberry wine samples and 1 g NaCl were 
added into a 20 mL headspace bottle and heated and bal-
anced at 40 ℃ for 2 min. The extraction needle (50/30 μm 
DVB/PDMS/CAV) was inserted into the headspace flask for 
extraction for 15 min, and the magnetic stirring speed was 
250 rpm/min. After extraction, the sample was analyzed at 
250 ℃ for 5 min at the injector.

The gas chromatographic column was sh-RXI-5SIL 
MS (30 m × 0.25 mm × 0.25 µm) with 5% phenyl and 95% 
dimethylpolysiloxane as stationary phase. Carrier gas flow 
rate (helium, 99.999%) was 1 mL/min without a shunt. The 
interface temperature of the MS was 250 ℃, electron energy 
bombardment ionization was 70 eV, ion source temperature 
was 230 ℃, mass scan range was 45–450 amu, and the detec-
tion start time was 3 min. Other parameters were set accord-
ing to the software parameters. The programmed tempera-
tures are initial temperature with escalations at 40 ℃ > 100 
℃ for 2 min at 5 ℃/min > 160 ℃ for 2 min at 6 ℃/min > 220 
℃ for 5 min.

The volatile compounds were compared with the data in 
nist17 (National Institute of Standards and Technology mass 
spectrometry Library). In addition, qualitative analysis was 
carried out by the material retention index and the sh-rxi-
5sil MS column reported in the literature (Kieliszek et al. 
2019). The quantitative method uses the area normalization 
method to express the relative percentage content of each 
volatile substance.

Table 1   Comparison of basic 
physical and chemical indexes 
of mulberry wine in different 
groups

Values are represented as mean ± standard deviation.
Values on the same column with different letters are significantly different (p < 0.05)

Groups pH TSS (·Bx) TTA (g/L) TAL (%) TVA (g/L)

MW1 4.57 ± 0.02a 4.60 ± 0.10a 6.55 ± 0.11b 4.53 ± 0.25b 1.17 ± 0.20ab

MW2 4.21 ± 0.01c 3.97 ± 0.06b 7.66 ± 0.23a 5.20 ± 0.10a 1.31 ± 0.05a

MW3 4.51 ± 0.01b 4.33 ± 0.15a 6.43 ± 0.07b 4.47 ± 0.15b 1.17 ± 0.12ab

MW4 4.55 ± 0.04a 4.50 ± 0.20ba 6.63 ± 0.16b 4.37 ± 0.15b 1.12 ± 0.03b

MW5 4.54 ± 0.01ab 4.63 ± 0.15a 6.50 ± 0.08b 4.23 ± 0.32b 1.17 ± 0.02ab

MW6 4.54 ± 0.01ab 4.57 ± 0.15a 6.55 ± 0.12b 4.57 ± 0.15b 1.15 ± 0.03ab

MW7 4.56 ± 0.01a 4.63 ± 0.31a 6.53 ± 0.16b 4.53 ± 0.15b 1.20 ± 0.02ab

MW8 4.54 ± 0.02a 4.67 ± 0.15a 6.56 ± 0.08b 4.53 ± 0.23b 1.19 ± 0.09ab
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Result and discussion

Effects of different selenium sources on physicochemical 
parameters

Physical and chemical indexes of mulberry wine were 
assessed to estimate the effects of various selenium sources 
(Table 1). The results are affirmative that the TSS of MW2 
and the pH decreased significantly compared with MW1. 
The Physicochemical changes may be accounted for the 
inherent effects of yeast after the treatment of inorganic 
selenium salts. Stimulus reaction mechanisms such as anti-
oxidant, Kleberdril effect, and carbon catabolite inhibition 
were incorporated. Assessment of carbon sources in corre-
lating metabolism efficiency in producing ethanol and vari-
ous acidic metabolites defines the effective selenium source 
(Ekumah et al. 2021). The consistent chemical reactions 
correlate to a significant negative correlation (R2 = − 0.812) 
between TSS and TAL. Furthermore, the correlation was 
supported by the highly substantial negative correlation 
between PH and TTA, TAL, and TVA. A significant posi-
tive correlation between TTA and TVA (R2 = 0.867), shows 
significant variations. A similar trend was observed between 
TAL and TVA (R2 = 0.886) (Table 1). No significant differ-
ence in indicators (except pH), between the other groups and 
the blank MW1 except MW2 was observed. The addition of 
a selenium source before fermentation significantly impacted 
the physical and chemical properties of mulberry wine. 
The effect of the indicator may be due to the low amount 
of selenium addition. Hence optimization of the amount of 
selenium will have profound implications in upscaling from 
laboratory to industrial scale applications and associated 
variations in quality, yield and aroma of the wine. A recent 
study showed the usage of optimized Se-enriched mulberry 
wine (OpSeMW) over ordinary wine after fermentation 
optimization by BBD—Box-Behnken design and RSM—
Response surface methodology (Johnson et al. 2023). How-
ever, the present work is simpler in design, execution and 
cost-effective, when compared to the above study. Nano-Se 

based soy sauce showed increased antioxidant profiles and 
was reported as a novel method for segmenting organic sele-
nium content. However, the aroma quality and taste of the 
soy sauce has not been reported (Chen et al. 2022). Further-
more, research reports have stressed the utility of Se-bio-
fortified plants and foods with increased nutraceutical and 
bioactivity profiles (D’Amato et al. 2020). Pueraria lobata 
plant roots fortified with Se have been shown to possess 
anti-cancer proteins and polysaccharides rich in Se content 
(Zou et al. 2014), Thus the selenium incorporation and for-
tification in wine and other foods require a cost-effective 
simpler protocol for augmented applications in nutraceutical 
and therapeutic screening strategies. The present preliminary 
assessment depicts the usage that can act as Launchpad for 
fermentation biologists. Further, determining the largescale 
production of Se-enriched mulberry wine production with S. 
cerevisiae for further toxicity studies and enhanced associa-
tive nutraceutical efficacy will reinvigorate the biomedical 
context.

Effects of different selenium sources on mulberry wine 
color characteristics

The influence of different concentrations of selenium sources 
on the TCD of mulberry wine was expressed by color inten-
sity (CI), hue angle (CH), yellow (Ye%), red (Re%) and blue 
(Bl%). The results indicate that except for the mulberry wine 
with selenium source added after fermentation, the CI and 
Re% of the other groups increased, and the Ye% decreased 
compared with the blank MW1 (Table 2). The color of mul-
berry wine was mainly affected by anthocyanins (TAC) 
(Kwaw et al. 2018b). The significant positive correlation 
between CI and Re% and TAC (R2 = 0.978) was similar to 
the results of Tao et al. (2017) (Table 1). The significant 
negative correlation between Ye% and TAC also supported 
our assertion, consistent with the results of Kelebek (2010). 
The o-hydroxyphenols of phenols are easily oxidized into 
o-quinone or semiquinone free radicals. These quinone free 
radicals were unstable and prone to condensation reactions 

Table 2   Comparison of the 
color of mulberry wine in 
different groups

Values are represented as mean ± standard deviation.
Values on the same column with different letters are significantly different (p < 0.05)

Groups Color intensity (CI) Hue angle (CH) Yellow (Ye%) Red (Re%) Blue (Bl%)

MW1 10.98 ± 0.09d 0.94 ± 0.02a 35.01 ± 0.46a 37.25 ± 0.48d 27.74 ± 0.24b

MW2 11.90 ± 0.1b 0.65 ± 0.03c 28.07 ± 0.64c 43.19 ± 0.84b 28.74 ± 0.2a

MW3 11.51 ± 0.03c 0.73 ± 0.01b 30.05 ± 0.1b 41.30 ± 0.17c 28.65 ± 0.08a

MW4 11.78 ± 0.09b 0.72 ± 0.02b 29.93 ± 0.32b 41.37 ± 0.43c 28.71 ± 0.17a

MW5 12.29 ± 0.16a 0.62 ± 0.02d 27.71 ± 0.51c 44.77 ± 0.78a 27.52 ± 0.27b

MW6 11.03 ± 0.12d 0.93 ± 0.01a 34.60 ± 0.38a 37.32 ± 0.14d 28.08 ± 0.4ab

MW7 10.96 ± 0.14d 0.92 ± 0.01a 34.29 ± 0.5a 37.26 ± 0.35d 28.44 ± 0.73a

MW8 10.95 ± 0.22d 0.94 ± 0.01a 34.64 ± 0.26a 36.92 ± 0.37d 28.43 ± 0.34a
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to form colored macromolecule substances (Kwawet al. 
2018), affecting the color of fruit wine. The color of the 
wine is enhanced due to the decrease in CH and the increase 
in TAC (Zhang & Wang 2017) (Table 3). The variability 
patterns correspond to the significant negative correlation 
between CH and TAC (R2 = − 0.958) (Table 4). A simi-
lar trend was consistent with the results of earlier reports 
with similar statistical significance (Kwaw et al. 2018c). 
TFC and TAC had a very significant positive correlation 
(R2 = − 0.919) (Table 4), as evident from the present assess-
ment. Anthocyanins are regarded as an essential flavonoid 
component amongst other flavonoids including flavonols, 
flavanones, isoflavones, anthocyanins and flavans (Liu et al. 
2018a, b, c). Various concentration of selenium supplemen-
tation improves the organic characteristics as revealed by 
the increased flavonoid content in the present study. Signifi-
cantly, the color of the mulberry wine enhances the wine 
quality apart from discrepancies in low-level/high-level 

supplements correlating to the selenium supplementation, 
prior to fermentation.

Effects of different selenium sources on phytochemical 
components

The results of the TAC, TPC, and TFC of mulberry wine 
with different selenium sources are represented in Fig. 2. 
Phytochemicals in mulberry wines supplemented with 
selenium exhibited an increasing trend (p < 0.05) com-
pared to those in the blank MW1. Significant variations 
were observed between the selenium-enriched yeast fer-
mentation (MW2) and the addition of L-SeMC selenium 
source (MW5) before fermentation (MW5). After fer-
mentation, there was no discernible difference when vari-
ous selenium sources were added (MW6, MW7, MW8). 
Thus, the quality of mulberry wine is dependent on the 
supplementation of selenium before and after fermentation 

Table 3   Pearson correlation analysis of basic physical and chemical indexes, color and phenolic substances of mulberry wine

"**" means that the correlation between groups is extremely significant (p < 0.01).
"*" means that the correlation between groups is significant (p > 0.01)

pH TSS TTA​ TAL TVA CI CH Ye% Re% Bl% TAC​ TPC TFC

pH 1
TSS 0.929** 1
TTA​ − 0.967** − 0.855** 1
TAL − 0.896** − 0.812* 0.914** 1
TVA − 0.889** − 0.730* 0.867** 0.886** 1
CI − 0.421 − 0.426 0.348 − 0.017 0.171 1
CH 0.517 0.567 − 0.412 − 0.09 − 0.261 − 0.976** 1
Ye% 0.540 0.586 − 0.437 − 0.117 − 0.289 − 0.970** 0.999** 1
Re% − 0.483 − 0.510 0.382 0.049 0.247 0.988** − 0.993** − 0.989** 1
Bl% − 0.431 − 0.560 0.403 0.468 0.303 − 0.047 − 0.116 − 0.149 0.003 1
TAC​ − 0.577 − 0.537 0.495 0.168 0.385 0.968** − 0.958** − 0.957** 0.978** − 0.071 1
TPC − 0.626 − 0.520 0.576 0.250 0.477 0.924** − 0.896** − 0.897** 0.923** − 0.111 0.982** 1
TFC − 0.678 − 0.508 0.655 0.371 0.595 0.807* − 0.765* − 0.768* 0.805* − 0.192 0.910** 0.969** 1

Table 4   Pearson correlation 
analysis of selenium content, 
phenolic substances and 
antioxidant capacity of 
mulberry wine

"**" means that the correlation between groups is extremely significant (p < 0.01).
"*" means that the correlation between groups is significant (p > 0.01)

TAC​ TFC TPC TSC DPPH·-SA ABTS·+SA HRSA FRAP

TAC​ 1
TFC 0.914* 1
TPC 0.981** 0.972** 1
TSC 0.922* 0.996** 0.971** 1
DPPH•-SA 0.991** 0.953* 0.997** 0.955* 1
ABTS•+SA 0.913* 0.916* 0.947* 0.899* 0.950* 1
HRSA 0.938* 0.946* 0.975** 0.929* 0.971** 0.988** 1
FRAP 0.948* 0.915* 0.955* 0.919* 0.967** 0.970** 0.953* 1
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Fig. 2   Effects of different sele-
nium sources on phytochemical 
components of mulberry wine 
a Anthocyanin content b Total 
polyphenol content c Total 
flavonoid content
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corroborating with microbial biotransformation. The range 
of TAC was obtained with 32.99–44.45 mg/L, wherein 
MW5 had the highest TAC with a growth rate of 26.72%. 
Pearson’s analysis (Table 5) showed a significant positive 
correlation between anthocyanin and selenium content. 
Similar findings have already been documented and are 
consistent with our present findings (Barbulescu et al. 
2012). Thus, selenium supplementation during wine fer-
mentation substantially enhances anthocyanin levels. The 
inclusion of selenium with Saccharomyces cerevisiae cells 
increases TAC levels, consistently. Hence, the improved 
activity of intracellular antioxidant enzymes such as glu-
tathione peroxidase (GSH-Px) and glutathione reductase 
(GR) (Kieliszek et al. 2019) are affirmative to the obtained 
results. Thus, yeast secretes potential antioxidant enzymes 
into the fermentation broth, which degrade anthocyanins 
when dissolved in the media.

There was a significant difference between the TPC of 
MW3 and MW4 (p < 0.05). The impact mentioned may be 
caused by the wall-breaking treatment that increases the 
solubility rate of selenium-containing substances. Further, 
the concentration of selenium-containing enzymes in the 
selenium-enriched yeast reveals variable profiles. Pearson’s 
analysis demonstrates that the phenolic compounds of mul-
berry wine are preserved during fermentation (Table 5). 
Thus, the TPC and selenium contents were substantially 
correlated (p < 0.05), indicating the presence of protective 
phenolic compounds. The results corroborate the hypoth-
esis that selenium supplementation enhanced the amount 
of glucosidase enzyme produced by yeast (Ekumah et al. 
2021). Thus, selenium supplementation hydrolyzes com-
plex phytochemicals, increasing the solubility of phenolic 
compounds. Additionally, Saccharomyces and Lactobacil‑
lus-produced esterases contribute to the hydrolysis of gly-
coside ester bonds, thereby releasing soluble and insoluble 
phenolic substances attached to phytoconstituents (Kwaw 
et al. 2018c; Minnaar et al. 2019). The effect of selenium 
content on TFC (R2 = 0.996) was consistent with the impact 
of TAC and TPC (Gąsecka 2015). Holistically, selenium 

supplementation improves quality, color, and phenolic com-
pounds before fermentation.

Effects of different selenium sources on antioxidant 
activity

The antioxidant activities that define the beneficial health 
effects of red wines in each sample are tabulated in Table 3. 
MW1 exhibited a considerable amount of DPPH radical 
scavenging activity (45.02%), indicating a strong antioxidant 
potential (Hur et al. 2014). The antioxidant effect of MW2 
(48.34%) and MW5 (48.50%) was significantly greater than 
that of MW1. The DPPH radical scavenging ability of MW5 
was substantially higher than MW8 (46.27%) (p < 0.05). 
According to Irondi et al. (2019), the results indicate that the 
antioxidant potential of DPPH•-SA with L-SeMC addition 
is minimal after fermentation. Recent studies demonstrated 
that selenium supplementation enhanced the bioavailabil-
ity of selenium compounds such as selenomethioinine and 
selenocysteine. The phenolic compounds with H+ donating 
ability obtained from mulberry wine fermented by selenium-
supplemented yeast neutralize the DPPH free radicals (Kiel-
iszek et al. 2019).

Additionally, the results indicated that samples treated 
with selenium exhibited higher antioxidant activity in the 
presence of ABTS radical scavenging electron transfer 
(Table 3). MW2 showed a significant ABTS radical scaveng-
ing capacity (55.71%), which was greater than that of blank 
MW1 (35.79%). Previous research indicates that the acidic 
or phenolic hydroxyl groups present in phenolic substances 
are flavonoids with associated antioxidants. The resonance 
between the aromatic benzene ring of the phenolic substance 
and the free electron pair on the phenolic oxygen leads to 
increased electron delocalization and enhanced antioxidant 
activity. Therefore, the antioxidant activity of a substance 
may vary based on its chemical properties (Aydın & Mam-
madov 2017). The above research corroborates the sig-
nificant positive association shown in this study between 
ABTS· + SA and TFC (R2 = 0.916) and TAC (R2 = 0.916) 

Table 5   Effects of different 
selenium sources on antioxidant 
capacity of mulberry wine

Values are represented as mean ± standard deviation
Values on the same column with different letters are significantly different (p < 0.05)

DPPH·-SA (%) ABTS·+SA (%) HRSA (%) FRAP (A)

MW1 45.02 ± 0.09d 35.79 ± 2.31e 47.61 ± 0.42d 0.64 ± 0.03d

MW2 48.34 ± 0.177a 55.71 ± 2.55a 58.91 ± 0.76a 0.77 ± 0.00a

MW3 45.90 ± 0.75c 38.37 ± 1.00de 48.41 ± 3.37d 0.68 ± 0.01bc

MW4 46.30 ± 0.58c 45.57 ± 0.54c 52.98 ± 3.58bcd 0.69 ± 0.02bc

MW5 48.50 ± 0.54a 51.24 ± 0.61b 58.12 ± 3.78ab 0.74 ± 0.02a

MW6 46.17 ± 0.13c 46.09 ± 1.78c 51.73 ± 3.61 cd 0.69 ± 0.02bc

MW7 47.52 ± 0.16b 50.43 ± 1.41b 54.39 ± 3.70abc 0.70 ± 0.00b

MW8 46.27 ± 0.48c 40.69 ± 0.31d 50.86 ± 0.77 cd 0.66 ± 0.01 cd
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(Table 5). Thus molecular mechanisms underlying the posi-
tive results from the present study are ascertained.

Hydroxyl radical scavenging ability was detected in the 
variation range of 47.61–58.91%. Significant differences 
between MW2, MW5, and MW7 and blank MW1 were 
observed (p < 0.05); however, the blank control was com-
paratively non-significant. It has been demonstrated that the 
reducing power of mulberry wine is correlated to electron 
transfer in reducing Fe3+ to Fe2+ and the termination of 
the free radical chain reaction (Kwawet al. 2018; Kieliszek 
2019). The reducing power varies from 0.64 to 0.77. In vitro 
antioxidant activity possesses the one-electron transfer reac-
tion or the hydrogen atom transfer reaction of antioxidants or 
oxidants to free radicals. (Lü et al. 2010). According to Pear-
son analysis, a significant relationship is found between phe-
nolics and the four antioxidant properties. The antioxidant 
activity of phenolic compounds is determined by the group 
attached to the base aglycone, which defines the strength of 
the antioxidant capacity. Glycosides associated with flavo-
noid groups, such as flavonols or anthocyanins, disrupt the 
coplanarity resulting in decreased electron delocalization 
and diminished antioxidant activity (Pérez-Gregorio et al. 
2011).

Effects of different selenium sources on the selenium 
content

Different selenium sources on the total selenium content 
(TSC) effect of mulberry wine are shown in Fig. 3. The 

highest TSC of MW8 was 54.54 μg/mL, which was 3.75 
times higher than the blank control MW1. Consequently, 
L-SeMC supplementation had the most significant impact on 
improving the selenium content of mulberry wine. The TSC 
of mulberry wine was lower than that of mulberry juice, with 
a loss rate of 38.88%, demonstrating that fermentation had a 
greater effect on the selenium content. The selenium content 
of MW8 was significantly higher than that of MW5, con-
firming variable patterns of selenium supplementation. The 
correlation between selenium content and phenols showed 
that selenium significantly correlated with total anthocyanin 
content (R2 = 0.922). Moreover, the results correlate signifi-
cantly with total polyphenol content (R2 = 0.971) and fla-
vonoid content (R2 = 0.996). Saccharomyces cerevisiae had 
a high bioconversion rate of selenium (Adadi et al. 2019). 
Hence the use of selenium-enriched yeast to ferment mul-
berry juice is proven as an innovative and optimal method 
for selenium enrichment. Further, L-SeMC as a selenium-
enriched active yeast fermentation shows prominent implica-
tions for cost-effectiveness and economic feasibility.

Analysis of mulberry wine samples by electronic nose

The electronic nose equipped with ten metal oxide semi-
conductor sensors estimated the flavor of mulberry wine 
with different selenium sources. The response value of each 
substance tends to stabilize in a smaller duration of 50 s. 
The radar chart (Fig. 4) structurally illustrates the difference 

Fig. 3   Effects of different sele-
nium sources on the selenium 
content of mulberry wine



377J Food Sci Technol (February 2024) 61(2):366–384	

1 3

in response values between 8 samples. In previous study, 
W2S was sensitive to alcohol aromatic compounds (Xu 
et al. 2019). Similarly, the MW2 sample had the most con-
siderable response value in the W2S sensor, indicating the 
higher alcohol concentration in the MW2 sample (Table 1; 
Fig. 1b). In a similar study, the W1W sensor responded to 
sulfur compounds such as H2S and was sensitive to terpenes 
and organic sulfur compounds (Xu et al. 2019). All groups 
of mulberry wine showed the most significant response 
value to the W1W sensor. SO2 in the fermentation of mul-
berry wine inhibits the growth of miscellaneous bacteria 
attributing to prominent response values. Mulberry wine is 
sensitive to W1W sensors due to a series of enzymatic reac-
tions during the brewing process and the yeast’s catabolism 
of sulfur-containing amino acids (cysteine) in the fermen-
tation broth (Yu et al. 2014). Additionally, each group of 
mulberry wine exhibits a more excellent response value to 
the W5S sensor, as previously demonstrated by Xu et al. 
(2020). Moreover, the W5S sensor was sensitive to nitrogen 
and oxygen compounds (Xu et al. 2019). During mulberry 
wine fermentation, amino acids and proteins are hydrolyzed 
and a portion of the pectin is dissolved and increases the 
amount of soluble nitrogen in the fermentation broth (Zhao 
et al. 2020). Through chemical and electronic study of the 
nose, it was revealed that MW2 includes the class of more 
ethanolic, highly acidic and a higher concentration of aro-
matic compounds.

Analysis of mulberry wine samples by GC–MS

Volatile flavor compounds significantly influence the aroma 
quality of mulberry wine. The entire aroma of fruit wine 
constitutes fruity volatiles, fermentation volatiles, and 
volatiles formed during aging (Table 6) (Liu et al. 2018a, 
b, c). Approximately, 57 volatile aroma components were 
identified and quantified using GC–MS in eight different 
mulberry wines. The cataloguing includes different alco-
hols (six types), esters (36), acids(3), aldehydes (2), ketones 
(1), ethers (1), and phenols (2), alkanes (3) and others (3) 
(Figure S2).

Mulberry wines with different selenium sources revealed 
the presence of various aroma components. Yeast converts 
sugar into ethanol during the fermentation process, produc-
ing various by-products. The inclusive products are com-
posed of esters, acids, aldehydes, ketones, terpenes and other 
volatile compounds, which contribute to the aroma of wine 
(Gamero et al. 2015; Cao et al. 2020). As shown in Table 6, 
the most prevalent volatile flavoring compounds were alco-
hols and esters. The relative percentage change of alcohol 
content between each group of mulberry wine ranged from 
18.71 to 38.16%. Alcohols contained a relatively high pro-
portion of isoamyl alcohol, 2-methylbutanol, 2,3-butanediol, 
and phenethyl alcohol. The relative content of isoamyl alco-
hol in each group of mulberry wine was higher and consist-
ent with the results of Wang et al. (2015). Isoamyl alcohol 

Fig. 4   Response value intensity 
curve and radar chart of volatile 
flavor compounds in mulberry 
wine
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Table 6   Volatile components of mulberry wine with different fermentation methods

Retention time Compound Relative percentage (%)

MW1 MW2 MW3 MW4 MW5 MW6 MW7 MW8

Alcohols
3.83 Isoamyl alcohol 18.43 18.43 4.61 8.79 8.61 6.61 11.15 9.08
3.90 2-methylbutanol 5.82 5.82 2.63 3.79 3.39 2.41 5.08 3.94
5.23 2,3-Butanediol 2.40 2.40 3.05 2.91 1.53 3.43 4.41 4.30
12.21 2-ethylhexanol 0.50 0.50 0.46 1.36 0.30 0.99 1.75 1.24
14.99 Phenylethanol 11.01 11.01 7.97 9.48 7.96 7.68 9.77 8.27

38.16 21.25 18.71 26.33 21.79 21.11 32.16 26.83
Esters

4.60 Isobutyl acetate 0.18 0.11 0.06 0.11 0.08 - 0.12 0.12
7.34 Isoamyl acetate 3.28 1.25 0.57 1.30 1.22 0.63 1.15 0.91
7.40 2-methylbutyl acetate 0.49 0.25 0.13 0.24 0.19 0.12 0.22 0.17
9.93 Ethyl acetate 0.06 – 0.05 0.16 – – – –
11.24 Ethyl caproate 4.89 3.27 - 2.68 3.40 1.63 3.12 2.55
14.47 Ethyl heptanoate 0.28 0.30 0.24 0.22 0.18 0.15 0.23 0.19
15.43 Methyl caprylate 0.26 0.14 0.11 0.11 0.14 0.06 0.09 0.09
16.40 2-ethylhexyl acetate – – – 0.19 – 0.08 0.14 –
18.26 Ethyl caprylate 42.75 23.55 22.70 18.04 23.67 11.59 17.13 16.39
20.06 Isoamyl caproate 0.24 0.06 0.06 0.05 0.11 – 0.06 –
20.18 Phenethyl acetate 0.53 0.46 0.29 0.33 0.20 0.26 0.43 0.44
21.47 Ethyl nonanoate 0.15 0.57 0.33 0.50 0.23 0.35 0.52 0.46
22.28 Methyl decanoate 2.90 0.13 0.12 0.12 0.10 0.14 0.14 0.15
22.95 Isobutyl caprylate 0.16 0.14 0.10 0.19 0.12 0.15 0.21 0.19
24.24 Ethyl Decanoate 0.10 17.42 19.96 17.36 16.20 18.00 18.52 20.48
25.38 Phenyl Ethyl Isobutyrate 0.05 – – – – – –
25.52 Isoamyl caprylate 0.05 0.32 0.17 0.40 0.35 0.35 0.42 0.54
25.58 2-methylbutyl octanoate 0.60 0.14 0.06 0.16 0.10 – 0.17 0.16
26.60 N-Propyl Decanoate – 0.05 – 0.05 – – – 0.05
26.70 Ethyl Undecanoate – 0.08 – 0.07 – – 0.06 0.05
28.11 Isobutyl decanoate 0.28 0.10 0.05 0.14 0.12 0.17 0.16 0.15
29.41 Diethyl phthalate 0.09 – 0.12 – – – – –
29.64 Ethyl Laurate 1.01 6.48 8.20 7.11 7.65 9.25 7.39 7.40
30.96 Isoamyl decanoate 0.10 0.21 0.16 0.31 0.41 0.49 0.35 0.35
31.02 2-methylbutyl decanoate 0.70 0.09 0.04 0.11 0.12 0.26 0.12 0.12
33.49 (Z)-Heptyl nonaenoic acid ethyl ester – – – 0.05 – 0.10 – –
33.88 Ethyl Myristate – 6.12 6.98 6.67 6.43 9.20 – 6.42
34.73 Phenethyl caprylate 0.32 0.06 – 0.07 0.04 0.08 0.07 0.05
34.91 Cetyl isobutyl phthalate – 0.37 0.12 0.31 0.08 0.41 – –
35.15 (Z) -Ethyl pentadec-9-enoate 0.31 0.09 0.05 0.12 0.07 0.10 0.05 0.09
35.41 Ethyl Pentadecanoate 0.08 0.19 0.23 0.28 0.21 0.35 0.23 0.21
35.90 Methyl palmitate 0.18 0.10 0.12 0.11 0.10 0.67 0.11 0.11
36.39 Dibutyl phthalate 0.18 0.20 0.07 0.18 0.03 0.22 0.17 0.12
36.58 9-hexadecenoic acid ethyl ester 0.29 0.48 0.41 0.63 0.35 0.95 0.45 0.49
37.04 Ethyl hexadecanoate 0.46 13.37 18.30 12.35 15.22 18.85 12.92 12.65
38.97 Ethyl Linoleate – 0.13 0.09 0.12 0.08 0.29 0.12 0.11

60.96 76.24 79.90 70.87 77.20 74.91 64.85 71.21
Acids

10.52 Caproic acid – 0.04 – 0.05 0.04 – 0.08 0.05
17.29 bitter 0.28 0.45 0.27 0.61 0.17 – 0.63 0.35
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was generated from phenylalanine through decarboxylation 
and reductive deamination reaction. Wherein, isoamyl alco-
hol poses the important volatile flavor substance in wine, 
with a pleasant rose and honey aroma (Fiorini et al. 2014). 
The relative content of phenylethyl alcohol in mulberry wine 
showed aroma variations. Phenylethyl alcohol was produced 
by yeast using L-phenylalanine as a precursor and was made 
through various metabolic pathways (Pentose phosphate 
pathway, Ehrlich pathway, and shikimic acid pathway) 
(Bolat et al. 2013). Thus, the pathways mentioned above 
impart a distinctive rise in aroma with the copious flavor 
compounds of MW2 and MW4 mulberry wine (Fig. 5).

The formation of esters includes the synthesis and metab-
olism of esters and the esterification between alcohols and 
organic acids. Esters are essential for enriching the aroma 
of fruit wine (Niu et al. 2019; Belda et al. 2017). There were 
a total of 36 esters found in various mulberry wines, and 
their relative content varied from 60.96 to 79.90%. Among 
them, the relative content of ethyl caprylate in each group of 

mulberry wine esters was the largest, accounting for the total 
aroma content variation range of 11.59–42.75%. Accord-
ing to earlier studies, the formation of ethyl caprylate (with 
a sour apple flavor) was easily influenced by temperature, 
and high temperatures were advantageous to its production. 
(Saerens et al. 2008). The large-scale growth and reproduc-
tion of yeast during fermentation generate yeast heat. The 
actual temperature of the fermentation broth higher than 
the control temperature results in a high content of ethyl 
caprylate. The relative content of other esters was relatively 
small but increased the complexity of the aroma of mulberry 
wine. For example, ethyl caproate gives an aroma to the 
mulberry wine of banana and pineapple, and ethyl caproate 
with a fruity aroma similar to grapes (Bolat et al. 2013). The 
reaction between isobutanol and acetic acid in fruit wine 
produces a floral aroma, which is similar to the flavor of 
isobutyl acetate. Whereas isoamyl acetate in fruit wine had 
a stronger aroma than bananas (Peng et al. 2015). Alcohols 
and esters significantly impact the production of mulberry 

Table 6   (continued)

Retention time Compound Relative percentage (%)

MW1 MW2 MW3 MW4 MW5 MW6 MW7 MW8

23.40 Decanoic acid 0.09 0.34 0.27 0.60 0.08 0.67 0.33 0.24
0.37 0.83 0.54 1.26 0.29 0.67 1.04 0.64

Aldehydes
10.00 Benzaldehyde – 0.18 0.06 – 0.17 0.16 0.40 –
18.60 Decanal 0.06 0.07 – – 0.05 – 0.06 –

0.06 0.25 0.06 – 0.22 0.16 0.46 –
Ketones

10.90 2-Methyltetrahydrothiophen-3-one – 0.11 – 0.12 – 0.30 0.18 0.15
0.11 0.12 0.30 0.18 0.15

Ethers
17.94 Diethylene glycol butyl ether – 0.11 0.10 0.12 0.08 0.13 0.13 0.23

– 0.11 0.10 0.12 0.08 0.13 0.13 0.23
Phenols

23.09 2-Methoxy-5-prop-2-enylphenol 0.17 0.24 0.20 0.23 0.08 0.15 0.27 0.18
27.04 2,4-Di-tert-butylphenol 0.07 0.40 0.13 0.32 0.12 1.31 0.24 0.17

0.24 0.64 0.33 0.55 0.20 1.46 0.51 0.35
Alkanes

3.70 1,1-diethoxyethane 0.21 0.12 0.12 0.07 0.10 0.11 0.31 0.18
18.45 Tetradecane – – – 0.09 0.05 – 0.06 –
26.91 Nicosane – 0.04 – 0.05 – 0.06 – –

0.21 0.16 0.12 0.21 0.15 0.17 0.37 0.18
Others
 Styrene

7.75 2,6-Di-tert-butylbenzoquinone – 0.07 0.05 0.07 0.05 – 0.05 0.05
25.94 Caffeine – 0.04 – 0.05 – 0.06 – –

Aldehydes
34.67 Benzaldehyde – 0.31 0.19 0.21 0.23 0.44 0.25 0.38

– 0.42 0.24 0.33 0.28 0.50 0.3 0.43
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wine flavor and are the fundamental building blocks of mul-
berry wine aroma. The results obtained affirms the chemi-
cal constituents and their corresponding impact in aroma of 
mulberry wine.

Analysis of mulberry wine samples by principal 
component analysis (PCA)

Analysis and evaluation of various quality indicators of dif-
ferent groups of mulberry wine were deciphered. The results 
of basic physical and chemical indicators (pH, TSS, TTA, 
TAL and TVA), color indicators (CI, CH, Ye%, Re% and 
Bl%), phytoactive ingredients (TAC, TPC and TFC), anti-
oxidant activities (DPPH, ABTS, HRSA and FRAP), TSC, 
and GC–MS components were subjected to PCA. The char-
acteristic values of PCA of various indexes of mulberry wine 
in different groups are shown in Supplementary Table S1. 
The scattered biplot (Fig. 6) further demonstrated that the 
samples differed significantly from one another. The cumu-
lative contribution rate of the first four principal compo-
nents is 91.953% (Supplementary Table S1). Hence the first 
four principal components are affirmative in evaluating the 
comprehensive quality of different mulberry wines. The 
comprehensive mulberry wine quality score with varying 
fermentation methods was calculated. The first two principal 
components (PC) PC1, 44.19% and PC2, 18.24, accounted 
for the majority (62.43%) of the sample variations. PC1 
demonstrated that the samples MW2 and MW5 were highly 

correlated with the parameters including physico-chemical, 
chromatic indicators, phytochemicals, antioxidant activities 
and certain GC–MS compounds (Fig. 6). Additionally, the 
PC2 categorized the different samples based on indicators 
of wine quality. Based on the strength of the relationship 
between the quality attributes and the principle components, 
it may be concluded that a cluster of variables properly char-
acterized each sample. The control MW1 and MW3 are situ-
ated on the negative terminal of PC1, whereas the positive 
axis of PC2 is characterized by a pH, TSS, and alcohols 
that indicate the poor quality of mulberry wine. Similarly, 
the samples MW6, MW7 and MW8 were characterized by 
alkanes, phenols, ethers and ketones complemented with 
Ye% and CH. The sample MW4 is located on the positive 
terminal of PC1 and is characterized by phytochemicals, 
selenium content, antioxidant activities and some color 
attributes indicating the medium quality of mulberry wine. 
The samples MW2 and MW2 are situated on the positive 
axis of PC1, characterized by high phytochemicals (TAC, 
TFC, TPC, aldehydes, acids, esters and other chemicals) and 
selenium content. The PCA values complementthe presence 
of TAA, TTA, TVA, total aroma, RE%, BI% and high asso-
ciation antioxidant activities suggesting the higher quality of 
mulberry wine (Fig. 6). The primary components of several 
groups of mulberry wine were classified as MW2, MW5, 
MW4, MW3, MW7, MW6, MW8, and MW1 in order of 
high to low quality (Supplementary Table S2). The sensory 
evaluation results indicate that the evaluation model has 

Fig. 5   Variety of volatile com-
pounds in mulberry wine with 
different fermentation methods
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a certain degree of reliability with consistency. The main 
composition distribution points among eight groups of mul-
berry wine reveal four categorical score values (Fig. 6). The 
present study provides authenticated mulberry wine fermen-
tation with different selenium sources based on a simpler 

and cost-effective methodology. However, future research 
on economic feasibility and largescale applications will 
benefit fermentation optimization with reduced toxicity in 
produing selenium based mulberry wine as a neutraceutical 
component.

Fig. 6   Scatter plot of principal 
component analysis
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Conclusion

The preparation of mulberry wine using various selenium 
sources and analysis of physical and chemical indicators 
revealed that selenium-enriched active yeast improves carbon 
source utilization. The quality of mulberry wine fermented 
with selenium-enriched active yeast (MW2) and mulberry 
wine fermented with L-SeMC added before fermentation 
(MW5) was evaluated. According to CI, selenium supple-
mentation before fermentation resulted in higher quality 
and aroma than in addition after fermentation. Re%, total 
polyphenols, flavonoids, anthocyanin content, and selenium 
content weregreater in the experimental group than in the 
control group (p < 0.05). The correlation between the total 
anthocyanin content of mulberry wine and CI and Re% was 
highly significant (p < 0.01). Fermentation leads to the loss of 
selenium content, with a loss rate of 38.88%. The most effec-
tive method for raising the selenium level of mulberry wine 
was to use L-seMC. The significant antioxidant capability 
and the variety of aroma compounds indicate that MW2 was 
better quality. Although several fermentation-optimization 
and selenium incorporation studies have been reported, the 
present study renders a small-scale fermentation rational 
upscaling economical strategy. The strategy enumerated in 
the present approach involves screening various selenium 
sources for total selenium content before fermentation inclu-
sion. Phytochemical characteristics, aroma, quality, antioxi-
dant profiles, sensory analysis GC–MS profiling and princi-
pal component analysis. The preliminary assessment showed 
sufficient evidence for supplementing with various selenium 
sources. Nevertheless, toxicology experiments and fermenta-
tion optimization coupled with sensory evaluation should be 
affirmative for future commercialization aspects.
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