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Optimization of lychee wine fermentation process using response

surface methodology to reduce acetic acid content
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Abstract: Acetic acid is the main component of the volatile acid in the wine. However, excessive amounts of acetic acid
negatively affect wine quality. The study aimed to decrease acetic acid content produced by Saccharomyces cerevisiae
fermentation after adding metal ion at different temperatures. Response surface methodology (RSM) was used to predict the
optimum conditions for acetic acid removal. A central composite design was employed for the experiments and results were
analyzed to obtain the best possible combination of fermentation temperature (X;: 16°C-24°C) and concentrations of potassium
(X;: 0-12.0 mM), magnesium (X;: 0-8.0 mM), and calcium ions (X;: 0-0.2 mM) that would generate the minimum acetic acid in
lychee wine at an initial acetic acid concentration of 1.5 g/L. Experimental data were fitted to a second-order polynomial
equation using multiple regression analysis and analyzed using analysis of variance (ANOVA). During fermentation under
pre-established conditions, the correlation coefficients R* and Adj-R* of the models for acetic acid removal were 0.9487 and
0.9007, respectively. After testing, the optimum conditions for acetic acid removal were determined as follows: fermentation
temperature of 20°C; potassium, magnesium, and calcium ion concentrations of 10.1 mM, 6.1 mM, and 0.2 mM, respectively.

The experimental acetic acid content of lychee wine under optimal conditions was found to be 0.309 g/L, which agreed well

with the model-predicted value of 0.314 g/L.
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1 Introduction

Lychee (Litchi chinensis Sonn.) is a plant belonging
to the Sapindaceae family and native to Southern China.
Lychee fruit has been gradually accepted by consumers

for its rose-floral, citrus-like aroma, and palatable sweet
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taste (sugar content about 160 g/L)!.  However,
overproduction of lychee fruit leads to significant
post-harvest losses because the red discoloration of the
pericarp becomes brown after harvest soon. This is
because of poor handling and insufficient storage
facilities'”). Therefore, fruit lychee wine is an effective
way to prevent wastage caused by the short shelf life of
lychee and increase its economic value'®, and lychee
wine industry has been rapidly developed in China over
the last decade.

Acetic acid is the main component of the volatile acid
in wine. However, excessive amounts negatively affect
wine quality. It can be generated by yeast or
contaminant lactic acid and/or acetic acid bacteria at any
time during fermentation of lychee wine and can also be
produced prior to alcoholic fermentation through bacterial

spoilage during Peronoplasmopara sp. and Qospora sp.
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infection.  Similar to the phenomenon observed in grape,
the rupture of the lychee pericarp caused by pathogenic
infection or natural formation allows Acetobacter species
to access the inner portions of the lychee fruit and use the
ethanol produced by wild yeast as their preferred carbon

source[4] .

Consequently, the acetic acid content in
lychee juice before fermentation can reach up to 1.0-
2.0 g/L. The acetic acid content in lychee wine is
approximately 1.2 g/LP”!, which is the current national
limit. According to research of Ribéreau-Gayon et al.l,
when acetic acid concentration exceeds 0.9 g/L, it can
produce a noticeable bitter or sour aftertaste in wine.
Thus, the excessive amounts of acetic acid should be
removed to control lychee wine quality.

Temperature and metal ions potassium,

(e.g.,
magnesium, and calcium ions) play important roles in
wine production because they affect yeast growth rate,
fermentation rate, and metabolism’ ', Ca** is a
prevalent and important cell messenger, with an essential

cerevisiae
[13]

role in  regulating

[12]

Saccharomyces
proliferation An experiment of Lu and Means
demonstrated that normal cell proliferation entails Ca®" at
1.0-1.2 mM outside the cell

Magnesium, known to be essential for yeast growth,

concentrations of

metabolism, and fermentation, has been shown to protect
against stress-inducing conditions, such as temperature
and ethanol toxicity!'”. Magnesium is a vital ion in
nucleic acid synthesis and is a cofactor for more than 300
enzymes, including those of acetic acid utilization
(acetyl-CoA synthetase, isocitrate lyase, and malate
synthase) and glycolytic enzymes (e.g., hexokinases,
phosphofructokinase, phosphoglycerate kinase, pyruvate
kinase, and enolase)[ls]. Potassium is mainly involved in
osmoregulation, charge-balancing, and regulation of
divalent ions and phosphate uptake into the yeast cell.
Low potassium and high sodium levels are toxic to yeast
cells. Acetic acid absorbed into yeast cells is important
for promoting the acid’s degradation. The absorption
and utilization of acetic acid mainly depend on cellular
membrane permeability and membrane permeases.
Moreover, acetic acid utilization enzymes are highly
temperature and metal-ion dependent. These enzymes

acquire conformational changes in the membrane protein

structure with temperature variation and entail metal ions
as cofactor!' '],

The ability of S. cerevisiae to remove acetic acid is
exploited to eliminate excessive amounts of acetic acid as
a practical approach during alcoholic fermentation!”. In
our previous studies, we found that acetic acid reduction
was significantly influenced by temperature and metal
ions. To increase acetic acid removal amount, further
optimization of the fermentation conditions is required.
Traditionally, optimization of any process requires
altering the levels of one variable at a time to evaluate the
Therefore, large numbers of

process response.

experimental trials are required. Unfortunately, this
approach does not describe the interaction of the variables
with the response and cannot assure the attainment of
optimal conditions for the process. To overcome these
limitations, response surface methodology (RSM) was
applied. RSM is a collection of statistical techniques

[18]

originally described by Box and Wilson"™ used to

evaluate the interactions between multiple parameters and
optimize processes' ..

The objective of the present work was to optimize the
conditions for acetic acid removal during lychee wine
fermentation with RSM. This study investigated the
effects of fermentation temperature, potassium,
magnesium, and calcium ion concentrations on the acetic
acid content of lychee wine, and determined the optimum
conditions for acetic acid removal during lychee wine

fermentation.
2 Materials and methods

2.1 Materials

The strain used in this study was S. cerevisiae 2137,
obtained from Guangdong Microbiology Culture Center.
The yeast culture was stored at —80°C in yeast extract
(0.5% w/v) + glucose (1% w/v) medium supplemented
with glycerol (30% w/v). Lychee fruits (L. chinensis
Sonn. var. Jingcheng A4) were kindly provided by the Lu
Qiao Agriculture Development Ltd., Co. (Hainan, China).
Potassium chloride, magnesium sulfate, calcium chloride,
and potassium metabisulfite were purchased from
Sinopharm Chemical Reagent Co., Ltd., China. All

reagents used in this study were of analytical grade.
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2.2 Methods
2.2.1 Preparation of lychee juice and fermentation
Unhealthy lychee fruits were discarded, and the
remaining fruits were washed with tap water. After
being treated with 0.2% pectinase at 45°C for 2 h, the
pulp was manually extracted from the fruits. To reduce
the microbial load without affecting the activity of
fermentative yeasts and preventing oxidation reactions,
240 mg/L of K,S,05 was added to the extracted juice.
Then, 50% w/v food-grade tartaric acid was added to
adjust the pH to 3.5.

to centrifugation at 12 000 r/min (13 200xg; Cence

The extracted juice was subjected

Centrifuge, Xiangyi Instrument Ltd., China) for 15 min at
ambient temperature. The resulting supernatant was
collected and used as fermentation medium with the
addition of acetic acid and metal ions. The juice was
analyzed prior to acetic acid addition; its compositions
were as follows: glucose, 58.2 g/L; sucrose, 121.3 g/L;
fructose, 2.3 g/L; total SO,, 120 mg/L; and free SO,,
14 mg/L at pH 3.5.

100°C for 15 min, acetic acid, at a final concentration of

After the media were pasteurized at

1.5 g/L, and different concentrations of metal ions were
added to the lychee juice before yeast inoculation. The
concentration of acetic acid was based on our previous
findings, in which during alcoholic fermentation the
acetic acid levels was unsuccessful to reach an acceptable
values set by local legislation when the initial acetic acid
concentration added was 1.5-2.0 g/L.. The media were
inoculated at a concentration of 6 log CFU/mL with a
culture previously grown for 24 h at 25°C in pasteurized
lychee juice. Fermentation reactions were conducted
under the conditions shown in Table 1 without shaking in
250 mL flasks filled to 90% of their volume and each
covered with a polytetrafluoroethylene membrane. The
fermentation reactions were considered being completed
when the weight became constant.

Table 1 Independent variables and their levels used in the

response surface design

Coded factor levels

Independent variables Symbol
-2 -1 0 +1 +2
Temperature/°C X 16 18 20 22 24
Concentration of K’/mM X 0 3 6 9 12
Concentration of Mg**/mM X3 0 2 4 6 8

Concentration of Ca>/mM X 0 0.05 0.1 0.15 0.2

2.2.2  Determination of acetic acid concentration

Acetic acid content was measured by an enzymatic
method (R-biopharm AG, D-64297 Darmstadt, Germany)
according to the manufacturer’s instructions.
2.3 [Experimental design and statistical analysis

A central composite design (CCD) was employed to
evaluate the optimal conditions for acetic acid removal.
The examined variables selected on the basis of our
preliminary experimental determination were
concentrations  of
The levels of

these variables in CCD are shown in Table 1. The

fermentation temperature and

potassium, magnesium, and calcium ions.

experimental design consisted of 30 treatments (16
factorial points, 8 axial points, and 6 replicates of the
central points). Six replicates at the center of the design
were adopted to allow for estimation of a pure error sum
of squares. The acetic acid content of the final product
The data from the CCD

were explained by multiple regressions to fit the

was designated as the response.

following second-order polynomial equation:
Y=/ +Z41:,31Xi +Z41:ﬁﬁX;2 +Z34: ilﬂiniX/ )
= - i=4 j=it
where, Y is the dependent variable (acetic acid content in
the final product, g/L); /% is a constant; £, f;, and f;are
regression coefficients; and X; and X; are independent
variables.

A statistical analysis system from Design-Expert 8.0.5
Software (Trial version, Stat-Ease Inc., Minneapolis, MN,
USA) was used for the statistical and graphical analyses
of the experimental data, p-values of less than 0.05 were
considered statistically significant. The quality of the
predictive model was statistically evaluated using the
coefficient of determination. All fermentation reactions

were performed in triplicate, and the average values were

reported.
3 Results and discussion

3.1 Model fitting

Thirty runs were conducted to optimize the four
process variables (X;, fermentation temperature; X5,
potassium ion concentration; X3, magnesium ion
concentration; and Xj, calcium ion concentration) in the

central composite design (Table 2).
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Table 2 Central composite design with the experimental and
predicted values for acetic acid content after lychee wine

fermentation following addition 1.5 g/L of acetic acid

Levels of the coded variables Acetic acid content/g-L™

Experiment
no. Xi X5 X3 X4 Actual values Predicted values
1 0 0 0 0 0.324 0.322
2 -1 -1 +1 -1 0.385 0.378
3 -1 +1 +1 -1 0.378 0.367
4 -1 -1 +1 +1 0.346 0.342
5 +1 +1 -1 +1 0.356 0.353
6 0 0 -2 0 0.381 0.389
7 +1 -1 +1 -1 0.361 0.364
8 -2 0 0 0 0.382 0.378
9 0 0 0 0 0.332 0.324
10 -1 +1 -1 +1 0.356 0.353
11 0 0 0 0 0.318 0.322
12 -1 -1 -1 -1 0.392 0.394
13 0 0 0 0 0.326 0.318
14 0 0 0 0 0.313 0.324
15 +1 -1 +1 +1 0.369 0.356
16 +1 +1 +1 -1 0.328 0.333
17 0 +2 0 0 0.329 0.338
18 0 0 +2 0 0.343 0.352
19 +1 +1 +1 +1 0.334 0.333
20 +1 -1 -1 -1 0.385 0.381
21 0 0 0 -2 0.350 0.345
22 -1 +1 +1 +1 0.333 0.330
23 -1 -1 -1 +1 0.370 0.366
24 +1 -1 -1 +1 0.404 0.401
25 +1 +1 -1 -1 0.347 0.344
26 0 -2 0 0 0.383 0.385
27 0 0 0 0 0.331 0.317
28 0 0 0 +2 0.317 0.326
29 -1 +1 -1 -1 0.370 0.338
30 +2 0 0 0 0.352 0.364

The experiment results indicated that the acetic acid
content in the final lychee wine ranged from 0.313 g/L to
0.404 g/L. The minimum acetic acid content (0.313 g/L)
was achieved at fermentation temperature of 20°C,
potassium ion concentration of 6.0 mM, magnesium ion
concentration of 4.0 mM, and calcium ion concentration
of 0.10 mM, respectively. Multiple regression analysis
on the experimental data indicated that the response
variable and the test variables were related on the basis of
The table

shows that all of the remaining coefficients were

the second-order polynomial Equation (2).

statistically significant; the p-values were lower than a

(0.05).
acid content is given below:

Y = 070479 — 0.031781X; — 5.06944x10™*x, —
3.13542x107X; — 0.59792X, — 2.55208x107*X.X, +
0.025313X,.X, +7.63021x 107 X,.X; +2.62731x 107 X5 +
6.84896x 107 X3X5+0.38333.X,X, ()

where, Y is the acetic acid content of the final lychee wine;

The identified statistical model defining acetic

X1, Xo, X3, and Xj are the coded variables for fermentation

temperature and the concentrations of potassium,
magnesium, and calcium ions, respectively.

The fitted statistics of the acetic acid content (Y) for
the selected quadratic predictive model are shown in
Table 3. According to ANOVA along with the R
value of 0.9487 and the Adj R? value of 0.9007, the
model was valid and exhibited a high correlation
between the experimental and predicted values of the
acetic acid content of Ilychee wine. The
non-significance of the lack-of-fit (»>0.05) and the low
values of CV (2.28%) indicated that the model was
precise and reliable. Thus, the model was adequate for
prediction in the range of the experimental variables.
Moreover, the model p-value (Prob>F) was very low
(<0.0001),

significant.

indicating that the model terms were

Adequate precision measures of

signal-to-noise ratio that are greater than four indicate
(20 The experimental
Thus, all

these statistical parameters show the reliability of the

adequate model discrimination

ratio of 13.11 suggests an adequate signal.

model.
(2) are shown in Table 3.
a small p-value (p<0.05) and a large F-value would
imply a more significant effect on acetic acid content!*!].
The linear coefficients (X}, X, X3, and X,), quadratic
term coefficients (X1.X1, XoXp, X3X;, and X4Xj), and
interaction coefficients (XX, and X1 X;) were significant

Then, the other

The regression coefficient values of Equation

For each term in the model,

with very small p-values (p<0.05).
term coefficients exerted no significant effect on acetic
acid content (p>0.05). Among the four independent
variables, potassium ion concentration (X3) exhibited the
greatest effect on acetic acid content (Y, g/L), followed
by magnesium ion

concentration. By contrast,

temperature exerted the smallest effect.
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Table 3 ANOVA for the response surface quadratic model

Sum of Degrees of Mean P value

Source Squares  freedom  Square Frvalue Prob>F significant
Model 0.018 14 0.001288  19.80  <0.0001 HHE
X 0.000468 1 0.000468 7.20 0.0170 **
X 0.004214 1 0.004214 64.76  <0.0001 HxE
X3 0.002054 1 0.002054 31.56  <0.0001 ook
Xu 0.000864 1 0.000864 13.28  0.0024 ook
XiXo  0.000600 1 0.000600  9.23 0.0083 ook
XiX;  0.000182 1 0.000182  2.80 0.1149
XXy 0.001640 1 0.001640 25.21 0.0002
XX 0.000072 1 0.000072 1.11 0.3087
XXy 0.000006 1 0.000006  0.096 0.7609
X3Xy 0.000240 1 0.000240 3.69 0.0739
XiXi 0.004088 1 0.004088  62.83  <0.0001 ook
XX, 0.002454 1 0.002454 37.71  <0.0001 ook
XX 0.003294 1 0.003294  50.63  <0.0001 ook
XoXs  0.000403 1 0.000403  6.19 0.0250 ok
Residual  0.000976 15 0.000065
Lackof 000702 10 0000070 128 04142 _ "
Fit significant
Pure Error 0.000274 5 0.000055
Cor Total ~ 0.019 29

Note: R*=0.9487; Adj-R*=0.9007; CV=2.28%.
3.2 [Effect of fermentation parameters

RSM was adopted to illustrate the effects of
different ion

fermentation temperature and the

concentrations on the response. The effects of the four
parameters on acetic acid content could be predicted by
the regression model equation. These effects were
illustrated in 3D response-surface plots and 2D contour
plots of response surfaces. By considering all the
possible combinations, we obtained six response surfaces.
An elliptical contour plot indicates that the interactions
between corresponding variables are negligible, whereas
a circular contour plot indicates otherwise!”.  The
interactive roles of fermentation temperature and the
concentrations of potassium, magnesium, and calcium
ions are illustrated in the 3D curves of the calculated
response surface shown in Figure 1. Figure 1a indicates
the effects of fermentation temperature and potassium ion
concentration (X,X>) on the acetic acid content of lychee
wine. The tortuous surface and oval contour plot reveals
a strong interaction between these two factors. A lower
acetic acid content of lychee wine was obtained with a
fermentation temperature between 18°C and 22°C and a
potassium 1ion concentration between 9.0 mM and
12.0 mM.

increase in fermentation temperature (22°C-24°C) and

Acetic acid content increased with the

decrease in potassium ion concentration (0-9 mM). These
results demonstrate that the effect of fermentation
temperature (X;) and potassium ion concentration (X;) on
the acetic acid content of lychee wine was significant and
The effect

of varying fermentation temperature (X;) and magnesium

highly consistent with the results in Table 3.

ion concentration (X3) on acetic acid content is shown in
Figure 1b. A decrease in the acetic acid content of
lychee wine was observed when the fermentation
temperature and magnesium ion were maintained at 20°C
and 6.0 mM (intermediate levels) and then increased with
the increase in the fermentation temperature and
concentration. The effects of
(X)) and

concentration (X;) on acetic acid content are shown in

magnesium  ion

fermentation temperature calcium ion

Figure 1c. The ellipse in the contour plot denotes the
existence of a perfect interaction between the independent
variables®!, As shown, the acetic acid content
decreased readily when the calcium ion concentration and
fermentation temperature were increased. However,
with the further increase in fermentation temperature, the
acetic acid content slightly increased.

The effects of potassium (X;) and magnesium ion
concentrations (X3) on acetic acid content (Y) are shown
in Figure 1d. As displayed, the acetic acid content
decreased gradually with the increase of potassium ion
concentration from 2.0 mM to 10.0 mM. However,
beyond 10.0 mM, the acetic acid content increased as the
potassium ion concentration rose. Acetic acid content

decreased with the increase of magnesium ion
concentration from 2.0mM to 6.0 mM. Further increase
in magnesium ion concentration, a slowly rise in acetic
acid content was observed. Figure le shows the
relationship between potassium (X;) and calcium ion
concentrations (X;) on acetic acid content, with the other
two variables (fermentation temperature and magnesium
ion concentration) fixed at 20°C and 4.0 mM. The
acetic acid content of lychee wine decreased with
increasing potassium ion concentration from 0 to 9 mM
and showed no further decrease at higher levels. The
acetic acid content also decreased as calcium ion
concentration increased from 0 to 0.2 mM. Figure 1f

illustrates the 3D response surface and the contour plot at
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varying magnesium (X3) and calcium ion concentrations
(Xy) at a fixed fermentation temperature (20°C) and
potassium ion concentration (6.0 mM). The results
showed that at a high level of calcium ion concentration,

the acetic acid content of lychee wine decreased obviously

Acetic acid content/g-L"

12.00 24.00

18.00 %
016.00

a. Fixed levels: X3=0, X;=0

Acetic acid content/g-L"'

18.00
016.00

c. Fixed levels: X>=0, X3=0

Acetic acid content/g-L"'

00
e. Fixed levels: X;=0, X3=0

with elevated levels of magnesium ion concentration.
Meanwhile, the minimum acetic acid content could be
obtained when the calcium ion concentration was fixed at
a high level and the magnesium ion concentration was

maintained at a middle level.

Acetic acid content/g-L"

7.00 : 24.00
22,00

20.00

1800y,

0 16.00

b. Fixed levels: X>=0, X;=0

Acetic acid content/g-L"'

Acetic acid content/g-L"

00

f. Fixed levels: X;=0, X,=0

Note: X;: fermentation temperature; X,—X,: potassium, magnesium, and calcium ion concentrations, respectively.

Figure 1

Response surface (3D) showing the interaction effects of (a) X and X5, (b) X; and Xj, (c) X; and Xj, (d) X; and X;,

(e) Xz and Xy, (f) X5 and X, on the final acetate content of lychee wine.
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Fermentation temperature, potassium, magnesium,
and calcium ions played important roles in acetic acid
removal during lychee wine making. The present study
found that the maximum removal of acetic acid appeared
when temperature was at 20°C. This was in agreement
with a study conducted by Shang et al.” who found that
the ability of yeast cells to remove acetic acid was
strongest at 20°C. This result could be attributed to the
higher expression of ACSI, which contributed to the
reduced acetate levels during fermentation at 20°C™Y.
Glyoxylate cycle is a specialized pathway that has been
extensively studied in connection with yeast growth on C,
compounds (e.g. acetic acid), and isocitrate lyase (ICL)
and malate synthase (MS) are the signature enzymes of
the pathway[zs]. ICL is a homotetramer requiring Mg2+
and thiol for activity. During catalysis, isocitrate is
deprotonated, forming succinate and glyoxylate. This
catalysis requires magnesium at optimal concentrations
between 3.0 mM and 8.0 mM™.  The second enzyme of
the glyoxylate cycle is MS, which condenses glyoxylate
with an acetyl group from acetyl-CoA to produce malate.
MS also requires Mg2+ for activity[%]. More acetic acid
removal and more malic acid produced (data not shown)
fermentation at 20°C following addition of 6.0 mM
magnesium ion, could result from a higher express level
of the magnesium ion dependent ICL and MS. The
enhanced ability of yeast for acetic acid removal
following addition of calcium and potassium ions could
be related to higher yeast viability and improved cell
membrane permeability.

3.3 Model validation

By employing the software Design-Expert, the

optimized conditions were as follows: fermentation

temperature (X;) of 20.04°C, potassium ion concentration

(X2) of 10.07 mM, magnesium ion concentration (X3) of

6.14 mM, and calcium ion concentration (X3) of 0.20 mM.

To facilitate experimentation, the optimum conditions
were adjusted to a fermentation temperature of 20°C and
potassium, magnesium, and calcium ion concentrations of
10.1 mM, 6.1 mM, and 0.2 mM, respectively. Under the
optimal conditions, the model-predicted acetic acid
content was 0.314 g/L. The result of the analysis

indicates that the experimental value (0.309 g/L) was in

good agreement with the predicted quantity and further
confirms the adequacy of the RSM-predicted models.

4 Conclusions

RSM was used to
fermentation parameters that removing the maximum
ANOVA

showed that all four parameters fermentation temperature,

determine the optimum

amount of acetic acid by S. cerevisiae.

potassium, magnesium, and calcium ions concentration,
were significant and quadratic models were obtained for
predicting the responses. In the present study, the acetic
acid content of the 30 experimented samples varied from
0.313 g/L to 0.404 g/L. The fermentation temperature
of 20°C and potassium, magnesium, and calcium ion
concentrations of 10.1 mM, 6.1 mM, and 0.2 mM were
found to be optimal conditions for acetic acid removal by
Under

these conditions, the minimum acetic acid content was

S. cerevisiae during lychee wine fermentation.

achieved.  Further studies on changes for sensorial

characterization of the aroma and taste of lychee wine
after deacidification following metal ions addition are

needed.
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