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Abstract With the consumption of energy and the spread

of COVID-19, the demand for ethanol production is

increasing in the world. The industrial ethanol fermentation

microbes cannot metabolize the alginate component of

macro algae, which affects the ethanol yield. In this

research, the ethanol production process from macro algae

by an alginate fermentation yeast Meyerozyma guillier-

mondii, especially the pretreatment process of Colpomenia

sinuosa, was studied. At the same time, the experimental

design of Box-Behnken was carried out to achieve the

optimum fermentation performance. The concentration of

KH2PO4 (A: 2–6 g.L-1), pH (B: 4–7), reaction time (C:

60–120 h) and temperature (D: 24–34 �C) were variable

input parameters. During the ethanol production process,

the algae powder was firstly mixed with water at 90 �C for

0.5 h. Later the fermentation culture medium was prepared

and then it was fermented by the yeast Meyerozyma guil-

liermondii to produce ethanol. And the optimal fermenta-

tion parameters were as follows: fermentation temperature

of 28 �C, KH2PO4 dosage of 4.7 g.L-1, initial pH of 6, and

fermentation time of 99 h. The ethanol yield reached

0.268 g.g-1 (ethanol to algae), close to the predicted value

of model. The generation of alginate lyase during the fer-

mentation of algae was also examined. The highest alginate

lyase activity reached 46.42 U.mL-1.

Keywords Algae � Alginate fermentation strain � Ethanol

production � Colpomenia sinuosa

Introduction

Bioethanol is one of the most representative energy alter-

natives in the global to alleviate the shortage of fossil oil

resources [1]. The use of bioethanol can also effectively

reduce the emissions of nitrogen oxides, hydrocarbons and

carbon monoxide [2]. At the same time, during the epi-

demic period of COVID-19, bioethanol as an effective

disinfectant also has a great demand [3]. However, the

production of bioethanol encountered various problems.

The large-scale production of ethanol from corn and sug-

arcane may affect the global food security [4]. Cellulosic

ethanol can take straw, bagasse and sawdust as raw mate-

rials [5, 6], but low ethanol yield and high economic and

environmental costs limit its large-scale development

[7, 8]. The content of carbohydrate in the macro-algae is

rich (more than 50%) [9]. Compared with other raw

materials, the macro-algae have obvious advantages in

ethanol production [10, 11]. Moreover, algae do not com-

pete with terrestrial plants for arable land, water, fertilizer

and/or other production resources. Algae can also fix car-

bon dioxide in the atmosphere and sea water, and effec-

tively alleviate the greenhouse effect and acidification of

sea water [12]. Therefore, macro-algae are considered as a

kind of energy biomass with broad prospects.

However, the bioconversion from macro-algae to etha-

nol also has some difficulties. Alginate, the main

polysaccharide component in macro-algae, is not easy to be

utilized by traditional ethanol fermentation microorgan-

isms [13]. Alginate often exists in the form of alginate

(salt) because it contains carboxyl group. There are two
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main solutions to this problem. The first method is to use

traditional ethanol fermentation microorganisms [14],

which does not need to change the original fermentation

process, but alginate cannot be utilized. Therefore, the

ethanol yield is relatively low [15], and the residue would

cause environmental problems. The second method is to

directly construct genetic engineering microorganisms to

realize the transformation from alginate to ethanol.

Researchers have studied many methods, including con-

structing ethanol metabolism pathway in alginate degrad-

ing bacteria [16], combining alginate lyase gene with

Saccharomyces cerevisiae genome to realize the effective

degradation of sodium alginate by yeast [17], and com-

pletely constructing the metabolism pathway from alginate

to ethanol in Escherichia coli [15] to solve the problem of

ethanol transformation of alginate. But because the con-

structed genetic engineering strains are mostly aerobic

microorganisms, the growth and ethanol metabolism pro-

cess would inhibit each other. Meanwhile, the oxygen

content in the reactor must be strictly controlled, which

limits the practical application. The genetic stability and

biological safety of the genetic engineering microorgan-

isms also need to be further tested. Based on the problems

of the above two methods, researchers isolated strains that

can directly use alginate to produce ethanol in nature. Ji

et al. [18] screened the strain Defluviitalea phaphyphila

that can ferment glucose, mannitol and alginate to produce

ethanol. However, this strain belongs to the thermophilic

bacteria, and the utilization rate of glucose and alginate at

60 �C was much higher than 45 �C. High fermentation

temperature is not conducive to industrial application.

Considering all factors, the appropriate solution should

not only realize the effective utilization of alginate, but also

be stable and easy to operate in industrial production. In

our previous study, several strains with ability to produce

ethanol from alginate were selected after isolation, TTC

selection and fermentation experiments. And the ethanol

yield of strain 5 was the highest and it was 99% identical to

Meyerozyma guilliermondii (the Accession No. was

EF375700). Meyerozyma guilliermondii can produce

alcohol dehydrogenase (ADH) and alginate lyase to realize

the alginate fermentation [19]. It can also utilize other

sugars such as mannitol and glucose. And the anaerobic

and non-thermophilic fermentation of this yeast does not

need to change the original ethanol fermentation process.

The ethanol fermentation from algae by Meyerozyma

guilliermondii has a good application prospect. After

optimization and treatment, the ethanol yield can also be

improved.

Colpomenia sinuosa is a kind of typical brown algae. It

is widely distributed in the coastal waters of China. Most of

the Colpomenia sinuosa is not eaten directly as food, but

often used as the raw material to produce alginate and

seaweed extract fertilizer [20, 21]. The alginate content of

Colpomenia sinuosa is relatively high compared to Un-

daria pinnatifida and Scagassum pallidum, so it is very

suitable for ethanol fermentation by the natural alginate

fermentation strain proposed in this study. At present, there

is no research report on the production of ethanol from

Colpomenia by alginate fermentation strain. In this

research, Meyerozyma guilliermondii was used for the

ethanol production from Colpomenia sinuosa, and the

ethanol production process were also studied. At the same

time, to reach the optimal fermentation performance, the

pretreatment process and the Box-Behnken experimental

design of ethanol fermentation were carried out. The most

important parameters, which affect the production ability,

were analyzed. The optimal fermentation parameters were

also determined.

Materials and Methods

Materials

All analytical reagent grade chemicals were sourced from

Chemical Industry Co., Ltd (Beijing, China). All bio-

chemical reagents were purchased from Bio-Technology

Factory (Beijing, China). The alginate fermentation yeast

Meyerozyma guilliermondii was obtained from our previ-

ous study [19]. The yeast was stored at 4 �C. Colpomenia

sinuosa (Alginate content:25.1 ± 1.2%) was obtained from

a market in Hangzhou, China. The samples were first

washed by clean water for three times. Then the samples

were dried in the incubator at 60 �C overnight. Dry algae

were finely grinded down with a ball miller and then stored

at 4 �C.

Culture Media and Microorganism Culture

YPD medium was used as the enrichment medium con-

taining 10 g.L-1 yeast extract, 20 g.L-1 peptone and

20 g.L-1 glucose. 2% agar was added to the YPD medium

to make YPD solid medium. The composition of adaptation

culture medium was: 2% peptone, 1% yeast extract, and

2% alginate. The composition of fermentation culture

medium was: 10.8 g.L-1 (NH4)2SO4, 5.0 g.L-1 KH2PO4,

1.1 g.L-1 MgSO4�7H2O, and algae solution after pretreat-

ment. During the Box-Behnken experiment, the concen-

tration of KH2PO4 was varying from 2 to 6 g.L-1.

The Pretreatment of Macro-Algae

To improve the utilization rate of macro-algae, the algae

were treated by different pretreatment methods including

heating and enzymatic hydrolysis.
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Heating Pretreatment with Water as Solvent

Different amount of algae powder was mixed with water

(the concentration of algae was from 10 g.L-1 to

40 g.L-1), and then the solution was heated to 90 �C for

0.5 h. The treatment temperature and time were determined

according to our previous experiments. Such treatment was

conducive to the production of soluble sugar in the

solution.

Enzymatic Hydrolysis Pretreatment

Firstly, the algae powder was dissolved in citric acid-

sodium citrate buffer (the concentration of algae was from

10 g.L-1 to 40 g.L-1). Then the samples were supple-

mented with 10.0 FPU.g-1 DM cellulase (Accellerase

1000, 55.0 FPU.mL-1) and kept at 40 �C for 3 h according

to the reference [22]. In the process of enzymatic hydrol-

ysis, sodium hydroxide solution was used to adjust the pH

value of the solution to 5.

The Ethanol Fermentation Process

Adaptation Culture of Yeast

The stored yeast was firstly transferred to YPD solid

medium and cultured at 28 �C for 48 h. Then, the activated

yeast was transferred to the adaptation culture medium and

cultured at 28 �C for 48 h. Then the yeast was transferred

to the medium again for the second culture with 10%

inoculum.

Preparation of Fermentation Medium

The nutrient was added to the pretreated seaweed solution

to prepare the fermentation medium. Then the fermentation

medium was sterilized at 115 �C for 20 min. After steril-

ization, the medium was cooled to room temperature.

Batch Fermentation

The yeast was inoculated into the fermentation medium

with 10% inoculum. The flasks with fermentation medium

were capped with butyl rubber covers to create an anaer-

obic condition. All the flasks were cultured in a shaking

incubator, with the speed of 150 r.min-1. The blank test

was set in the same operation mode without adding

microorganisms or any other solution. The results showed

that ethanol was not produced in the blank test.

Box-Behnken Experimental Design

The experimental parameters and their range for Box-

Behnken experimental design were determined according

to the single factor experiments in our previous study.

Through the single factor experiments, the parameter range

with higher yield was obtained. The value of the ethanol

concentration was measured under different concentration

of KH2PO4, temperature, fermentation time and pH value.

Experimental design of the box Behnken fermentation

process was carried out by Design Expert 12 software. The

concentration of KH2PO4 (A: 2–6 g.L-1), pH (B: 4–7),

reaction time (C: 60–120 h) and temperature (D: 24–

34 �C) were variable input parameters. The experimental

data was subjected to quadratic polynomial fitting using the

nonlinear regression method to determine the relevant

model terms. Considering all the linear terms, square terms

and linear by linear interaction items, the quadratic

response model can be described as:

R ¼ b0 þ
X

bixi þ
X

biix
2
ii þ

Xb

a

bijxixj ð1Þ

In which, bo is the offset term, bi is the slope or linear

effect of the input factor xi, bii is the quadratic effect of

input factor xi and bij is the linear by linear interaction

effect between the input factor xi and xj.

Analytical Methods

The content of soluble sugar and reducing sugar was

determined by phenol–sulfuric acid method and DNS

method respectively [23, 24]. The pH was measured in a

pH meter (PHS-3B, Shanghai Precision& Scientific

Instrument Co. Ltd, China). The optical density (OD) of

cell growth at regular intervals was determined at 600 nm

using a UV–VIS Spectrophotometer (TU-1901, Purkinje

General Instrument Co. Ltd, China) throughout the study.

The fermentation broth was distilled first and then ethanol

concentration was determined by sulfuric acid- potassium

bichromate method [25]. The mass of ethanol produced

was the volume of distillate (L) multiplied by the ethanol

concentration (g L-1). The enzyme activity of alginate

lyase was measured according to the reference [19]. The

components of Colpomenia sinuosa was measured by the

following methods according to the reference [20]. The

content of crude protein was determined by Kjeldahl

method. The content of crude fiber was measured by

weight method. The content of alginate was determined by

calcium acetate method. Alginate content was calculated

by alginic acid. The content of mannitol was determined by

sodium thiosulfate titration. All experiments were carried

out for three times.
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The ethanol yield in the ethanol fermentation experi-

ments was calculated as:

Er ¼ Se= Sr ð2Þ

In which Sr was the initial mass of algae (g), se was the

mass of ethanol (g) produced by fermentation.

Results and Discussion

Different Pretreatment Process

To improve the utilization rate of macro-algae, the

Colpomenia sinuosa was treated by different pretreatment

methods according to the ‘‘The Pretreatment of Macro-

Algae’’ section. The best pretreatment method was deter-

mined by comparing the ethanol yield under different

treatment conditions. The fermentation condition was as

follows: initial pH of 7.0, fermentation temperature of

32 �C, inoculum amount of 10% and fermentation time of

72 h. The result was shown in Table 1.

According to the result, the substrate (algae) concen-

tration had a great influence on ethanol yield. The ethanol

yield of all the pretreatment methods was highest when the

substrate concentration was 20 g.L-1. Because some

insolubility substances still existed in the solution after

substrate pretreatment. If the concentration of the substrate

was too high, the increase of SS in the fermentation broth

affected the respiration of yeast. A high substrate concen-

tration would cause high viscosity in the broth, thus leading

to the high transfer resistance and the heterogeneity of cell

metabolism [26]. If the substrate concentration was

decreased, the concentration of soluble sugar released in

the solution was low, which may also affect the cell growth

and ethanol yield. At the same time, after pretreatment,

most of alginate still existed in the insoluble matter. Taking

20 g.L-1 algae treatment group as an example (the best

reaction group), after heat treatment, the yield of solid

insoluble matter (weigh after drying) was 30.12%, while

the content of alginate in insoluble matter was 70.04%.

After cellulase hydrolysis, the yield of solid insoluble

matter was 22.13%, while the content of alginate in

insoluble matter was 90.45%.

In addition, after heating treatment and enzymatic

hydrolysis treatment, the ethanol yield could be signifi-

cantly improved. In the fermentation process, cells grow

first, and then release extracellular enzyme to realize the

utilization of alginate. Therefore, the soluble sugar gener-

ated by pretreatment is beneficial to the cell growth and can

significantly improve the yield of ethanol [27]. This point

can also be confirmed by the measurement of soluble sugar.

After heating treatment and enzymatic hydrolysis, the

sugar content in the solution was significantly increased.

For example, the crude fiber content of the dry Colpomenia

sinuosa was about 6.4%. Cellulase can hydrolyze the fiber

components in the substrate, and the content of soluble

sugar was significantly increased, which could help the

growth and reproduction of yeast. And algae also can

release sugar after heating treatment [1]. The ethanol yield

of heating treatment was slightly higher than that of

enzyme treatment. At the same time, the treatment time of

enzymatic hydrolysis was longer, so the heating treatment

was selected as the pretreatment method of substrate in the

following research.

Box-Behnken Experimental Design of Ethanol

Production by Colpomenia

From the results of pretreatment, the optimum condition

was obtained. So the algae powder was mixed with water

and then the solution (20 g.L-1) was treated at 90 �C for

0.5 h. Later the fermentation culture medium was prepared

for ethanol production. Under different temperature, fer-

mentation time, concentration of KH2PO4 and pH, the

Table 1 Ethanol yield under

different algae pretreatment

conditions and substrate

concentration

Pretreatment method Substrate concentration (g.L-1) soluble sugar (mg.g-1) Ethanol yield (g.g-1)

Without pretreatment 10 6.5 ± 0.14 0.055 ± 0.016

Without pretreatment 20 7.79 ± 0.26 0.148 ± 0.005

Without pretreatment 30 8.05 ± 0.18 0.101 ± 0.012

Without pretreatment 40 7.37 ± 0.49 0.078 ± 0.015

Heating pretreatment 10 25.98 ± 1.33 0.090 ± 0.007

Heating pretreatment 20 41.54 ± 0.87 0.180 ± 0.009

Heating pretreatment 30 37.78 ± 1.12 0.113 ± 0.011

Heating pretreatment 40 36.32 ± 2.01 0.083 ± 0.003

Enzymatic hydrolysis 10 35.81 ± 1.09 0.102 ± 0.017

Enzymatic hydrolysis 20 42.19 ± 2.08 0.177 ± 0.008

Enzymatic hydrolysis 30 40.77 ± 1.33 0.109 ± 0.011

Enzymatic hydrolysis 40 37.83 ± 3.85 0.116 ± 0.004
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value of the ethanol concentration was measured. These

four factors were the most important according to the result

of signal factor experiments. And the Box-Behnken

experimental design of fermentation process was carried

out.

Using the statistical design experiment, the different

parameter combination was experimented, and the inte-

grated effect of these four factors was analyzed. The R

(response) result of ethanol production was measured and

the measured response was shown in Table 2. Experimental

results showed that the Box Behnken experimental design

model provided a second-order polynomial equation that

reflected the relationship between ethanol yield (R) and

four parameters (A: potassium ion concentration, B: pH, C:

reaction time, D: reaction temperature). The final equation

by the actual factors was as follows:

ethanol yield ¼ �2.21709 � 0.00657 � K þ 0.16212 � pH

þ 0.005 � time þ 0.12714 � temperature

þ 0.00158 � K � pH þ 0.000237

� K � time þ 0.000875 � K

� temperature þ 0.000027 � pH � time

� 0.0007 � pH � temperature

� 0.00007 � time � temperature

� 0.00534 � K2 � 0.013224 � pH2

� 0.000021 � time2

� 0:00215 � temperature2

ð3Þ

To test the hypotheses for model parameters, ANOVA is

a statistical method of subdividing the overall variation of

the set of data into component parts associated with a

source of variation [28]. The ANOVA for second-order

equation in this model was shown in Table 3.

According to the ANOVA’s rule, the Model F-value of

13.95 means the model is significant and reliable. There is

only a 0.01% chance that a ‘‘Model F-Value’’ this large

could happen because of noise. Values of ‘‘Prob[ F’’ less

than 0.0500 indicate model terms are significant. In this

case A, D, AC, A2, B2, C2, D2 are significant model terms.

Values greater than 0.1000 indicate the model terms are not

significant. The ‘‘Lack of Fit F-value’’ of 5.35 shows Lack

of Fit was not significant relative to the pure error. And

there is a 6.01% chance that a ‘‘Lack of Fit F-value’’ this

large could happen because of noise.

Effect of Various Parameters on Ethanol Yield

According to the Box-Behnken experimental design and

the results of ethanol yield, the effect of different factors on

ethanol yield is plotted in Fig. 1. For example, in Fig. 1A,

the points mean the ethanol yield value in four same

experimental conditions (concentration of KH2PO4:

4 g.L-1; pH: 5.5; fermentation time: 90 h; temperature:

29 �C). With the increase of KH2PO4 dose, the ethanol

yield was rising. KH2PO4 can promote yeast growth and

fermentation. But with excessive concentration, the fer-

mentation can be inhibited. Higher concentration of inor-

ganic salt would lead to the increasing osmotic pressure on

microorganisms, which would affect their life activities and

finally decrease the fermentation efficiency.

The pH value is also an important factor affecting the

fermentation process of ethanol. Acid conditions are more

suitable for yeast fermentation [27]. The activity of the

microbial enzyme has a constant pH adaptation range. But

the environment of peracids could reduce the microbial

utilization efficiency of carbon source [19]. In this

research, the ethanol yield was also significantly affected

Table 2 The Box-Behnken experimental design and the results of

ethanol yield

Std Run A/g.L-1 B C/h D/�C R/g.g-1

3 1 2 7 90 29 0.181

23 2 4 4 90 34 0.133

22 3 4 7 90 24 0.203

25 4 4 5.5 90 29 0.23

9 5 2 5.5 90 24 0.196

19 6 2 5.5 120 29 0.176

26 7 4 5.5 90 29 0.241

16 8 4 7 120 29 0.193

15 9 4 4 120 29 0.184

20 10 6 5.5 120 29 0.25

4 11 6 7 90 29 0.211

24 12 4 7 90 34 0.133

12 13 6 5.5 90 34 0.144

14 14 4 7 60 29 0.189

17 15 2 5.5 60 29 0.19

10 16 6 5.5 90 24 0.186

21 17 4 4 90 24 0.181

6 18 4 5.5 120 24 0.19

13 19 4 4 60 29 0.185

2 20 6 4 90 29 0.181

18 21 6 5.5 60 29 0.207

11 22 2 5.5 90 34 0.119

29 23 4 5.5 90 29 0.24

27 24 4 5.5 90 29 0.248

5 25 4 5.5 60 24 0.163

8 26 4 5.5 120 34 0.1435

1 27 2 4 90 29 0.17

28 28 4 5.5 90 29 0.24

7 29 4 5.5 60 34 0.16
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Table 3 ANOVA for response

surface quadratic model
Source Sum of squares df Mean square F Value p-calue Prob[ F

Model 0.033041 14 0.00236 13.94861 \ 0.0001 Significant

A-K 0.001801 1 0.001801 10.64282 0.0057

B-pH 0.000481 1 0.000481 2.844785 0.1138

C-time 0.000151 1 0.000151 0.889611 0.3616

D-temperature 0.00684 1 0.00684 40.427 \ 0.0001

AB 9.03E-05 1 9.03E-05 0.533397 0.4772

AC 0.000812 1 0.000812 4.800574 0.0459

AD 0.000306 1 0.000306 1.810004 0.1999

BC 6.25E-06 1 6.25E-06 0.036939 0.8503

BD 0.000121 1 0.000121 0.715136 0.4120

CD 0.000473 1 0.000473 2.795902 0.1167

A^2 0.002965 1 0.002965 17.52244 0.0009

B^2 0.005743 1 0.005743 33.93974 \ 0.0001

C^2 0.002327 1 0.002327 13.75464 0.0023

D^2 0.018786 1 0.018786 111.0316 \ 0.0001

Residual 0.002369 14 0.000169

Lack of Fit 0.002204 10 0.00022 5.349464 0.0601 Not significant

Pure Error 0.000165 4 4.12E-05

Cor Total 0.03541 28

Fig. 1 The effect of different factors (potassium ion concentration, pH, reaction time and reaction temperature) on the ethanol yield

Indian J Microbiol (Jan–Mar 2022) 62(1):112–122 117

123



by the initial pH of the solution. During the fermentation,

because of the produce of CO2 and organic acid, the pH of

the solution would be reduced. The most suitable initial pH

for yeast fermentation is about 5–6.

The optimum growth temperature of microorganisms is

always 25–35 �C. High temperature or low temperature

affects the activity of microbial synthetic metabolic

enzymes. Studies on the effect of temperature on yeast

fermentation have been reported [27, 29], but the optimum

temperature is different. Because the fermentation reaction

was always exothermic. In this research, the optimal fer-

mentation temperature was 28–29 �C.

The fermentation time had great effect on the ethanol

yield too. With the continuous consumption of nutrients

and the production of metabolites, the growth and enzyme

activity of yeast changed at different time. The ethanol

yield increased first and then decreased with the increase of

fermentation time.

The single-factor test described the relationship between

a single factor and the ethanol yield. To study the perfor-

mance of various factors on the fermentation effect, the

interaction of multiple factors on the ethanol yield was also

analyzed.

Effect of Potassium Ion Concentration (A) and Reaction

Time (C)

To study the interaction effect of potassium ion concen-

tration (A) and reaction time (C) on ethanol fermentation,

experiments were carried out by varying concentration of

KH2PO4 from 2 g.L-1 to 6 g.L-1 and under different fer-

mentation time from 60 to 120 h. The result was shown in

Fig. 2 through Box-Behnken experimental design. At the

fixed C (for example: 60 h), the ethanol yield improved

with an increase of A but when the concentration of A

reached 4 g.L-1, the ethanol yield was decreased. At the

same time when the C was prolonged (for example: 120 h),

the ethanol yield increased with the improving KH2PO4

concentration (A) and then it remained almost constant.

This result also showed the continuous demand of KH2PO4

during the yeast fermentation. In the fermentation process,

KH2PO4 can be supplemented during mid-last fermentation

period to improve the fermentation efficiency.

Effect of pH (B) and Reaction Temperature (D)

To study the effect of pH and reaction temperature on

ethanol yield, experiments were carried out by varying pH

from 4 to 7 and under different temperature from 24 to

34 �C. The results were plotted in Fig. 3. This fig-

ure clearly showed that at any fixed D, the ethanol yield

increased with an increase of pH up to a certain limit and

then it remained almost constant or decreased a little. This

result was the same as the 3.2.1 part. In the process of

ethanol fermentation with algae as raw material, the initial

pH value should not be too low to avoid affecting the

activity of enzyme such as alginate lyase.

The Optimal Fermentation Condition

Through the optimization design of the ethanol production

process by Design Expert software, the optimal fermenta-

tion condition was obtained and the theoretical ethanol

yield was calculated. The optimal values of the key

parameters in the fermentation process were as follows:

KH2PO4 dosage of 4.7 g.L-1, initial pH of 6, fermentation

temperature of 28 �C and fermentation time of 99 h. The

theoretical value of ethanol yield calculated by the formula

was 0.269 g.g-1 (ethanol to algae). Under the optimal

experimental conditions obtained by the software, three

parallel experiments were carried out to detect the ethanol

concentration, and the average ethanol yield was

0.268 g.g-1(ethanol to algae) which was close to the the-

oretical prediction. The experimental results confirm the

reliability of the model. And it was also shown that the

Box–Behnken model was suitable for the optimization of

the ethanol fermentation process which can also be used

with other raw materials. In the previous reports, some

researchers carried out ethanol fermentation experiments

utilizing brown-algae as raw materials. For example,

Pichia stipitis (KCTC7228) and Debaryomyces occiden-

talis (KCTC7196) were used for fermentation, but the

ethanol yield was only 0.029 and 0.1086 g.g-1 algae

respectively [30]. By constructing the engineered microbial

platform, the enzyme for the transfer and metabolism of

alginate was encoded, and the ethanol yield reached 0.

281 g.g-1 algae [15]. And compared with our previous

research [27], this ethanol yield of Colpomenia sinuosa

was a little higher than that of Laminaria japonica without

pretreatment. In addition, the by-product residue after

ethanol fermentation can be developed as seaweed fertil-

izer. On the other hand, the ethanol yield of this microor-

ganism with alginate as substrate was 0.154 g.g-1(ethanol

to sodium alginate) [27], which was much lower than the

ethanol yield with Colpomenia sinuosa as substrate. Pos-

sible two reasons were as follows. Microorganisms can

utilize other sugar components in algae, and there might be

a cooperative mechanism in the metabolism of alginate and

mannitol. Some researchers reported that for some

microorganisms, the metabolism of mannitol produced

excessive reducing capacity, but compared with mannitol,

the production of ethanol by alginate fermentation requires

two molecules of reduction capacity per unit molecule

[11, 15]. Therefore, the metabolic pathway of alginate can

offset the excess reduction capacity produced by mannitol

metabolism.
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The Alginate Lyase Production During

the Fermentation

At present, the ethanol metabolism mechanism of the

alginate fermentation strain Meyerozyma guilliermondii is

still not clear. Our previous studies showed that this

microorganism can produce extracellular alginate lyase to

degrade alginate into oligomers and then the oligomers can

enter the microbial cells and be metabolized [10]. There-

fore, alginate lyase may be the key enzyme in the process

of ethanol fermentation. In order to study the ethanol fer-

mentation process of algae, under the optimal fermentation

condition (KH2PO4 dosage of 4.7 g.L-1, initial pH of 6 and

reaction temperature of 28 �C) the enzyme activity of

alginate lyase was measured in the fermentation broth, and

the result was compared with the enzyme activity of

Fig. 2 The 3D response surface

graph for potassium ion

concentration (A) and reaction

time (C) for ethanol

fermentation system

Fig. 3 The 3D response surface

graph for pH (B) and reaction

temperature (D) for ethanol

fermentation system
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alginate lyase in the fermentation broth with alginate

(without pretreatment) as the substrate instead of algae

under the same condition, to analyze the enzyme produc-

tion of yeast in the fermentation process of algae. The

result was shown in Fig. 4. Alginate lyase can be produced

with alginate or algae as the substrate, but the enzyme

production of algae was slower than that of alginate. The

reason may be that other sugar components in algae were

first utilized by yeast. And the maximum enzyme activity

with algae as substrate was only slightly lower than with

alginate as substrate. At the same time, the alginate lyase

activity was about 46.42 U.mL-1, compared to 12.79

U.mL-1 in the reference [31], alginate lyase of Meyer-

ozyma guilliermondii was much higher, which indicated

that this strain might be a promising strain to convert dif-

ferent kind of algae to bio-ethanol.

Conclusion

This study provides an effective way to realize the pro-

duction of bioethanol from Colpomenia sinuosa by an

alginate fermentation strain Meyerozyma guilliermondii,

which can expand the raw materials for bioethanol pro-

duction. The ethanol production process mainly included

two stages: biomass pretreatment and fermentation. The

heating pretreatment method provided in this study has the

advantages of simple process and easy industrial operation.

The soluble sugar produced by the pretreatment can

promote the fermentation. In addition, the experimental

design of Box-Behnken was used to optimize the param-

eters of the fermentation process and explore the effect of

various factors on the fermentation process. The obtained

model was reliable and the best fermentation conditions

were obtained, as follows: KH2PO4 dosage of 4.7 g.L-1,

initial pH of 6, reaction temperature of 28 �C and fer-

mentation time of 99 h. The ethanol yield reached

0.268 g.g-1, which was much higher than the ethanol yield

with alginate as substrate. The alginate lyase production

during the algae fermentation was also discussed and

compared with the alginate lyase production during the

alginate fermentation process. Alginate lyase can be pro-

duced with alginate or algae as the substrate, but the

enzyme production of algae was slower than that of algi-

nate. This may be related to the utilization of other sugars

in the algae. The maximum alginate lyase activity was

about 46.42 U.mL-1 which indicated that this yeast might

be a promising strain that converts different kind of algae

to bio-ethanol. In the follow-up research, the specific

mechanism of alginate metabolism to ethanol and the co-

utilization mechanism of alginate and mannitol by yeast

will be further studied, and various applications of by-

products produced in the fermentation process will be

further developed.
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