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Abstract
Sugarcane molasses are considered a potential source for bioethanol's commercial production because
of its availability and low market price. It contains high concentrations of fermentable sugars that can be
directly metabolized by microbial Fermentation. Lactic acid bacteria, especially Lactobacillus casei, have
a high potential to be a biocatalyst in ethanol production that they are characterized by strong abilities of
carbohydrate metabolism, ethanol synthesis, and high alcohol tolerance. This study aimed to evaluate
the feasibility of producing ethanol from sugarcane molasses by Lactobacillus casei used engineering
strain L. casei E1 as a starter culture. The effects of environmental factors on the metabolism of L. casei
E1 were analyzed by high-performance liquid chromatography (HPLC) system, and the gene expression
of key enzymes in carbon source metabolism was detected using quantitative real-time PCR (RT-qPCR).
Results showed that the strain could grow well, ferment sugar quickly and produce high yielded ethanol in
cane molasses. By fermenting this bacterium anaerobically at 37°C for 36 h incubation in 5 °BX
molasses when the fermenter's pH was controlled at 6.0, ethanol yield reached 13.77 g/L, and
carbohydrate utilization percentage was 78.60%. RT-qPCR results veri�ed the strain preferentially ferment
glucose and fructose of molasses to ethanol at the molecular level. In addition, the metabolism of sugars,
especially fructose, would be inhibited by elevating acidity. Our �ndings support the theoretical basis for
exploring Lactic acid bacteria as a starter culture for converting sugarcane molasses into ethanol.

Key Points
1. Veri�cating the ability of engineering strain L. casei E1 to produce bioethanol.

2. The possibility of lactic acid bacteria as a starter culture for ethanol production.

3. Carbohydrate metabolic characteristics of the strain in sugarcane molasses.

 

Introduction
There has been a global increase in the demand for alternate renewable energy. Bioethanol, which can
serve as a gasoline additive to increase octane and improve vehicle emissions in its pure form (Baki et al.
2020), is an alcohol made by microorganisms through the Fermentation of carbohydrates. At present,
bioethanol can be derived from cellulosic biomass such as trees and grasses, which are non-food
sources. However, cellulose and hemicellulose of �brous biomass are di�cult to convert into fermentable
sugars for direct use by microorganisms to produce ethanol. Moreover, the sugar produced by the
hydrolysis of raw materials cannot be fermented directly, which affects the yield of alcohol. Also, phenols,
aldehydes, acids, and other organic substances produced during pretreatment and hydrolysis may inhibit
Fermentation and have toxic effects on the biocatalytic host (Tanawut et al. 2020). This results in low
e�ciency and the need to integrate additional removal and recovery processes during Fermentation.
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Sugarcane molasses is a subsidiary product of the sugar industry, containing high concentrations of
fermentable sugars (sucrose, glucose, and fructose), protein, vitamins, and trace elements that can be
directly metabolized by microbial Fermentation. Thus, it doesn't require additional operations that
signi�cantly increase the cost of biosyntheses such as chemical hydrolysis or enzymatic hydrolysis
(Dziugan et al. 2013). Saccharomycetes is the biocatalyst of ethanol produced by sugarcane molasses.
However, Yeast's optimum fermentative pH is 4.0–4.5 while sugarcane molasses are about 6.2(Wu et al.
2020). Therefore, a large amount of sulfuric acid should be added to reduce the acidity when diluting.
After the acidi�cation and clari�cation treatment, the fermentation speed will be slower without
clari�cation. Moreover, the addition of a large amount of sulfuric acid also increases the production cost
of molasses ethanol.

Lactic acid bacteria (LAB) are facultative anaerobic gram-positive bacterium that produces lactic acid as
the primary end-product of carbohydrate fermentation. It can tolerate high acidity and high
concentrations of alcohol (Davis et al. 1988; Britz and Tracey 1990; Edwards and Jensen, 1992; Gold et
al. 1992; G-Alegría et al. 2004; Takashi et al. 2016). Some lactic acid bacteria strains, such as
Lactobacillus mucosae, Lactobacillus amylovorus, Pedioccus parvulus, Lactobacillus crispatus, and
Weissella, which can survive and grow in 3 to 4% butanol, were found (Liu et al. 2012). Leuconostoc
mesenteroides was added to wine fermentation agents to enhance the �avor of alcohol. The strain was
observed to be growing well under a condition of 12% alcohol content and pH 3.4 (Yao et al. 2011). These
results indicated that LAB could adapt well to the alcohol environment and resist higher alcohol content.
Among LAB, lactobacilli display the highest alcohol tolerance.

Lactobacillus casei, one species of lactobacilli that has been widely used in the food industry over
decades, grows well in carbohydrate-rich environments and converts diverse substrates to organic acids
ethanol. It is characterized by strong abilities of carbohydrate metabolism (Koryszewska-Bagińska et al.
2019) and a wide range of substrate utilization such as monosaccharides, disaccharides, various
oligosaccharides, and polysaccharides. It has been proved that Lactobacillus casei isolated from plant
materials and the human gastrointestinal tract can utilize pentose and some penta- and hexasaccharides
(Cai et al. 2007; Suzuki et al. 2020). Lactobacillus casei can metabolize and synthesize ethanol through
the Embden Meyerhof Parnas (EMP) pathway, and some strains can also produce ethanol through
heterogeneous fermentation Entner-Doudoroff (ED) pathways. The study by London et al. con�rmed that
L. casei could produce carbonose-5-phosphate through the intermediate product ribonose-5-phosphate in
the pentose phosphate pathway. The acetophosphate, formed by pyruvate kinase catalysis of carbonose-
5-phosphate and pyruvate, is converted to ethanol by acetyl-transacetylation and dehydrogenation
(London and Chace 1979). More importantly, L. casei boasts of several relatively simple metabolism
pathways (Xin et al. 2018) and genetic advantages, including the availability of genome sequences,
genome-scale metabolic models and methods for integration of foreign DNA (Blanco-Míguez et al. 2019;
Welker et al. 2015; McAuliffe et al. 2019). These attributes suggest that Lactobacillus casei has a high
potential to be a biocatalyst in ethanol production.
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The growth and metabolism of strains are affected by many factors such as carbon, nitrogen,
temperature, pH, and oxygen (Meng et al. 2019). The dilution of the natural substrate is directly related to
the concentration of each component of the medium. Excessive concentration of the natural substrate
leads to high concentrations of carbohydrates, which will increase osmotic pressure that changes or
destroys the abilities of strains to transport and metabolic each component (Bubnová et al. 2014). In
environments with different oxygen content, since the metabolic pathways of strains change, aerobic and
anaerobic Fermentation will affect types and yields of products (Dittrich et al. 2005; Wushke et al. 2017;
Matsuoka and Kurata 2017). L. casei synthesizes various organic acids such as pyruvate, lactic acid,
acetic acid, and succinic acid to metabolize carbohydrates to produce ethanol (Vinay-Lara et al. 2016).
Fermentation progresses, organic acids that can increase the acidity of fermentation liquid gradually
accumulate. The dramatic change in pH will affect the carbohydrate metabolism of strains because high
acidity will cause metabolic-related components on the cell membrane, such as channel proteins,
transport proteins, and signal pathway proteins, to lose their normal function (Virgilio et al. 2017).

According to the preliminary results, L. casei is an aerotolerant strain that can grow under aerobic and
anaerobic conditions. Its optimum fermentation temperature is 37°C. The optimum pH values in all-
purpose tween (APT) medium (Difco™ BD), de Man, Rogosa, and Sharpe (MRS) medium, and straw
hydrolysate were 6.0 (Vinay-Lara et al. 2016). According to the comparative genomics analysis of
metabolic pathways of L. casei 12A, it was found that L. casei 12A has a strong ability to metabolize
carbohydrates as well as convert them into bioethanol (Wang et al. 2015). L. casei EI was engineered to
produce ethanol instead of lactate as its major end-product from carbohydrates (Vinay-Lara et al. 2016).

To explore the effects of environmental factors on the metabolism of L. casei EI, the impact of different
concentrations of sugarcane molasses solution on the living cell number, and the carbohydrates
utilization and product synthesis abilities of the strain under different conditions were analyzed through
the determination of the types and yields of carbohydrates in sugarcane molasses fermentation liquid
using the high-performance liquid chromatography (HPLC) system. Quantitative real-time PCR (RT-qPCR)
was used to analyze the expression level of the key enzyme genes of carbohydrate metabolism and
investigate the effect of pH change on the strain's carbohydrate metabolism. This paper aims to lend
theoretical and technical support for the industrial production of molasses ethanol.

Materials And Methods

Preparation of sugarcane molasses solution
The fresh sugarcane molasses, whose initial liquid concentration is 80 °Bx, was diluted to 40 °Bx, 30 °Bx,
20 °Bx, 10 °Bx, 7.5 °Bx, and 5 °Bx, respectively, using deionized water. To ensure su�cient nitrogen
sources in the fermentation solution, 5 g/L of yeast extract, 5 g/L of peptone, and 10 g/L of beef extract
were added to various molasses concentrations according to the MRS basic medium formula. Then the
pH value was adjusted to 6.0.
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Construction of L. casei E1
The engineered L. casei E1, a derivative of wild strain L. casei 12A (GenBank: CP006690.1) lacking ldh1,
was constructed using the procedure described by Broadbent et al. (2003). Brie�y, a synthetic production
of ethanol (PET) cassette encoding the Zymomonas mobilis pyruvate decarboxylase (PDC) and alcohol
dehydrogenase (ADHII) genes under the control of the native L. casei 12A phosphoglycerate mutase
(pgm) promoter (L. casei 12A Δldh1::Ppgm-PET) was assembled and codon-optimized using Java Codon
Adaptation Tool and inserted into the 12A ldh1 locus (Vinay-Lara et al. 2016).

Detection of carbohydrate metabolic characteristics
The utilization of carbohydrates and production of metabolic end-products were detected by the HPLC
system, including Waters Alliance 2695 Spectrometer, Waters 2414 Refractive Index Detector (RID), and
Aminex HPX-87H (300mm × 7.8 mm ID, 9μm, Bio-Rad Labors) chromatographic separation column under
5-mmol/L sulfuric acid solution of the mobile phase, 30°C of column temperature, and 0.6 mL/min of
�ow rate.

Culture of L. casei E1
The working culture of L. casei E1 was prepared from a frozen stock using two sequential transfers (0.1%
inoculum) that the strain incubated in MRS medium statically at 37°C for 24 h and cultured in 10 °Bx of
sugarcane molasses solution at 37°C for 30 h. Then the bacterial liquid was transferred into different
concentrations of sugarcane molasses solutions, respectively, with the initial concentration of 107

CFU/mL. The strain's living cell number was determined at 0, 8, 12, 24, 30, 36, 48, and 60 h on MRS solid
medium.

Effects of oxygen on ethanol production
The strain was cultured in two bioreactors with the same molasses solution under anaerobic (20 psi,
CO2/N2) and aerobic conditions, respectively, at 33°C for 72 h. The liquid fermentation samples were
determined at 0, 4, 8, 12, 16, 24, 30, 36, 48, and 72 h by High-Performance Liquid Chromatography
(HPLC).

Effects of pH on growth and metabolism
One of the fermenters' pH value was controlled by the Bioreactor control system pumping in 6 mol/L of
NaOH and 6 mol/L of HCl. The pH electrode recorded the acidity of the unregulated fermentation broth.
The fermentation broth was collected at 0, 4, 8, 12, 16, 24, 30, 36, 48, and 60 h for further analysis.
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Effects of pH on expression of key enzyme genes of carbon source metabolism during transformation

The absolute gene expressions of glucokinase (GK, EC 2.7.1.2), invertase (INV, EC 3.2.1.26), and
phosphofructokinase (PFK, EC 2.7.1.56) were detected through the real-time �uorescence quantitative
PCR (RT-PCR) during Fermentation. The primers utilized in this study have been described in Table 1.
Working cultures were prepared from the frozen storage of liquid nitrogen. DNA was extracted using the
Ezup column, a bacterial genomic DNA extraction kit (SK8255). Purpose genes were recovered using a
columnar DNA adhesive recovery kit (SK8131 Sangon). Connected products were transformed using the
one-step rapid receptor cell preparation kit (SK9307 Sangon). The plasmid DNA was extracted using the
SanPrep column plasmid DNA small amount extraction kit (SK8191 Sangon), and the RT-PCR detection
was operated using ABI SybrGreen PCR Master Mix (2 ×) kit. 

Operational formula

Statistical analyses
All experiments were performed at least three independent times and values are expressed as mean ±
standard deviation (SD). In order to compute the relative fold changes in gene expression of the studied
genes, datas were analysed using the comparative 2−ΔΔCt method was used (Livak andSchmittgen 2001).

Results

Effects of molasses concentration on the growth of the
strain
As shown in Fig 1, the growth curves of L. casei E1 in different concentrations of cane molasses are very
similar among the four low concentrations of 5 °Bx, 7.5 °Bx, 10 °Bx, and 20 °Bx. After about 30 h of
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Fermentation, the colony number reached the maximum value of 1011 CFU/mL, and the growth rate was
signi�cantly higher than those in the other two high concentration mediums (30 °Bx and 40 °Bx).
Although the maximum number of living cells in 30 °Bx is 1011 CFU/mL, the strain's slow growth resulted
in needing 48 h to achieve this. Meanwhile, the strain did not grow until 48 h at 40 °Bx.

Effects of molasses concentration on the metabolism of
strain
It can be seen from Fig 2 that strain E1 �rst metabolized glucose and fructose and then sucrose; the
higher the concentration of molasses, the later the sucrose metabolism started. As shown in Fig 2 (a, b),
at concentrations of 5 °Bx and 7.5 °Bx, the strain consumed glucose and fructose in about 16 h while
sucrose metabolism began at 12 h. Comparing the two concentrations, the sucrose consumption of the
strain was faster at 5 °Bx, which accelerated at 16 h and slowed down after 36 h. The total sugars'
utilization rate was 75.2% in 5 °Bx molasses fermented for 72 h (Tab 1). While in 7.5 °Bx, sucrose
consumption slowed down from 16 h to 28 h and accelerated after 28 h (Fig 2a, b). In 10 °Bx molasses,
sucrose consumption was very low at 48 h. In 20 °Bx, only partial glucose and fructose were consumed,
and little sucrose was metabolized (Fig 2c, d).

The ethanol production of the strain started earlier in 5 °Bx and 7.5 °Bx of low concentrated molasses. As
shown in Fig 3 (a, b), the strain began producing ethanol from 4 h in 5 °Bx and 7.5 °Bx molasses while
ethanol was produced at 12 h and 16 h in 10 °Bx and 20 °Bx molasses, respectively. The ethanol
production rate and yield in 5 °Bx and 7.5 °Bx mediums were similar in that the ethanol concentration
could reach about 13 g/L after 72 h; it was higher than 20 °Bx molasses in which the yield just reached 7
g/L (Tab 2). The highest ethanol yield was up to 38% (w/w%) in 7.5 °Bx medium (Tab 1).

With the increase of molasses concentration, the ratio of ethanol to lactic acid production decreased
gradually. The ratio of ethanol to lactic acid in the 5 °Bx fermentation broth was 2.0 (mmol/L: mmol/L)
(Tab 1), the maximum of the four concentrations. In the 20 °Bx molasses, the ratio was less than 1.0 (Tab
1), and a considerable number of carbohydrates were converted into lactic acid by the strain (Tab 1 and
Fig 3d).

Effects of oxygen on the ethanol production
As shown in Fig 4, strain E1 could not synthesize ethanol under aerobic conditions; instead, a small
amount of lactic acid was produced. Most of the carbohydrates were used to support the growth of cells.
In the anaerobic environment, the strain was in a good growth state, and high ethanol content was
obtained in the end product of carbon source metabolism.

Effects of pH on the ethanol production
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In the unregulated pH state, the pH dropped rapidly from 6.0 to 4.5 within 24 h (Fig 5). Due to the
feedback inhibition of lactic acid accumulation on the bacteria's glucose metabolism, the growth and
metabolism of strain were affected. After 36 h of Fermentation, the total sugar utilization was only 66.4%,
and the sucrose level remained 10.46 g/L after 60 h. Under the condition of pH control, the growth and
metabolism of the strain were exuberant, mainly in three aspects: �rstly, the activity of strain was high,
and the number of live cells in 36 h was close to 1012 CFU/mL; secondly, the glucose metabolism
e�ciency was high, and the strain within 60 h consumed the carbohydrate (Fig 5). The residual
carbohydrate content was about 13.03 g/L after 36 h of Fermentation (Tab 3), and sugar utilization rate
was approximately 78.6%, which was 12.2% higher than the unregulated state; �nally, the ethanol yield
was about 14.85 g/L at 60 h, which was about 2.70 g/L higher than the unregulated pH state (Tab 3).
Therefore, the regulation of pH value in the fermentation process at 6.0 is more suitable for the strain to
synthesize ethanol by cane molasses fermentation.

Under the condition of regulated pH, the strain entered the growth stability stage from 24 h and reached
the maximum viable amount at 36 h (Fig 5). The rate of sucrose metabolism by the strain began to
decrease after 36 h of Fermentation (Fig 6a), and the increasing rate of ethanol yield was low during the
time frame of 36 h to 60 h, producing only about 1.10 g/L ethanol in this 24 h (Tab 3). Therefore, to
reduce production costs and increase production e�ciency, the optimum fermentation time for ethanol
production is 36 h.

Effects of pH on the gene expression of key enzymes in
carbon source metabolism
The expression level of key enzymes in a duration of 24 h was selected to evaluate the effect of pH
regulation and control on carbon metabolism. Accordingly, the strain consumed glucose and fructose in 5
°Bx molasses within 24 h, and the pH value decreased insigni�cantly after 24 h of Fermentation (Fig 5).
The GK gene expression level increased at �rst and then reduced under both regulated and unregulated
conditions and reached the maximum at 12 h, which was 1.25 and 1.59 times of that at 0 h, respectively
(Fig 7a). The INY and GK genes had similar expression levels, but its maximum value appeared at about
8 h, which was 1.17 and 1.54 times of that at 0 h, respectively. Afterward, the INV gene expression level
decreased suddenly under the unregulated pH condition, which is only half the initial value at 16 h (Fig
7b). The expression level of the PFK gene decreased at �rst and then increased. The lowest level reached
0.46 and 0.58 times of the initial value under pH control and non-pH control conditions at 12 h,
respectively. Under the condition of control, the expression level of the PFK gene increased signi�cantly at
16 h, which is 1.90 times of the initial level, but suddenly decreased to 0.58 times of the initial level at 24
h (Fig 7c).

The three enzymes' relative gene transcription levels under pH and non-pH-regulated mediums were
reported. Except for INV's gene expression level, which was slightly higher than that of PFK under non-pH
control condition at 8 h, all the expression levels of INV under both conditions were lower than those of
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GK and PFK within 24 h (Fig 8). This veri�es that the strain has a metabolism sequence of the three
sugars at the molecular level, which is the preferential use of glucose and fructose. All the GK gene
expression levels were higher than those of INV and PFK under the condition of non-pH control (Fig 8).
Though the expression levels of GK at 12 h and 24 h of non-pH control fermentation were higher than
those regulated by pH, the difference between the two fold lines in Fig 7a is small, indicating that the
effect of the pH change on the GK expression is not signi�cant. The expression levels of the PFK gene
under pH control was signi�cantly higher than those of non-pH control at 4 h, 8 h, 12 h, and 16 h, which
were 1.69, 1.84, 1.32, and 3.37 times of non-pH control, respectively, indicating a signi�cant drop in pH
inhibited the PFK gene expression.

Discussion

Effects of molasses concentration on the growth and
metabolism of the strain
As the main component of molasses was sugar, molasses' concentration is directly related to the content
of carbohydrates in the medium, the higher its concentration, the higher the osmotic pressure of the
extracellular environment to cells. The increase in osmotic pressure would lead to the deterioration of the
intracellular microenvironment. It can affect the growth and metabolism of the strain, causing the
dehydration and inactivation of protein, which hinder cell cycle and inhibit cell growth (Radmaneshfar et
al. 2013). Some studies have found that, with the increase of osmotic stress, the cell will actively regulate
osmosis that causes intracellular water out�ow, shrinking of cells, and even death (Djelal et al. 2017).
Microorganisms would increase energy for maintaining the stability of the intracellular microenvironment
(enhancing intracellular stress response and tolerance pathway). These change the metabolic network
and regulatory pathways of cells, inhibit the fermentation rate, and change product accumulation (Xu
2010). It was found that the cell growth and pyruvate accumulation rate were inhibited by the increase in
osmotic pressure in the pyruvate production (Kamzolova and Morgunov 2016). In arabitol production,
when the osmotic pressure was increased, the product's yield would signi�cantly decrease (Koganti et al.
2011). Therefore, combined with the results of growth and metabolism, four low concentrations of
molasses, 5 °Bx, 7.5 °Bx, 10 °Bx, and 20 °Bx, were chosen to investigate the metabolism characteristics of
the strain in molasses.

The utilization rate of carbohydrates in different molasses concentrations is also used as an index to
select the optimal concentration medium. The results showed that there are enough carbohydrates in the
5 °Bx medium to ferment the strain. Moreover, the lower the concentration of substrate residual sugar, the
higher the fermentation e�ciency.

In conclusion, it is feasible to use the engineered strain L. casei E1 to produce ethanol with molasses as
substrate conclusion of comparative genomics is veri�ed (Wang et al. 2015). As the carbohydrates
utilization rate and the ethanol production yield in 5 °Bx molasses are the highest, 5 °Bx is the optimum
concentration of molasses for ethanol fermentation.
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The sequence of carbohydrate metabolism of the strain
The metabolization of carbohydrates by strain E1 is in sequence by inference. This characteristic of
strain was showed in all the four low concentrations molasses fermentation (Fig 2), and con�rmed by the
gene expression results (Fig 7). Agbogbo et al. (2006) used Pichia pastoris (P. stipitis CBS6054) to
ferment a mixed medium of glucose and xylose. It was found that the consumption rate of glucose was
higher than that of xylose. This indicated that there is a priority order in carbohydrate metabolism of
microorganisms.

Effects of oxygen on the ethanol production
Lactobacillus casei is an aerobic anaerobe like other lactic acid bacteria. Under aerobic conditions, cells
proliferated in large amounts and produced lactic acid (Maresca et al. 2019). Reactive Oxygen Species
(ROS), present in the environment or metabolized by the strain, can seriously threaten the strain's survival.
Some LAB can be subjected to aerobic growth, with a consequent change in the LAB's physiological
metabolism, including the reduction of biomass and the change of fermentation product types. ROS can
destroy cellular proteins, lipids, and nucleic acids, causing cell aging and death. Therefore, anaerobic
culture is the optimum culture condition for ethanol production by the strain.

Effects of pH on the ethanol production
Based on the results of acidity control of fermentation broth, it was found that a change in pH has a
signi�cant effect on the growth and metabolism of the strain. This is mainly because fermentation's
organic acid will enter the cytoplasm in the form of diffusion and release proton H+ after dissociation,
subsequently reducing the intracellular environment's pH value. The continuous acidi�cation of the
intracellular environment destroys DNA structures, the denaturation of proteins, and enzymes'
inactivation. Moreover, changes in pH cause the channel proteins, transporters, and signaling pathway
proteins on the membrane to lose their normal function that maintains cell-selective permeability,
disturbing the balance of sodium-potassium ions inside and outside cells. Ultimately, the physiological
activities being affected results in low production e�ciency and poor product quality. In the study of
succinic acid production by E. coli, with the accumulation of succinic acid, the biomass was gradually
reduced, and the vitality of the somatic cells was steadily decreased. If the succinic acid is removed in
time, the yield of succinic acid can be increased by more than 60% (Andersson et al. 2010). Roa et al.
(2011) found that the lower the pH value, the lesser the yield of fumaric acid in the Fermentation of
Rhizopus oryzae (Roa Engel et al. 2011).

Effects of pH on the gene expression of key enzymes in
carbon source metabolism

https://sciprofiles.com/profile/author/QmJOd2hKbmQvdlh6bitKQ2srZW9RbDlLU1JwelB0WXo5NUtXSnRaUFRwOD0=


Page 11/23

Multiple metabolic pathways and enzymes regulate the growth and metabolism of bacterial cells. Under
different pH conditions, the strain's ability to metabolize a speci�c sugar is affected by the activity of key
enzymes and the strain's growth. The amount of enzyme gene expression indicates the demand for this
enzyme by the metabolism of the strain. Therefore, the expression level of key enzyme genes in
metabolism can re�ect the metabolic level of bacteria to a certain extent.

The metabolism of carbohydrates by the strain mainly depends on the catalysis of metabolic-related
enzymes. Comparative genomic analysis results revealed that the wild-type strain L. casei 12A could
degrade nine sugars in cells (Wang et al. 2015). The strain �rst used glucokinase (GK, EC 2.7.1.2) to
degrade glucose to 6-phosphate glucose, which is the common intermediate product and intersection of
various metabolic pathways, including glycolysis (EMP pathway), pentose phosphate pathway, and
glycogen synthesis and decomposition pathway. Therefore, GK is one of the key enzymes for glucose
metabolism. Second, the strain could use phosphofructokinase (PFK, EC 2.7.1.56) to convert fructose to
1, 6-fructose diphosphate (FDP) and then facilitate its entrance into the glycolysis pathway. PFK is one of
the key enzymes in fructose metabolism. Third, the strain hydrolyzed sucrose to glucose and fructose
using invertase (INV, EC 3.2.1.26). INV is one of the key enzymes for the metabolism of sucrose. Two
conditions of pH control and non-pH control were designed to detect three key enzymes' expression
levels. This enabled us to investigate the effect of pH control on carbon source metabolism.

An in-depth analysis of the three enzymes' gene expression characteristics under two conditions showed
that, on the one hand, the expression levels of three enzyme genes in the fermentation broth with
regulated pH were almost more signi�cant than those under the non-pH control state. The amount
indicates that the increase in acidity inhibits the synthesis of critical metabolic enzymes (Fig 7). The
genes' high expression levels suggested that the number of sugar molecules transported into the cell is
large, which is bene�cial to cells' rapid activation of metabolic function. Therefore, Fermentation in the
medium with a constant pH of 6.0 is more conducive to the metabolism of the three sugars by the strain;
on the other hand, the trend of the gene expression in the two conditions is very similar, indicating that the
change in pH does not change the trend of enzyme gene expression.

In conclusion, this present study proves that L. casei, as a potential tool, can be used for bio-ethanol
production due to its good tolerance of lower alcohols (Elena, 2015). Through the characteristic analysis
of cell growth and metabolism, L. casei EI can metabolize sucrose, glucose, and fructose of molasses
and synthesize ethanol. In practice, the engineered L. casei E1 was grown in different fermentation
conditions subjected to the effects of cane molasses concentrations, oxygen, and pH on ethanol
production. The genetic strain E1 showed good growth and quick sugar fermentation and yielded high
ethanol in cane molasses. By fermenting this bacterium anaerobically at 37°C for 36 h incubation in 5
°BX molasses when the fermenter's pH was controlled at 6.0, ethanol yield reached 13.77 g/L, and
carbohydrate utilization percentage was 78.60%.

The expression differences from the GK, INV, and PFK genes between pH-control and non-pH control
conditions were detected using RT-qPCR. It could be seen that the genetic strain E1 under pH control

http://dict.youdao.com/search?q=Lactobacillus&keyfrom=E2Ctranslation
http://dict.youdao.com/w/casei/
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preferentially fermented glucose and fructose of molasses to ethanol. The non-pH control did not affect
the three enzymes' gene expression trends, but an elevated acidity would signi�cantly inhibit the
genetically modi�ed strain E1 from metabolizing fructose to ethanol.
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Tables
Table 1

Carbohydrate utilization ratio and ethanol production ratio in low concentrations of molasses for 72 h
Concentrations Carbohydrate utilization ratio (w/w%) Ethanol production

ratio (w/w%)

Ethanol: Lactate

(mmol/L:mmol/L)

5°BX 75.2 35.8 2.0

7.5°BX 56.5 38.0 1.8

10°BX 38.6 35.7 1.7

20°BX 25.6 24.6 0.6

  

Table 2
Carbohydrate metabolism in four low concentrations of cane molasses

Concentrations of fermentation broth

5°BX 7.5°BX 10°BX 20°BX

0h 72h 0h 72h 0h 72h 0h 72h

34.52 ±
0.26

11.03 ±
0.41

42.41 ±
1.35

24.68 ±
0.33

56.79 ±
1.04

47.92 ±
0.48

74.18 ±
0.89

71.85 ±
1.13

3.57 ±
0.04

0.02 ±
0.01

4.67 ±
0.07

0.34 ±
0.12

6.50 ±
0.32

0.74 ±
0.05

19.26 ±
0.22

7.16 ±
0.08

9.37 ±
0.51

0.73 ±
0.02

12.64 ±
0.03

0.93 ±
0.05

17.69 ±
0.62

1.10 ±
0.04

31.58 ±
0.09

13.99 ±
0.21

0.57 ±
0.03

1.59 ±
0.11

0.69 ±
0.03

0.70 ±
0.04

0.94 ±
0.41

0.99 ±
0.02

17.86 ±
0.15

12.73 ±
0.17

0.47 ±
0.02

10.04 ±
0.19

0.55 ±
0.01

11.30 ±
0.11

0.13 ±
0.03

9.96 ±
0.10

11.70 ±
0.01

21.63 ±
0.07

0.00 12.76 ±
0.27

0.00 12.83 ±
0.30

0.00 11.13 ±
0.06

0.00 7.87 ±
0.01
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Table 3
Effect of pH on carbohydrate metabolism

Time (h) Residual carbohydrate content (g/L) Ethanol yield (g/L)

pH control non-pH control pH control non-pH control

0 60.83±0.79 61.42±0.29 0 0

36 13.03±0.52 20.63±0.06 13.77±0.24 10.62±0.17

60 0 10.46±0.15 14.85±0.08 12.15±0.35

Figures

Figure 1

See the Supplemental Files section for the complete �gure caption
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Figure 2

See the Supplemental Files section for the complete �gure caption
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Figure 3

See the Supplemental Files section for the complete �gure caption

Figure 4
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Figure 5
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Figure 6
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Figure 7

See the Supplemental Files section for the complete �gure caption
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Figure 8

See the Supplemental Files section for the complete �gure caption
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