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Effects of carbon concentration, oxygen, 
and controlled pH on the engineering strain 
Lactiplantibacillus casei E1 in the production 
of bioethanol from sugarcane molasses
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Abstract 

Sugarcane molasses are considered a potential source for bioethanol’s commercial production because of its avail-
ability and low market price. It contains high concentrations of fermentable sugars that can be directly metabolized 
by microbial fermentation. Heterofermentative lactic acid bacteria, especially Lactiplantibacillus 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 by Lactiplantibacillus casei used the ethanologen engineering strain L. casei E1 as a starter culture and cane 
molasses as substrate medium. 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 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 verified 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 findings support the theoretical basis for exploring Lactic acid bacteria as a starter 
culture for converting sugarcane molasses into ethanol.
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Key points

1.	 Verificating the ability of engineering strain L. casei 
E1 to produce bioethanol.

2.	  The possibility of lactic acid bacteria as a starter cul-
ture for ethanol production.

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

Introduction
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 microorgan-
isms through the fermentation of carbohydrates. Bioeth-
anol can be derived from cellulosic biomass such as 
trees and grasses, which are non-food sources. However, 
since the high cost of hydrolyzing lignocellulose biomass 
and lower ethanol titers and yields, the development 
of bioethanol production have been limited (Fan et  al. 
2018). Additionally, the cellulose and hemicellulose of 
fibrous biomass are difficult to convert into fermentable 
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sugars for direct use by microorganisms to produce eth-
anol. 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 
efficiency and the need to integrate additional removal 
and recovery processes during fermentation.

Sugarcane molasses is a subsidiary product of the sugar 
industry, containing approximately 50% of fermentable 
sugars (sucrose, glucose, and fructose), protein, vitamins, 
and trace elements that can be directly metabolized by 
microbial fermentation (Lino et al. 2018). Thus, it doesn’t 
require additional operations that significantly increase 
the cost of biosyntheses such as chemical hydrolysis or 
enzymatic hydrolysis (Dziugan et al. 2013), and has been 
extensively exploited as alternative lowcost feedstock. It 
can be used as substrate for the production of lactic acid, 
succinic acid, citric acid, butanol, etc. Currently, sugar-
cane molasses main use is in the production of fuel etha-
nol (Lino et al. 2018).

Saccharomyces has been the biocatalyst of preference 
for ethanol production. However, it typically lacks the 
ability to utilize pentose sugars (Jarboe et al. 2007), which 
is important in lignocellulosic-based alcohol production. 
Additionally, S. cerevisiae only secretes enzymes at low 
levels (Wang et al. 2013) and is sensitive to compounds 
generated during biomass pretreatment and hydrolysis 
(Parreiras et  al. 2014). As has many advantages (higher 
sugar absorption rate, wider variety of available carbohy-
drates, easier to genetic engineering or higher tolerance, 
etc.), bacteria such as Zymomonas mobilis and Escheri-
chia coli have been extensively studied as potential bio-
catalysts for alcohol production (Jarboe et al. 2007).

Lactiplantibacillus casei, one species of Lactiplantiba-
cillus that has been widely used in the food industry over 
decades, grows well in carbohydrate-rich environments 
and converts diverse substrates to organic acids and etha-
nol since it can perform heterolactic fermentation (Zotta 
et al. 2018). L. casei 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 oligosaccha-
rides, and polysaccharides (Cai et  al. 2007; Suzuki et  al. 
2020). L. casei can metabolize and synthesize ethanol 
through the Embden Meyerhof Parnas (EMP) path-
way, and some strains can also produce ethanol through 
heterogeneous fermentation Entner-Doudoroff (ED) 
pathways. 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 (Welker et  al. 
2015; Blanco-Míguez et  al. 2019; McAuliffe et  al. 2019). 

Recently, it has been found that L. casei is able to grow on 
food-wastes. Ricciardi et al (2019) incubated L. casei N87 
in cheese whey permeate which is a low-cost feedstock 
used for the production of biomass, the results showed 
that the strain grew well and produced lactate, acetate, 
etc. These attributes suggest that Lactiplantibacillus 
casei has a high potential to be a biocatalyst in bioethanol 
production.

The growth and metabolism of strains are affected by 
many factors such as carbon, nitrogen, temperature, pH, 
and oxygen (Zotta et  al. 2017; Meng et  al. 2019). The 
dilution of the natural substrate is directly related to the 
concentration of each component of the medium. Exces-
sive 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). The effects of 
oxygen on products of L. casei strain using food-wastes 
substrate had be genetically verified and analyzed in 
detail (Ricciardi et al. 2019). L. casei synthesizes various 
organic acids such as pyruvate, lactic acid, acetic acid, 
and succinic acid (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 pro-
teins, transport proteins, and signal pathway proteins, to 
lose their normal function (Virgilio et al. 2017).

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 first used glucoki-
nase (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 pathway (EMP), pentose phosphate pathway 
(PPP), glycogen synthesis pathway, and decomposition 
pathway. Therefore, GK is one of the key enzymes for 
glucose metabolism. Second, the strain could use phos-
phofructokinase (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 hydro-
lyzed 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. Therefore, the three key enzymes’ 
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expression levels were detected to investigate the effect of 
some factors on carbon source metabolism.

In this study, one strain L. casei E1, which was engi-
neered from wild strain L. casei 12A to produce ethanol 
instead of lactate as its major end-product from carbo-
hydrates (Vinay-Lara et al. 2016), was selected to explore 
the effects of environmental factors on the metabolisms. 
Using sugarcane molasses solution as medium, the living 
cell number, the carbohydrates utilization, and product 
synthesis abilities of the strain under different conditions 
were analyzed. The types and yields of carbohydrates and 
products in fermentation liquid were determined by the 
high-performance liquid chromatography (HPLC) sys-
tem. 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 
some factors on the strain’s carbohydrate metabolism.

Materials and methods
Preparation of sugarcane molasses solution
The fresh sugarcane molasses, whose initial liquid con-
centration is 80 °Bx, was diluted to 40 °Bx, 30 °Bx, 20 °Bx, 
10  °Bx, 7.5  °Bx, and 5  °Bx, respectively, using deion-
ized water. To ensure sufficient nitrogen sources in the 
fermentation solution, 5  g/L of yeast extract (Oxoid, 
LP0021), 5 g/L of peptone (Oxoid, LP0037B), and 10 g/L 
of beef extract (Oxoid, LP0029B) were added to various 
molasses concentrations according to the MRS (De Man, 
Rogosa and Sharpe) basic medium formula. Then the pH 
value was adjusted to 6.0.

Construction of L. casei E1
The engineered L. casei E1, a derivative of wild strain L. 
casei 12A (GenBank: CP006690.1) lacking ldh1, was con-
structed using the procedure described by Broadbent 
et al. (2003). Briefly, a synthetic production of ethanol 
(PET) cassette encoding the Zymomonas mobilis pyru-
vate 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-opti-
mized using Java Codon Adaptation Tool and inserted 
into the 12A ldh1 locus (Vinay-Lara et al. 2016).

Analysis of metabolic characteristics
The utilization of carbohydrates and production of meta-
bolic end-products were detected by the HPLC system, 
including Waters Alliance 2695 Spectrometer, Waters 
2414 Refractive Index Detector (RID), and Aminex HPX-
87H (300 mm × 7.8 mm ID, 9 μm, Bio-Rad Labors) chro-
matographic separation column under 5 mmol/L sulfuric 
acid solution of the mobile phase, 30 °C of column tem-
perature, and 0.6 mL/min of flow rate (Qi et al. 2017).

Culture of L. casei E1
The working culture of L. casei E1 was prepared from a 
frozen stock using two sequential transfers (0.1% inocu-
lum) that the strain incubated in MRS medium stati-
cally 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 ini-
tial 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 glass fermenters-biore-
actors (5L, BIOTECH-5BG, Shanghai Biotech Biological 
Equipment Engineering Co., Ltd.) with the same molas-
ses solution under anaerobic (20 psi, CO2/N2) and aero-
bic conditions (sterile air, stirring), respectively, at 37 °C 
for 72  h. The liquid fermentation samples were deter-
mined at 0, 4, 8, 12, 16, 24, 30, 36, 48, and 72 h by High-
Performance Liquid Chromatography (HPLC).

Effects of controlled and uncontrolled pH cultures 
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 acid-
ity of the unregulated fermentation broth. The fermenta-
tion broth was collected at 0, 4, 8, 12, 16, 24, 30, 36, 48, 
and 60 h for further analysis.

Effects of controlled and uncontrolled pH cultures 
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 phosphof-
ructokinase (PFK, EC 2.7.1.56) were detected through 
the real-time fluorescence 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. 

Table 1  The primers of key enzyme genes

Target Primer Sequence

GK Forward 5′ ATT​GAG​GTG​TAA​TAG​GTC​GGTGG 3′

Reverse 5′ CGA​TTT​TAT​GAC​GAT​TGA​TGCC 3′

INV Forward 5′ AGA​CGC​AGA​CTT​GTT​GTT​TCCC 3′

Reverse 5′ GAC​GTT​AGA​TGA​TGG​CGA​TGAG 3′

PFK Forward 5′ CAT​TGC​CAA​AGA​AGC​GAC​C 3′

Reverse 5′ AAG​ACA​ACG​ATT​CAT​CTG​CCTG 3′
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DNA was extracted using the Ezup column, a bacterial 
genomic DNA extraction kit (SK8255 Sangon). Purpose 
genes were recovered using a columnar DNA adhe-
sive 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 Mas-
ter Mix (2 ×) kit.

Statistical analysis
All experiments were performed at least three independ-
ent 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 and Schmittgen 2001).

Results
Effects of molasses concentration on the growth 
of the strain
As shown in Fig. 1, the growth curves of L. casei E1 are 
very similar in the four low concentrations of cane molas-
ses (5 °Bx, 7.5 °Bx, 10 °Bx, and 20 °Bx), the colony num-
ber reached the maximum value of 1011 CFU/mL after 
about 30 h of fermentation. In addition, the growth rates 
of strain in logarithmic phase at low concentrations were 
significantly higher than those in other two high concen-
tration mediums (30 °Bx and 40 °Bx). Although the maxi-
mum number of living cells could also reached 1011 CFU/

mL in 30 °Bx, 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. The results showed that there are suf-
ficient carbohydrates in the 5 °Bx medium for the strain 
fermentation. To investigate the metabolism character-
istics of the strain, four low concentrations of molas-
ses(5 °Bx, 7.5 °Bx, 10 °Bx, and 20 °Bx) were chosen.

Effects of molasses concentration on the metabolism 
of strain
It can be seen from Fig. 2 that strain E1 first metabolized 
glucose and fructose and then sucrose; the higher the 
concentration of molasses, the later the sucrose metabo-
lism started. As shown in Fig. 2a, b, at concentrations of 
5 °Bx and 7.5 °Bx, the strain consumed glucose and fruc-
tose in about 16 h, the sucrose metabolism began at 12 h. 
Comparing the two concentrations (5  °Bx and 7.5  °Bx), 
the sucrose consumption of the strain was faster at 5 °Bx, 
which accelerated at 16 h. While in 7.5 °Bx, sucrose con-
sumption accelerated after 28  h (Fig.  2a, b). In 10  °Bx 
molasses, sucrose consumption was very low (started 
after 48  h). In 20  °Bx, only partial glucose and fructose 
were consumed (Fig. 2c, d).

The utilization rate of carbohydrates in different molas-
ses concentrations is also used as an index to select the 
optimal medium concentration for bioethanol produc-
tion by L. casei E1. The results showed that the lower the 
concentration of substrate, the higher the fermentation 
efficiency. The total sugars’ utilization rate was 75.2% in 
5 °Bx molasses fermented for 72 h (Table 2).

Fig 1  Growth of strain in different concentrations of cane molasses
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As shown in Fig. 3a, b, the ethanol production of the 
strain started earlier (4  h) in low concentrated molas-
ses (5 °Bx and 7.5 °Bx) than that at other concentrations 
(10 °Bx and 20 °Bx). The ethanol yields of strain in 5 °Bx 

and 7.5  °Bx mediums were similar that they all could 
reach about 13 g/L after 72 h which were higher (about 
2 times) than that in 20 °Bx molasses (7 g/L) (Table 2). 
The highest ethanol yield was up to 38% (w/w%) in 
7.5 °Bx medium (Table 2).

Fig. 2  Carbohydrate utilization in different concentrations of cane molasses. Carbohydrates tested: Sucrose , Glucose , Fructose 
. a 5 °BX; b 7.5 °BX; c 10 °BX; d 20 °BX

Table 2  Carbohydrate metabolism in four low concentrations of cane molasses

Compound (g/L) Concentrations of fermentation broth

5 °BX 7.5 °BX 10 °BX 20 °BX

0 h 72 h 0 h 72 h 0 h 72 h 0 h 72 h

Sucrose 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

Glucose 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

Fructose 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

Acetate 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

Lactate 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

Ethanol 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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The yield of lactic acid which is another major metabo-
lite was also greatly affected by the concentration. With 
the increase of molasses concentration, the ratio of etha-
nol to lactic acid production decreased gradually. In the 
5  °Bx molasses, the ratio of ethanol to lactic acid broth 
was 2.0 (mmol/L: mmol/L) (Table 3), which is the maxi-
mum of the four concentrations. In the 20 °Bx molasses, 
a considerable number of carbohydrates were converted 
into lactic acid by the strain that the ratio dropped below 
1.0 (Table 3, Fig. 3d).

As the carbohydrates utilization rate and the ethanol 
yield in 5 °Bx molasses were the highest, 5 °Bx is the opti-
mum concentration of molasses for ethanol production.

Effects of oxygen on the ethanol production
As shown in Fig. 4, strain E1 could not synthesize etha-
nol 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 controlled and uncontrolled pH cultures 
on the growth and metabolism
In the unregulated pH state, the pH dropped rapidly 
(from 6.0 to 4.5) within 24 h (Fig. 5). Due to the feedback 

Fig. 3  Products in different concentrations of cane molasses. Products tested: Lactate , Acetate , Ethanol . a 5 °BX; b 7.5 °BX; 
c 10 °BX; d 20 °BX

Table 3  Carbohydrate utilization ratio and ethanol production 
ratio in low concentrations of molasses for 72 h

Carbohydrate consumption (g/L) was calculated as Initial carbohydrate content 
(g/L) minus residual carbohydrate content (g/L). The carbohydrate utilization 
ratio was calculated using the following equation: Carbohydrate utilization 
ratio (w/w%) = Carbohydrate consumption (g/L)/Initial carbohydrate content 
(g/L) × 100%. The ethanol production ratio was calculated using the following 
equation: Ethanol production ratio (w/w%) = Ethanol yield (g/L)/Carbohydrate 
consumption (g/L) × 100%

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
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inhibition of lactic acid accumulation on the bacte-
ria’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 content 
remained 10.46 g/L after 60 h.

Under the condition of pH control, the growth and 
metabolism of strain were exuberant mainly in three 
aspects: firstly, the activity of strain was high (the number 
of live cells in 36 h was close to 1012 CFU/mL); secondly, 
the glucose metabolism efficiency was high (the strain 
consumed all the carbohydrates within 60 h), sugar uti-
lization rate was approximately 78.6%, which was higher 
(12.2%) than that in the non-pH control state at 36 h 

(Fig. 5, Table 4); and finally, the ethanol yield was about 
14.85 g/L at 60 h, which was higher (about 2.70 g/L) than 
that in the unregulated pH state (Table 4). Therefore, pH 

Fig. 4  The products in aerobic (a) and anaerobic (b) fermentation. Products tested: Lactate , Acetate , Ethanol  

Fig 5  Effect of pH control  and non-pH control  on the growth of strain. pH changes  under non-pH control

Table 4  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 0.00 0.00

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

60 0.00 10.46±0.15 14.85±0.08 12.15±0.35
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control at 6.0 in the fermentation process is suitable for 
ethanol synthesis of the strain from cane molasses.

The strain entered the stability growth stage from 
24  h and reached the maximum viable amount at 36 h 
under the condition of regulated pH (Fig. 5). The sucrose 
metabolism rate of the strain began to decrease from 36 h 
(Fig. 6a), and ethanol yield was low (only about 1.10 g/L 
ethanol) during the time frame of 36 h to 60 h (Table 4). 
Therefore, to reduce costs and increase production effi-
ciency, the optimum fermentation time for ethanol pro-
duction is 36 h.

Effects of controlled and uncontrolled pH cultures 
on the gene expression of key enzymes in carbon source 
metabolism
Accordingly, the strain consumed glucose and fructose of 
5 °Bx molasses within 24 h, and the pH value decreased 
insignificantly after 24  h (Fig.  5). The expression level 
of key enzymes in 24  h was determined to evaluate the 
effect of pH control on carbon metabolism.

The relative gene transcription levels of GK, INY, 
and PFK under pH-regulated and non-pH-regulated 
mediums were analyzed. The GK gene expression level 
increased at first and then reduced, and reached the max-
imum at 12 h (1.25 and 1.59 times of that at 0 h, respec-
tively) under both regulated and unregulated conditions 
(Fig.  7a). 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 significant. The INY 
and GK genes had similar expression levels, but the max-
imum value of INY’s appeared at about 8 h (1.17 and 1.54 
times of that at 0 h, respectively) under two conditions. 
Afterward, the INV gene expression level decreased sud-
denly (only half the initial value at 16 h) under the uncon-
trolled pH condition (Fig. 7b). In contrast, the PFK gene 

expression level with the increase of culture time first 
decreased and then increased. The lowest values were 
found at 12 h under both conditions. By pH controlled, 
the expression level of the PFK gene increased signifi-
cantly (1.90 times of the initial value) at 16 h (Fig. 7c).

Comparing gene transcription levels of three enzymes 
under two conditions at the same time, except for INV’s 
gene expression level slightly higher than PFK’s under 
non-pH control condition at 8 h, the expression levels of 
INV under both conditions were all lower than those of 
GK and PFK within 24  h (Fig.  8). The results provide a 
more detailed theoretical basis, at the molecular level, the 
strain had the priority metabolic sequence of glucose and 
fructose, which is consistent with the carbohydrate utili-
zation characteristics of strain (Figs. 2,  6). The expression 
levels of the PFK gene under controlled pH was signifi-
cantly higher than those of uncontrolled pH (Fig. 8), indi-
cating the decrease of pH significantly inhibited the PFK 
gene expression.

Discussion
Effects of molasses concentration on the growth 
and metabolism of the strain
As the main component of sugarcane molasses was sugar 
(> 50%), molasses’ concentration is directly related to the 
content of carbohydrates in the medium, the higher its 
concentration, the higher the osmotic pressure of extra-
cellular environment. The increase in osmotic pressure 
would lead to the deterioration of the intracellular envi-
ronment (Bubnová et  al. 2014). 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 

Fig. 6  Effect of pH control (a) and non-pH control (b) on carbohydrate utilization. Carbohydrates tested: Sucrose , Glucose , Fructose 
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intracellular water outflow, shrinking of cells, and even 
death (Djelal et  al. 2017). And microorganisms would 
increase energy for maintaining the stability of the intra-
cellular microenvironment (enhancing intracellular stress 

response and tolerance pathway). These will change the 
metabolic network and regulatory pathways of cells, 
inhibit the fermentation rate, and change product accu-
mulation (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). When the osmotic 
pressure was increased, the product’s yield would signifi-
cantly decrease (Koganti et al. 2011).

By inference, the metabolization of carbohydrates by 
strain E1 is in sequence. This characteristic was showed 
in all the four low concentrations molasses fermentation 
(Fig.  2), and confirmed 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 glu-
cose 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
Lactiplantibacillus casei is an aerobic anaerobe like other 
lactic acid bacteria. Under aerobic conditions, most of 
the carbohydrates were used for cell proliferation and 
only a small amount of carbohydrates were converted 
to lactic acid compared to unsupplemented aerobiosis. 
Respiration could increase biomass production and alter 
the central metabolism rerouting pyruvate away from 
certain metabolic products accumulation (Ianniello et al. 
2016). The effect of dissolved oxygen (DO) on the growth 
of microorganisms is reflected in many aspects, among 
which the effect on microbial enzymes is an important 
factor that cannot be neglected. The change of enzyme 
activity will directly affect the growth and metabolism of 
the strain, thus affect the types and yields of the products 
(Zotta et  al. 2017; Ricciardi et  al. 2019). Ianniello et  al 
(2016) found that the lactate dehydrogenase (LDH) activ-
ity was significantly affected by aeration parameters.

Reactive Oxygen Species (ROS), may be produced in 
the presence of O2, can seriously threaten the strain’s sur-
vival. Some LAB can be subjected to aerobic growth, with 
a consequent change in the LAB’s physiological metabo-
lism, 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 (Maresca et al. 2019). Therefore, anaerobic culture 
is the optimum culture condition for ethanol production 
by the strain.

Effects of controlled and uncontrolled pH cultures 
on the growth and metabolism of the strain
Based on the results of acidity control of fermentation 
broth, it was found that the change in pH has a significant 

Fig 7  Effect of pH control  and non-pH control  on 
key enzyme gene expression of carbon source metabolism. a GK, 
glucokinase; b INV, invertase; c PFK, phosphofructokinase
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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 intracellu-
lar environment’s pH value. The continuous acidification 

of the intracellular environment destroys DNA struc-
tures, the denaturation of proteins, and enzymes’s inac-
tivation. Moreover, changes in pH cause the channel 
proteins, transporters, and signaling pathway proteins 
on the membrane to lose their normal function that 

Fig 8  RT-qPCR analysis of key enzyme gene expression under pH control  and non-pH control . INV, invertase; GK, glucokinase; PFK, 
phosphofructokinase. a 4 h; b 8 h; c 12 h; d 16 h; e 24 h
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maintains cell-selective permeability, disturbing the bal-
ance of sodium-potassium ions inside and outside cells. 
Ultimately, the physiological activities being affected 
results in low production efficiency and poor product 
quality (Carpenter et  al. 2009). In the study of succinic 
acid production, with the accumulation of succinic acid, 
the biomass was gradually reduced, and the vitality of 
the somatic cells was steadily decreased (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 controlled and uncontrolled pH cultures 
on the gene expression of key enzymes in carbon source 
metabolism
Many enzymes and multiple metabolic pathways are 
involved in the regulation of the growth and metabo-
lism of bacterial cells. Under different pH conditions, the 
strain’s ability to metabolize a specific sugar is affected by 
the activity of key enzymes and the growth of strain. The 
amount of enzyme gene expression indicates the demand 
for this enzyme by strain’s metabolism. Therefore, the 
expression levels of metabolism key enzyme genes can 
reflect the metabolic level of bacteria to a certain extent.

By in-depth analysis, the three enzymes’ gene expres-
sion characteristics under two conditions showed that, 
on the one hand, the expression levels of GK, INY, and 
PFK genes with regulated pH were almost more than 
those under the non-pH control state. The trend is con-
sistent with the change of carbohydrates utilization 
under two conditions (Fig.  6). This indicates that the 
increase in acidity inhibits the carbohydrates metabolism 
of the strain (Virgilio et al. 2017). Furthermore, the genes’ 
high expression levels under controlled pH demonstrated 
that the number of sugar molecules transported into the 
cell is large, which is beneficial 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 of 
pH does not change the trend of enzyme gene expression.

In conclusion, this study has shown the engineered L. 
casei E1 has the abilities to metabolize sucrose, glucose, 
and fructose of sugarcane molasses into ethanol. In addi-
tion, carbohydrates metabolism of L. casei E1 can be 
influenced by cane molasses concentrations, oxygen, and 
controlled pH. The optimum technological parameters 
for bioethanol production from molasses by engineering 
strain: fermenting anaerobically at 37 °C for 36 h incuba-
tion in 5 °BX molasses with fermenter’s pH controlled at 
6.0. The ethanol yield could reach about 13.77 g/L, and 
carbohydrate utilization percentage is about 78.60%. 

Some metabolic characteristics of strain have been iden-
tified that the genetic strain E1 preferentially ferment glu-
cose and fructose of molasses. And the elevated acidity 
cannot affect the gene expression trends of three carbo-
hydrate metabolism key enzymes, but inhibit the ability 
of strain E1 to metabolize fructose.

Overall, this study strengthens the idea that it is feasi-
ble to use the engineered L. casei strain to produce etha-
nol. Of course, there is still a long way to go before lactic 
acid bacteria can be used to produce bioethanol.
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