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Abstract
The purpose of this study was to establish a simplified operational process for lactic acid (LA) production from inedible 
starchy biomass by open fermentation using thermotolerant Lactobacillus rhamnosus DUT1908. One step simultaneous liq-
uefaction, saccharification and fermentation (SLSF) was proposed to produce LA using aging paddy rice with hull (APRH) 
as feedstock. First, a robust microbial strain was obtained by adaptive laboratory evolution under high temperature stress. 
As a result, L. rhamnosus DUT1908 showed high thermotolerance up to 50 °C and high efficiency of substrate utilization. 
Then, the performance of this thermotolerant l-lactic acid producing strain was demonstrated. Finally, various fermentation 
strategies were compared for LA production from APRH, including simultaneous saccharification and fermentation (SSF) 
and SLSF. In one-step open SLSF process, 107.8 g/L lactic acid was obtained with a productivity of 3.4 g/(L.h) and a yield 
to theoretical glucose of 0.89 g/g. This is the highest yield and productivity of lactic acid reported on starchy residues, and 
provides an efficient route for the development of high value-added products.

Keywords  Thermotolerance · Lactic acid · Aging paddy rice with hull (APRH) · Simultaneous liquefaction · 
Saccharification and fermentation (SLSF) · Lactobacillus rhamnosus

Introduction

l-lactic acid (LA) is a versatile block-building chemical that 
is widely used in the food, cosmetics textiles, pharmaceu-
tical, and chemical industries [1, 2]. Demand for LA has 
increased dramatically in recent years due to its great poten-
tial as the monomer of biodegradable plastic polylactic acid 
(PLA) for substitution of petroleum-derived plastics, e.g. 
polyethylene, polypropylene and polystyrene [3]. The pro-
duction cost of l-lactic acid could be reduced to $1.34–1.46 
per kg, but the expectation was around $0.9 per kg for PLA 
use. The total production cost is mainly from the raw materi-
als cost and separation cost. The raw substrate materials for 
LA production constitute 40–70% of the total production 
cost, which is a challenge for cost-effective LA production 

[1]. Currently, LA is produced from glucose derived from 
edible starchy materials, which not only contributes to a sig-
nificant proportion of LA production costs but also competes 
with food supply. Therefore, lignocellulosic biomass as an 
alternative inexpensive, non-food substrate has attracted 
much attention in recent years [1, 3]. However, lignocellu-
lose utilization in LA production remain considerable chal-
lenges including lignocellulose pretreatment, the efficient 
utilization of pentose, inhibitory to LA producing strains by 
unwanted compounds, and wastewater treatment [4]. The 
major disadvantages make the production cost of lignocel-
lulose-dervied LA not comparable to starchy-based LA.

Besides lignocellulosic biomass, agro-industrial wastes 
or byproduct streams, inedible aging paddy rice have been 
suggested as alternative carbon and/or nitrogen sources for 
LA production [5–7]. Aging paddy rice is rejected for use as 
foodstuff due to its less tasty flavor and loss of nutrition in 
comparison to fresh paddy rice. In general, aging paddy rice 
is generally milled removing the paddy hull and mainly used 
in feedstuff which brings low value-added profit [5]. Aside 
from abundant starch, aging paddy rice with hull (APRH) 
also contains other important nutrients such as fibers, amino 
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acids, vitamins, and minerals than polished rice [8]. The fer-
mentative effect using the different raw materials of unpol-
ished rice and polished from aging paddy was compared 
according to the report by Lu et al. [5]. The results indicated 
that 90.80 g/L d-lactic acid with a yield to unpolished rice of 
0.73 g/g and a productivity of 1.50 g/(L.h) was reached. The 
yield was higher about 8.71 and 5.79% than that of polished 
rice and fresh corn, respectively. Because the unit price of 
unpolished rice was nearly one half of that of the fresh corn 
and polished rice. The raw materials cost of LA produc-
tion decreased by almost 50–60% when unpolished rice was 
used. Therefore, inedible APRH was selected as a cheap and 
excellent nutrient source for LA production in this study.

To achieve an economical and high-efficiency LA fer-
mentative route from starchy residues, different fermentation 
strategies including simultaneous saccharification and fer-
mentation (SSF), simultaneous liquefaction, saccharification 
and fermentation (SLSF) were developed and investigated. 
However, one critical problem in SSF and SLSF strategy 
was that the optimal temperatures of starch liquefaction and 
saccharification were higher than that of LA fermentation. 
In addition, it is quite difficult to sterilized solid materials 
and the viscosity of starchy biomass increased dramatically 
after sterilization. Therefore, non-sterilized fermentation 
with thermotolerant LA producing strains has been attracted 
much attention in recent years [6, 9, 10]. These thermotol-
erant LA producing strains include B. coagulans (52 °C) 
[9], R. microspores (50 °C) [10], E. faecalis (50 °C) [6], L. 
rhamnosus (42 °C) [11–13], L. Delbrueckii (45 °C) [5], etc. 
Among thermotolerant LA producing strains, Lactobacillus 
strains have great commercial importance due to high acid 
tolerance, high yield and productivity, and can be engineered 
for the selective production of l/d-lactic acid [14]. Among 
the genus Lactobacillus, L. rhamnosus with a reported ther-
motolerant temperature up to 42 °C showed low temperature 
compatibility for one step of liquefaction, saccharification, 
and fermentation. As a result, the yield and productivity of 
LA in SSF and SLSF process was not competitive. The yield 
of LA to theoretical glucose in initial starch ranged from 
0.53 to 0.71 g/g and the average productivity ranged from 
1.0 to 2.6 g/(L.h) by L. rhamnosus [11–13].

The objective of this study was to establish a simpli-
fied operational process for LA production efficiently by L. 
rhamnosus from inedible APRH with open fermentation. 
First, thermotolerant L. rhamnosus, with optimal growth 
temperature of 50 °C through adaptive laboratory evolution 
(ALE) was achieved. Second, the performance of l-lactic 
acid producing bacterium of L. rhamnosus DUT1908 at high 
fermentative temperature was investigated. Finally, LA pro-
duction by thermotolerant L. rhamnosus via SLSF and SSF 
process from inedible APRH was conducted and compared. 
This study thus aims to develop an efficient and economical 
LA production route from inedible starchy biomass.

Materials and methods

Microorganism and strain adaptation

In this study, Lactobacillus rhamnosus DUT1908 derived 
from Lactobacillus rhamnosus CICC 22825 (China Center 
of Industrial Culture Collection, Beijing, China) was sub-
jected to adaptive laboratory evolution to enhance its ther-
motolerant performance. The ALE process was carried out 
in batch mode and consisted of a subsequent transfer of 
Lactobacillus rhamnosus CICC 22825 to an adaptive strat-
egy of increasing temperature (40, 42, 45, 47, 50 °C). The 
culture was propagated with shaking at 40 °C in a 100 mL 
glucose medium with inoculum concentration of 5% (v/v) 
and under micro-aerobic conditions. Upon reaching the late 
exponential growth phase, the culture was transferred to a 
fresh glucose medium at higher temperature for subsequent 
cultivation. The culture was grown three times at the same 
temperature before being exposure to higher temperatures. 
After this process, the culture was streaked onto an MRS 
agar and incubated at 50 °C for 48 h. After incubation, the 
biggest colony designated as L. rhamnosus DUT1908 was 
selected and used for the fermentation process.

Materials and culture media

Paddy rice was achieved and treated as we described before 
[6]. The components of APRH contained 61.20% of starch, 
8.61% of crude protein, 5.27% of crude fiber, 11.64% of 
water content, and 13.29% of others. The commercial liq-
uefying enzyme of Liquozyme®COFCO LpH and sacchari-
fying enzyme of SuHong GA COFCO HP used was kindly 
afforded by COFCO Biochemical CO., Ltd, China. The 
activities of the liquefying and saccharifying enzymes were 
determined as 12,300 and 13,060 U/mL, respectively[6]. 
Corn steep liquor powder (CSLP) with a nitrogen content 
of 9% (w/w) was purchased from Yuancheng Biotechnol-
ogy Company, Liaoning, China [15]. It is mainly composed 
of 54% protein, 8% reducing sugar, 9% ash and 12% lactic 
acid. All other chemicals were of analytical grade and com-
mercially available.

Seed medium, MRS medium, and CSLP medium were 
prepared as previously described [6, 16].

SLSF and SSF strategies in 5 L bioreactor

SLSF and SSF processes were performed in a 5 L bioreac-
tor (Baoxing Bio, Shanghai, China) with 2 L of working 
volume under an APRH loading of 20% (w/v) at 50 °C, 
pH 6.0 and 200  rpm. The liquefying and saccharify-
ing enzymes were both added as 0.5 mL/100 g APRH. 
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The culture pH was controlled by automatic addition 
of 8 mol/L NaOH. In the SLSF process, the liquefying 
enzyme and the saccharifying enzyme were added along 
with the inoculum to the medium. In the SSF process, 
the liquefying enzyme was first added to the medium for 
0.5 h at 75–80 °C, followed by the saccharifying enzyme 
along with the inoculum at 50 °C. Both the SLSF and SSF 
processes were not sterilized before incubation and did 
not require air or nitrogen flushing. The steps involved in 
the SLSF and SSF strategies were summarized in Fig. 1. 
The samples were withdrawn at regular intervals and cen-
trifuged at 9720 × g for 10 min to obtain the supernatant 
for analysis by high-performance liquid chromatography 
(HPLC).

Analytical methods

The concentrations of biomass, glucose, lactic acid were 
measured and analyzed as we described before [6]. The 
optical purity of the l-lactic acid was determined by HPLC 
equipped with an Astec®CLC-L Chiral column (Sigma 
Aldrich, Co.). The mobile phase was 5 mmol/L CuSO4 at 
a flow rate of 1.0 mL/min [6].

Results and discussion

Improving performance of L. rhamnosus DUT1908 
by adaptive laboratory evolution

According to the previous studies, during SLSF process, the 
highest fermentation temperature by L. rhamnosus was up to 
42 °C [11, 12]. To ensure the efficient production of LA from 
APRH by SLSF and SSF processes, robust microbial strains 
are highly needed under stressful conditions of high tempera-
tures. To improve LA production from aging paddy rice, the 
ALE experiment under gradually increasing fermentation tem-
perature was performed in this study.

The performance of adaptive L. rhamnosus DUT1908 
at high temperatures was investigated for LA production in 
batch fermentation. As a result, at fermentation temperature 
of 50 °C, cell growth, glucose consumption and LA produc-
tion were comparable to what was obtainable at 42 and 47 °C. 
The final LA titer was 91.68 g/L, with a yield of 0.92 g/g and 
a productivity of 1.95 g/(L.h) at 47 °C, while the final LA titer 
was 89.74 g/L, with a yield of 0.91 g/g and a productivity 
of 1.91 g/(L.h) at 50 °C. The optical purity of l-lactic acid 
was 95%. In contrast, the original strain of L. rhamnosus grew 
slowly in medium when the fermentation temperature was over 
47 °C and the yield of LA to glucose was only 0.51 g/g. Based 
on the results of the evolutionary adaptation in this study, the 
thermotolerant L. rhamnosus DUT1908 was chosen to further 
improve the efficiency for the SLSF process.

Effect of pH on l‑lactic acid production

As the environmental pH will change the charge distribution 
on the cell membrane and alter its permeability, lower pH thus 
influenced the in vivo enzyme activities and affected the strain 
growth [17]. In this study, the influence of pH on LA produc-
tion by thermotolerant L. rhamnosus DUT1908 was investi-
gated (Fig. 2). From the results, LA titer increased gradually 
from 57.71 to 91.02 g/L with pH increase from 5.8 to 6.5. 
The yield of 0.92 g/g with a productivity of 2.46 g/(L.h) was 
achieved at pH 6.5. The LA titer of 89.74 g/L with a yield of 
0.91 g/g and a productivity of 1.91 g/(L.h) was obtained at 
pH 6.0. Although the highest LA titer and productivity was 
obtained at pH 6.5, to achieve pH compatibility of liquefaction, 
saccharification and fermentation process, a lower pH of 6.0 
was selected as optimal for LA production by thermotolerant 
L. rhamnosus DUT1908.

Effect of initial glucose concentration on l‑lactic acid 
production

To develop the fermentation process under a relatively 
optimal condition, the effect of glucose concentration on Fig. 1   Schematic diagram of SLSF and SSF process for l-lactic acid 

production using inedible aging paddy rice
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LA production by L. rhamnosus DUT1908 at 50 °C was 
conducted and the results are presented in Fig. 3. The final 
lactic acid titer increased with the increasing of the initial 
glucose concentration up to 130 g/L at high fermentation 
temperature. At an initial glucose concentration of 130 g/L, 
the l-lactic acid titer reached 106.11 g/L with a yield of 
0.93 g/g and a productivity of 1.89 g/(L.h). However, when 
initial glucose concentration further increased, the residual 
glucose concentration increased and LA yield decreased 
obviously. The cell growth was inhibited at the end of fer-
mentation at an initial glucose concentration of 150 g/L. In 
addition, over 100 g/L lactate added to the medium indicated 
that cell growth was inhibited significantly compared to 
previous studies (data not shown). This negative effect was 
mainly due to the osmotic stress caused by the high level of 
substrate and the acid stress caused by the high level product 
[2, 9, 18, 19]. The inhibition mechanisms of products were 
explained for the following reasons [20]. The cell membrane 
collapsed due to the change in membrane potential, the cyto-
sol became acidic, and anions inside the cell accumulated. In 
addition, lactate molarity i.e. Ca2+, NH3+ and Na+ lactates 
seemed to affect the growth of L. delbrueckii and lactic acid 

productivity. After the comprehensive comparisons of LA 
final concentration, yield and productivity, 130 g/L glucose 
concentration was chosen as the optimal initial glucose con-
centration for L. rhamnosus DUT1908 at 50 °C.

Effect of nitrogen sources on l‑lactic acid production

Yeast extract was the most commonly used nitrogen source 
in fermentation due to abundant B vitamins, which enhanced 
lactic acid production rates, but the high price hindered its 
use in large quantities [11]. In an economic analysis, the 
largest contributor to the production of lactic acid was yeast 
extract, accounting for about 38% of the overall average cost 
of production [21]. Various less expensive nitrogen sources, 
including peptone, corn steep liquor powder, and urea have 
been reported for their efficiency in the production of lactic 
acid [11, 15]. In our previous study, LA final concentra-
tion using CSLP medium was as high as what was obtained 
with yeast extract, while LA productivity was slightly 
higher by microbial consortium [15]. Therefore, the effect 
of MRS medium and varying CSLP concentration from 16 
to 24 g/L on LA production by L. rhamnosus DUT1908 was 

Fig. 2   Effects of pH on l-lactic acid production by L. rhamnosus 
DUT1908 in 5 L bioreactor without sterilization at 50 °C

Fig. 3   Effect of glucose concentration on l-lactic acid production 
by L. rhamnosus DUT1908 in 5 L bioreactor without sterilization at 
50 °C, pH 6.0
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investigated and the results are presented in Fig. 4. From 
the results, CSLP medium achieved a similar performance 
compared to MRS medium and the CSLP concentration had 
significant effect on productivity of LA, but little effect on 
final titer and yield of LA. In all the cases, glucose was 
completely consumed, and the final LA titer was similar as 
well as LA yield. When initial CSLP concentration was from 
16 to 20 g/L, productivity of LA increased from 1.89 to 
2.84 g/(L.h) with initial glucose concentration of 130 g/L. 
However, the concentration of CSLP above 20 g/L did not 
contribute to a significant increase in LA productivity. From 
the productivity point of view, 20 g/L was considered as 
the optimal CSLP concentration for LA production by L. 
rhamnosus DUT1908. In general, nitrogen sources in MRS 
medium used for lactic acid production contained 5 g/L yeast 
extract with a nitrogen content of 9% (w/w), 10 g/L peptone 
with a nitrogen content of 15% (w/w), 10 g/L beef extract 
with a nitrogen content of 13% (w/w). In this study, 20 g/L 
CSLP with a nitrogen content of 9% (w/w), approximately 
equivalent to half the nitrogen contents in MRS medium, 
achieved the higher LA concentration and productivity 
among these two media.

Comparison between SLSF and SSF using inedible 
APRH

To establish an effective method for the production of l-lac-
tic acid, the SLSF and SSF strategies were contrasted with 
LA production. Figure 5 presented the fermentation results. 
LA titer in SSF process reached 91.56 g/L at 32 h while 
28.34 g/L of glucose was retained in the medium. According 
to our previous report [6], about 82 and 78% glucose were 
obtained at pH 6.0 and 6.5 (50 °C), respectively, using lique-
fying and saccharifying enzymes dosages at the ratio of 1:1 
(0.5 mL enzyme 100 g−1 APRH). At a higher temperature of 
90 °C, a hydrolysis yield of about 98% was obtained at pH 
6.0. Enzymatic pretreatment for liquefaction separation from 
saccharification and fermentation in SSF resulted in a release 
rate of glucose that is higher than the consumption rate of 
glucose. Thus, the high concentration of reduced sugar 
inhibited LA production and decreased LA productivity. In 
one step open SLSF process, 107.83 g/L of LA, with a yield 
to t theoretical glucose 0.89 g/g and an average productivity 
of 3.37 g/(L.h) was obtained, with a biomass loading of 20% 
(w/v). In this study, L. rhamnosus DUT1908 showed perfect 
high-thermotolerant performance up to 50 °C, which could 
achieve temperature compatibility of liquefaction, sacchari-
fication, and fermentation, and decrease the possibility of 
contamination by other microorganisms during large-scale 
fermentation. This enabled its fermentations under open 
non-sterilized conditions for SLSF process.

Table 1 presents a contrast among SLSF process of LA 
production based on starchy feedstocks in this study and 
those reported in the literatures. SLSF process was already 
conducted by LA producing strains of L. rhamnosus [11], 
L. casei [22, 23], L. delbrueckii [24], B. coagulans [9], and 
E. faecalis [6]. To the best of our knowledge, the reported 

Fig. 4   Effect of nitrogen  source on l-lactic acid production by L. 
rhamnosus DUT1908 in 5 L bioreactor without sterilization at 50 °C, 
pH 6.0

Fig. 5   SLSF and SSF strategies of inedible APRH to l-lactic acid in 
5 L bioreactor without sterilization at 50 °C, pH 6.0
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optimal temperature of L. rhamnosus was about 42 °C. There-
fore, besides SLSF process, the fermentation strategies of two-
step fermentation (TSF) and SSF was also focused on using 
renewable and low-cost starch-based feedstocks by L. rham-
nosus with an optimal temperature of 42 °C [11, 13, 25]. TSF 
strategy is not economical due to the high energy required for 
the pretreatment of starchy materials. Sterilization is usually 
employed during TSF process, and the high temperature and 
pressure results in the Maillard reaction, consequently lead-
ing to caramelization and the consumption of some nutrient 
sources. A relatively high LA titer was obtained from cassava 
powder according to the study of Wang et al., whereas the 
yield of LA to initial glucose in cassava powder was not high, 
with only 0.53–0.68 g/g obtained [11]. The results indicated 
that LA titer, yield and productivity were highest in SLSF 
process compared to SSF and TSF. Except for L. rhamnosus, 
other Lactobacillus strains, e.g. L. casei and L. delbrueckii 
were also investigated for LA production from starchy mate-
rials in SLSF process. A high LA titer of 162.0 g/L, with a 
yield to initial glucose of 0.78 g/g and a productivity of 3.4 g/
(L.h) was achieved using barley starch as feedstock by L. casei 
NRRL B-441 [23]. The shortcoming in this SLSF process was 
the low yield of LA and the high dosage of nitrogen source, 
which included 10 g/L yeast extract and 10 g/L peptone. It 
should be noted that mixed culture was used to improve LA 
production in SLSF process from wheat by L. delbrueckii 
NCIM 2025 and L. casei NCIMB 3254 [24]. Mixed culture 
of Lactobacilli was superior in the fermentation than a sin-
gle culture. A relatively high LA titer of 123.0 g/L and yield 
to initial glucose of 0.86 g/g was achieved while the average 

productivity of 2.3 g/(L.h) was obtained. In addition, only 
1 g/L yeast extract used in mixed culture of Lactobacilli may 
be due to the symbiotic association to compensate for the nutri-
tional limitations in the media [24]. One step open SLSF with 
soluble starch, cassava and sorghum flours was investigated 
using thermophilic B. coagulans IPE22 under 52 °C [9]. Due 
to the osmotic stress caused by the high level of substrate, glu-
cose conversion rate and LA yield decreased obviously when 
initial glucose concentration increased over 80 g/L. Finally, 
LA productions from cassava four and sorghum flour by open 
SLSF process were investigated, and 61.42 and 55.99 g/L 
LA were obtained with yields to initial glucose of 0.77 and 
0.76 g/g, respectively. Recently, one step open SLSF strategy 
was also investigated from starchy residues of inedible APRH 
by Enterococcus faecalis [6]. The final LA titer of 73.75 g/L, 
with a yield to initial glucose of 0.78 g/g and a productivity of 
2.17 g/(L.h) was achieved. A lag phase of over 10 h existed in 
SLSF process which decreased the yield and productivity of 
LA. Compared with other reported studies, although LA final 
concentration was not highest in this study, the productivity 
and yield of LA was highest which indicated that one step 
open SLSF process was efficient for inedible APRH biocon-
version by thermotolerant L. rhamnosus DUT1908.

Conclusions

Thermotolerant L. rhamnosus DUT1908 was obtained by 
adaptive laboratory evolution. This strain could tolerate a 
rather high temperature up to 50 °C, which was the highest 

Table 1   Summary of reported SLSF process of lactic acid production from starchy feedstocks

YE yeast extract; P peptone; BE beef extract CSLP corn steep liquor powder; APRH aging paddy rice with hull; SSF Simultaneous saccharifica-
tion and fermentation; SLSF Simultaneous liquefaction, saccharification and fermentation; TSF Two-step fermentation
a Yield (g/g): g lactic acid produced/(g initial starch × 1.11)

Organism Feedstocks Nitrogen (g/L) Fermentation process Lactic acid References

Titer (g/L) Yielda (g/g) Productiv-
ity (g/(L.h))

L. rhamnosus CASL Cassava powder YE (5) SLSF, 42 °C 187.2 0.68 1.6 [11]
SSF, 42 °C 155.8 0.57 1.1
TSF, 42 °C 145.1 0.53 1.0

L. casei NCIMB 3254 Cassava bagasse YE (5) SLSF, 37 °C 83.8 0.87 1.4 [22]
L. casei NRRL B-441 Barley starch YE(10) + P(10) SLSF, 37/41 °C 162.0 0.78 3.4 [23]
L. delbrueckii NCIM 2025 

and L. casei NCIMB 
3254

Wheat YE(1) SLSF, 37 °C 123.0 0.86 2.3 [24]

B. coagulans IPE22 Soluble starch YE(5) + P(10)
 + BE(10)

SLSF, 52 °C 68.72 0.89 1.7 [9]
Cassava flour 61.42 0.77 2.1
Sorghum flour 55.99 0.76 1.9

E. faecalis DUT1805 APRH CSLP (16) SLSF, 50 °C 73.75 0.78 2.2 [6]
L. rhamnosus DUT1908 APRH CSLP (20) SLSF, 50 °C 107.8 0.89 3.4 This study
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tolerant temperature reported up to now. One-step open 
SLSF using inedible APRH was developed to get 107.8 g/L 
of LA titer with a yield to theoretical glucose of 0.89 g/g 
and productivity of 3.4 g/(L.h). To the best of our knowl-
edge, such high yield and productivity of LA have rarely 
been reported from starchy feedstock. Due to the advantages 
of low raw materials cost, simplified operation and energy 
saving, one-step open SLSF process using inedible APRH 
showed an efficient way for LA production in large-scale 
application.
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