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Abstract

:

The production of lactic acid (LA) from lignocellulosic biomass is an important route for the exploitation of renewable resources; nevertheless, effective LA production from this feedstock is challenged by several limitations, such as pentose and oligosaccharide utilization. In this study, a new strain, Lactococcus sp. X1, which is capable of fermenting glucose, xylose, and several disaccharides to produce L-lactic acid, was isolated from the gut of a wood-feeding termite, Coptotermes formosanus. Compared to conventional lactic acid bacteria, Lactococcus sp. X1 requires less complex nitrogen sources, which might in turn reduce the cost of LA production. In addition, Lactococcus sp. X1 was able to completely ferment 50 g/L of glucose within 3 days, giving a high LA yield of 99.9%, and its LA yield from 50 g/L of pretreated corncob reached up to 0.34 g/g substrates in the presence of a commercial cellulase. Strain X1 was also capable of excreting two kinds of nutritional factors, namely biotin and vitamin C, indicating its crucial role in the nourishment of the termite. In conclusion, Lactococcus sp. X1 is a new lactic acid bacterium, which may hold promise for application in cost-effective LA production as well as in the field of food additives.
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1. Introduction


Lactic acid (LA), also known as 2-hydroxypropionic acid, is an important multi-purpose natural organic acid that can be applied in the chemical industry, food, cosmetics, medicine, and other fields [1]. It exists in three forms: D-, L-, and racemic DL-lactic acid. LA, with high optical purity, is more valuable than the racemic form and has wider applications. In particular, either D- or L-lactic acid can be used as a monomer to polymerize and produce polylactic acid, an environmentally friendly biodegradable polymer material, which is of great importance for better solving the severe environmental problems faced by mankind at present, such as white pollution.



LA is usually manufactured through microbial fermentation, and the economics of the production of both LA and its derivatives rest heavily on the price and source of raw materials [2,3]. With the enlargement of LA production, it is necessary to explore the use of low-cost lignocellulose as an alternative to conventional feedstocks (e.g., glucose and starch). The main components in the enzymatic hydrolysates of lignocellulose are hexoses and pentoses. Most bacteria, including lactic acid bacteria (LAB) can grow well on hexose but poorly on pentose and some disaccharides, such as cellobiose. This drawback has become as one of the major barriers to LA production from the hydrolysates of lignocellulosic biomass [4]. To this end, it is necessary to explore new LAB for better metabolism of pentoses as well as the disaccharides that exist in biomass hydrolysates. Isolation of more efficient microbes from various niches is recognized as one of the possible strategies, and various isolated strains have found their attractive applications in industry [5], with some of them even revealing novel pentose catabolism pathways [6].



Natural cellulolytic systems may be one of the reservoirs of such LAB which cooperate with the cellulolytic partners to decompose lignocellulose. It is well known that many natural biological systems are able to degrade and metabolize lignocellulose to different extents, such as bacteria, fungi, wood-feeding insects, and herbivores; among which wood-feeding termites stand out as an efficient utilization system because of the dual cellulolytic system between host and symbionts [7,8]. Meanwhile, LAB have been identified as the dominant culturable members of the gut microbiota of wood-feeding termites [9]. Recently, a series of LAB with unique phenotypic characteristics have been isolated from the guts of various termites, such as Nasutitermes hainanensis, Reticulitermes speratus, Nasutitermes takasagoensis, and Coptotermes formosanus [9,10,11,12]; and several strains are capable of achieving a high purity L-lactic acid under anaerobic conditions [12]. Apparently, termite gut may harbor unique LAB which have been evolved for efficient utilization of the sugars that generated during the lignocellulose degradation process.



In the present study, we isolated a new strain of Lactococcus sp. X1 from the guts of a termite, C. formosanus, which can produce L-lactic acid from glucose, as well as several pentoses and disaccharides. More importantly, the growth of strain X1 requires little complex nitrogen source, and also produces two kinds of water-soluble vitamins, namely biotin and vitamin C. Therefore, strain X1 may hold promise for application in cost-effective LA production as well as in the field of food additives.




2. Materials and Methods


2.1. Sample Collection and Media Preparation


A wood-feeding termite, C. formosanus, was collected from Suzhou, China. A modified deMan Rogosa Sharpe (mMRS) medium was prepared for LAB isolation. The mMRS medium contains (per liter): tryptone 1 g, yeast extract (YE) 2 g, beef extract 2 g, xylose 5 g, KH2PO4 1.5 g, K2HPO4 × 3H2O 2.9 g, sodium acetate 1 g, triammonium citrate 0.5 g, MgCl2 × 6H2O 0.2 g, CaCl2 × 2H2O 75 mg, and MnSO4 0.05 g. After boiling and nitrogen-flushing for 10 min, L-cysteine was added into the mMRS medium as a reducing reagent at a final concentration of 0.5 g/L. For solid medium, an additional 15 g/L agar was added. A control strain (Lactobacillus pentosus ATCC 8041) was purchased from ATCC (Manassas, VA, USA) and was cultivated using the same method as that for strains X1.




2.2. Isolation Procedures


Several workers of C. formosanus were soaked in 75% ethanol for one minute for surface sterilization, rinsed in phosphate-buffered saline (PBS) for 2–3 times under aseptic conditions, and then homogenized using a pestle in an Eppendorf tube. The homogenized liquid was subsequently transferred into the mMRS medium and was incubated at 30 °C under anaerobic conditions overnight. Next, cultures were transferred into fresh mMRS medium and repeated four times at an inoculation ratio of 1:1000. The final culture was gradually diluted with PBS buffer and plated onto solid mMRS medium, incubating anaerobically at 30 °C for 24–48 h. Well separated colonies were picked, purified several times using the same plating method, and stored in 20% glycerol at −80 °C until use. Purified isolates were inoculated into liquid mMRS medium and incubated anaerobically at 30 °C for 24 h for further quantification of LA using high-performance liquid chromatography (HPLC). The best LA producer was assigned as strain X1 and deposited into the China General Microbiological Culture Collection Center (CGMCC No. 24341).




2.3. Identification of Strain X1


The morphology of strain X1 was observed by scanning electron microscopy (SEM) as described by Deng et al. [13], and the species identification was carried out using 16S rDNA sequencing. The 16S rDNA fragment was amplified by conventional polymerase chain reaction (PCR) with a universal primer set of Eubac27F (5′-AGAGTTTGATC-CTGGCTCAG-3′) and Eubac1492R (5′-GGTTACCTTGTTACGACTT-3′) [14]. The 25 μL PCR mixtures contained 23 μL 1× sPfu Master Mix (Biomed, Beijing, China), 0.5 μL of each primer (10 μM), and 1 μL bacterium culture. The PCR products were examined using 1% (w/v) agarose gel electrophoresis, and sequenced by Sangon Biotech (Shanghai, China). The 16S rDNA sequence was further BLAST against the NR database of GenBank for homology search. A phylogenetic tree was constructed using the neighbor-joining method by MEGA (Version 7.0) for phylogenetic analysis [15].




2.4. Effects of Different Factors on LA Production


In order to determine the effects of different factors on LA production by strain X1, fresh X1 cultures were transferred to 15 mL of mMRS medium at 1% inoculum and incubated anaerobically at 30 °C and 180 rpm for 24 h. Firstly, using the mMRS medium where xylose was replaced by 10 g/L glucose as the carbon source, the effect of some additional acid neutralizers on LA production were tested, such as 10 g/L CaCO3, 5 g/L CaCO3 and 0.05 M KHCO3, 5 g/L CaCO3 and 0.065 M KHCO3, 5 g/L CaCO3 and 0.075 M KHCO3, 0.1 M KHCO3, 0.13 M KHCO3, and 0.15 M KHCO3. Secondly, the effects of various carbon (10 g/L of cellobiose, sucrose, xylose, arabinose) and nitrogen sources (5 g/L of beef extract, 5 g/L of YE, 5 g/L of tryptone, 1 g/L YE, 1 g/L YE and 1 to 5 g/L NH4Cl, 2 g/L YE, 3 g/L YE, and 4 g/L YE) on LA production were investigated. Thirdly, to meet the demand of industrial LA production, X1 was tested during prolonged fermentation of high concentration substrates, such as 50, 100, 150, and 200 g/L sugar for various time spans.




2.5. Simultaneous Saccharification and Fermentation (SSF) of Corncob


Corncob particles (<40 mesh) were treated with 7% sodium hydroxide at 86 °C for 1 h using a solid: liquid (w/v) ratio of 1:7, as described by Zhang et al. [16]. The solid residue was washed with deionized water to remove the residual alkali until neutral pH was achieved. The SSF of corncob was carried out using strain X1 combined with a cellulase, CTec2 (Sigma, Shanghai, China), the latter of which was quantified using a BCA protein quantification kit (Sangon Biotech, Shanghai, China). The pretreated-corncob (50 g/L), cellulase (10 or 20 mg/g corncob), and bacteria of 1% inoculum were supplemented in 10 mL of medium shaking at elevated temperature (35 °C) and 180 rpm.




2.6. Chemical Analysis


The concentrations of residual substrates and LA production were analyzed using a high-performance liquid chromatography (HPLC) system (Shimadzu, Japan) equipped with a refractive index detector and a Bio-Rad HPX-87H column [17]. The L-lactic acid content was determined using an L-lactic acid assay kit (Sangon Biotech, Shanghai, China). The production of vitamins was accessed by liquid chromatography–ion trap mass spectrometry (LC-ITMS; Thermo Fisher, New York, NY, USA) in positive-ion mode according to Zhang et al. [18], with an Agilent ZORBAX Eclipse Plus C18 column (2.1 mm × 100 mm, 1.8 μm) and the mobile phase of formic acid reduced to 0.08%. Raw mass spectrometry data were analyzed using Xcalibur 4.1 software (Thermo Fisher). Unless otherwise stated, all tests were performed in triplicate. Data are given as mean ± standard deviation. Statistical analysis was carried out using Origin 2021 (OriginLab, Northampton, MA, USA).





3. Results


3.1. Identification of Strain X1


Strain X1 was identified by its morphological characteristic and 16S rDNA sequence. Strain X1 is ovoid in shape (0.5–1.2 μm by 0.5–1.5 μm) as evaluated by means of SEM (Figure 1), matching the description of Lactococcus in the literature [19]. Phylogenetic analysis of the 16S rDNA sequence of strain X1 (GenBank accession: OK335753) suggested that it was a new member of Lactococcus, and that it clustered tightly with some known Lactococcus spp., especially part of those insect-symbionts, but far away from Streptococcus as well as Lactobacillus (Figure 2). In fact, it shared up to 99.1% similarity with some 16S rDNA sequences of uncultured insect-symbionts, while it was at most 95.6% homogenous to cultured Lactococcus spp.




3.2. Effects of Different Factors on LA Production by Strain X1


Given that the production of LA would acidify the medium, a series of neutralizers were tested for optimal LA production. As shown in Figure 3, without a neutralizer, the LA production was significantly lower (around 5.0 g/L; p < 0.05) than in those with neutralizers. Moreover, the LA concentration reached the maximum value (9.78 g/L) from 10 g/L glucose, when 5 g/L CaCO3 and 0.05 M KHCO3 was employed as the neutralizer, with the final pH around 5.3. An excessively high alkalinity reduced the LA production. For example, a neutralizer of 0.15 M KHCO3 gave approximately 8.00 g/L LA, and accordingly the final pH increased remarkably to 6.5.



Bacteria usually exhibit distinct responses toward different types of carbon sources, such as hexoses and pentoses, disaccharides, and monosaccharides. Therefore, the effects of several carbon sources, such as: cellobiose, sucrose, xylose, lactose, and arabinose on the LA production by Lactococcus sp. X1 were investigated. As shown in Figure 4, the LA production from either cellobiose or sucrose was much higher than that from xylose, arabinose or lactose (11.0~12.0 g/L vs. below 4.0 g/L) at the same loads of substrates (10 g/L). The relative lower LA productions from these sugars were partially attributed to the low metabolism rates for them by this strain. The productivity of LA from xylose was only 0.14 g/L/h, as opposed to more than 0.46 g/L/h from sucrose as well as cellobiose. Moreover, a gradual accumulation of LA from these pentoses was observed over the course of 4 days. The LA yields from xylose gradually increased from 0.32 to 0.39 g/g during 1 to 4 days of incubation, and similarly the LA yields from arabinose grew from 0.03 to 0.09 g/g within the same time span. In addition, these pentoses were still not fully used after four days’ incubation (92% and 73% utilization for xylose and arabinose, respectively), and acetic acid accumulated along with LA at a molar ratio of approximately 1.3:1 for xylose, and as high as 4.3:1 for arabinose. By comparison, cellobiose and sucrose (10 g/L) were nearly fully depleted within one day, and no acetic acid released. Moreover, that X1 showed quite limited activity on lactose was probably due to its long-term adaptation to lignocellulose-derived sugars in the habitat.



The effects of different types and amounts of nitrogen sources were also evaluated for LA production. Both YE and beef extract were found to be suitable nitrogen sources for the production of LA by strain X1; in contrast, tryptone was not an effective nitrogen source, as its LA production was significantly lower than the former two (p < 0.05). In this work, we chose to use YE as the nitrogen source, although beef extract also allowed very close LA production from 10 g/L glucose (Figure 5a). Subsequently, LA production was tested under low YE conditions. Figure 5b shows that the LA production increased gradually along with YE concentration, and that the LA production at 1 g/L YE was slightly lower (6.9%) than that at 5 g/L YE; meanwhile, the final OD600 were also lower (1.05) than that at 5 g/L YE (1.35), indicating an insufficiency of 1 g/L YE for the cell growth. However, a supplement of 5 g/L of NH4Cl restored the LA production at 1 g/L YE, suggesting that strain X1 can function well at a low load of complex nitrogen sources in the presence of sufficient ammonium; whereas strain X1 did not grow in the absence of YE. By contrast, an industrially important strain, L. pentosus ATCC 8041, was found to produce only 1.6 g/L LA in the presence of 1 g/L YE and 10 g/L glucose, while it produced up to 9.3 g/L LA in the presence of 5 g/L YE and 10 g/L glucose under the same condition. The performances of these two strains at low YE supplement were thus quite different.




3.3. Fermentation of High Concentration Substrates


Figure 6 shows the LA production at higher substrate loads. The complete degradation of 50 g/L glucose was achieved within three days, and the LA yield was as high as 99.9% (Figure 6a). In addition, the fermentation product contained essentially L-lactic acid (95.1%), as determined by using an L-lactic acid quantification kit. The LA production from 100 g/L sucrose reached 79.8 g/L (75.8% of the theoretical value) after nine days’ incubation (Figure 6b), but still sucrose was not fully utilized. A prolonged incubation to 11 days only slightly increased the LA production. Furthermore, no more LA production could be obtained from higher substrate loads (150 and 200 g/L sucrose) during the same time span, and the LA productions may be even lower than those from 100 g/L sucrose, suggesting the possibility of inhibition by an overly high load of substrates (Figure 6c,d).




3.4. SSF of Corncob for LA Production


Strain X1 was also tested for the potential of direct LA production from biomass by a strategy of SSF. As shown in Figure 7, the LA productions were 13.1 and 14.6 g/L after 96 h of SSF of 50 g/L pretreated corncob at 35 °C in the presence of a cellulase, CTec2, at 10 and 20 mg/g substrate, respectively. Moreover, the LA production increased significantly further to 15.3 and 16.8 g/L after 192 h of SSF, respectively, namely 306 and 336 mg/g corncob, respectively (p < 0.05). These results suggested that strain X1 functioned well under the SSF strategy, and either an elevated enzyme load or a prolonged incubation period benefited the LA accumulation.




3.5. Vitamin Identification


LAB are known probiotic microbes and some of them are able to produce one or more kinds of vitamins; therefore, the water-soluble vitamins that were produced by strain X1 during the fermentation process were determined by LC-ITMS. Molecules were readily protonated during ionization process to form a protonated molecular ion [M + H]+ under acidic condition in positive-ion mode. Ions at m/z of 177.1 and 245.10 were identified as vitamin C and Biotin, respectively, and were further justified by the secondary fragments according to the human metabolome database (Figure 8). By contrast, these two compounds were not detected in the blank control medium. The strong intensity of biotin in the mass spectrometry demonstrated it to be a major vitamin product by strain X1.





4. Discussion


Our work suggested that Lactococcus sp. X1 is a mutualistic bacterium for termite C. formosanus. The latter, along with some cellulolytic symbionts, decomposes wood particles into cellobiose, glucose, xylose, etc., which could be utilized by the former; meanwhile, the former releases two kinds of vitamins, which could be valuable nutrition factors for the latter (Figure 8). As a matter of fact, some very close Lactococcus spp. have also been identified through uncultured 16S rDNA sequencing method in the gut of C. formosanus, which were sampled from North America [20]. Moreover, the nearest neighbors of strain X1 were essentially insect symbionts (Figure 2), suggesting a close relation between this Lactococcus cluster and insects. In addition, some Lactococcus species have been reported to produce vitamin B2 [21], K2 [22], or folate [23]. By contrast, Lactococcus X1 was found to be able to produce quite different kinds of nutrition factors, including biotin and vitamins C. Furthermore, some Lactococcus may even consume vitamins [24]. To this end, the unique vitamin production capability of strain X1 thus might play crucial role in the nourishment of termites, and thus is also of great interest for application as a food additive.



Lactococcus sp. X1 could be classified as a facultative heterofermentative bacterium. It was able to convert 1 mol of hexoses into approximately 2 mol of lactic acid, and 1 mol of xylose into approximately 1 mol of lactic acid as well as 1 mol of acetic acid. Furthermore, as a prevalent gene regulator, arabinose may have further triggered the partial decomposition of LA into acetic acid, leading to a much higher ratio of acetic acid to LA (4.3:1). Hence, it is most probable that strain X1 metabolizes hexoses via the Embden-Meyerhoff-Parnas pathway, and pentoses via the phosphoketolase pathway (PK) [25]. Like most microbes, strain X1 consumes pentoses much slower than hexoses, and some Lactococcus were even found unable to uptake xylose [26,27]. The reason for this is probably the low expression levels of several genes involved in the PK pathway. The performance of strain X1 on xylose might be improved by adaptive evolution in xylose medium. For example, adaptive evolution during repeated growth and transfer among high loads of xylose medium resulted in a mutant that up-regulated the expression of a xylose isomerase gene, and in turn significantly increased the utilization speed of xylose in Escherichia coli [28].



Strain X1 holds great potential for the conversion of sugars into lactic acids under high-load conditions (~100 g/L). Table 1 compares the LA-fermentation profiles of several kinds of efficient LA-producers under high substrate loads, and the performance of strain X1 was comparable to these species. However, LA production increased to a minor extent when the substrate concentration was further increased from 100 to 200 g/L (Figure 6b); probably because high concentration of substrate (150~200 g/L) and products might have inhibited the activity of the strain. As a matter of fact, the inhibition effect by high concentration of substrates and products of a closely related species, Lactococcus lactis, had been revealed and modeled by Åkerberg et al. [29]. In addition, the low requirement of nutrition is a valuable factor of strain X1, which accomplished the full fermentation of 100 g/L of glucose in the presence of a total amount of 5 g/L complex nitrogen sources, compared to at least 10 g/L by other strains [25,29,30,31]. Moreover, the complex nitrogen sources could be further substituted by 1 g/L YE plus 4 g/L NH4Cl (Figure 5b), which might in turn cut down the cost of LA production.



Strain X1 is also a good candidate for the SSF of lignocellulose biomass for LA production. It is known that one of the major bottlenecks in the hydrolysis of lignocellulosic biomass by cellulase is the inhibition of cellulase by glucose, cellobiose, and other oligo sugars, which significantly slows down the hydrolysis rate [32]. To circumvent this bottleneck, it is advantageous to use an SSF strategy where the biomass is synchronously hydrolyzed and fermented into various products. To the best of our knowledge, quite few wild LAB were able to uptake both cellobiose and xylose, except for some genetically modified strains [32,33]. It was good to see that Lactococcus sp. X1 can substantially utilize these sugars, which demonstrated that Lactococcus sp. X1 is a potential candidate strain for effective LA production from lignocellulose by employing the SSF strategy. It is known that a series of bacteria were able to produce LA from different kinds of lignocellulosic biomass in the SSF or in the separate hydrolysis and fermentation (SHF) mode (Table 2). Some Bacillus were able to grow at elevated temperatures, which fit well with the optimal condition of commercial cellulases [34,35,36]. In contrast, LAB usually produce LA in SSF mode at 30 to 35 °C. Nevertheless, Lactobacillus delbrueckii subsp. delbrueckii IFO 3202 managed to produce LA from defatted rice bran in the presence of amylase and cellulase at a yield of 0.28 g/g [37], and Lc. lactis IO-1 achieved an LA yield of 0.36 g/g from acid-hydrolyzed sugarcane bagasse [38]. In this study, the LA yield (0.34 g/g) from the SSF of corncob by strain X1 is comparable to them. Furthermore, remarkably higher yields of LA might be achieved by employing harsher and more efficient pretreatment methods. For example, Hu et al. [36] obtained a high LA yield of 0.68 g/g by using finely milled corncob (<100 mesh); and similarly Karnaouri et al. [39] achieved an LA yield of 0.69 g/g through oxidative organosolv pretreatment of beech wood. Meanwhile, biomass itself is also an unneglectable factor on LA yields. For instance, distinct LA yields on beech wood and pine (0.69 vs. 0.40 g/g, respectively) were observed by employing the same pretreatment method as well as an identical strain [39] (Table 2). It should be mentioned that a high LA yield may correlate not only to the metabolic engineering of a specific microbe, but also to the biomass types, pretreatment efficiency, saccharification yields, etc. Furthermore, future studies may focus on random mutagenesis of strain X1 by various mutagens to improve its performance, such as its pentose metabolism capabilities, as well as the yield on pentose.




5. Conclusions


Lactococcus sp. X1 is an efficient facultative heterofermentative LA producer that can utilize a series of disaccharides and monosaccharides. It is also an important symbiont for termites due to its unique vitamin excretion capability. Considering the merits of vitamin generation and the relatively lower requirement of complex nitrogen sources, Lactococcus sp. X1 holds promise for multipurpose application in industry.
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Figure 1. SEM micrograph of strain X1. 
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Figure 2. Neighbor-joining tree of Lactococcus sp. X1 and its closely related species based on nearly complete 16S rDNA sequences. GenBank accession numbers were given in the parentheses. 
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Figure 3. Effects of various pH neutralizers on LA production. Fermentation was carried out at 30 °C for 24 h, with an initial glucose concentration of 10 g/L. Control represents the LA production by strain X1 in the absence of a neutralizer. Different letters on the bars are significantly different (p < 0.05). 
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Figure 4. Effects of different carbon sources on LA production by strain X1. Fermentation was carried out at 30 °C for various time spans, with an initial substrate concentration of 10 g/L. 
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Figure 5. Effects of some complex nitrogen sources (a) and ammonium salt (b) on LA production. Fermentation was carried out at 30 °C for 24 h, with an initial glucose concentration of 10 g/L. Control1 and Control2 were the LA production using L. pentosus ATCC 8041 in the presence of 1 or 5 g/L YE, respectively. Different letters on the bars are significantly different (p < 0.05). 
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Figure 6. Effects of high loads of substrates on LA production. Either 50 g/L Glucose (a), 100 g/L sucrose (b), 150 g/L sucrose (c), or 200 g/L sucrose (d) was supplemented as substrates. Calcium carbonate was supplemented at 0.5 g/g substrate, and an additional 0.05 M KHCO3 was also added together as the pH neutralizer. 
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Figure 7. SSF of pretreated corncob for LA production by Lactococcus sp. X1 supplemented with a cellulase, CTec2. SSF was carried out at 35 °C for 96 or 192 h, with an initial substrate concentration of 50 g/L. Calcium carbonate was supplemented at 0.5 g/g substrate, and an additional 0.05 M KHCO3 was also added together as the pH neutralizer. Different letters on the bars are significantly different. 
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Figure 8. Secondary ion mass spectrometry of two kinds of water-soluble vitamins in the supernatant of culture of Lactococcus sp. X1. (a) vitamin C, and (b) biotin. Asterisks after the m/z values indicate potential secondary ion fragments. 
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Table 1. Literature reported for lactic acid production by lactic acid bacteria.
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	Strains
	Carbon Sources

(g/L)
	Yields

(g/g)
	Maximum Theoretical Yield (g/g)
	D, L Type
	Optical Purity

(%)
	References





	L. plantarum NCIMB 8826
	Glucose (100)
	0.89
	1.00
	L
	99.6
	[30]



	L. pentosus ATCC 8041
	Xylose (20)
	0.94
	1.00
	N.A. a
	N.A. a
	[25]



	L. lactis ssp. lactis ATCC 19435
	Glucose (182)
	0.47
	1.00
	L
	99.0
	[29]



	L. coryniformis ATCC 25600
	Glucose (100)
	0.59
	1.00
	D
	99.0
	[31]



	Lactococcus sp. X1
	Glucose (50)

Sucrose (100)

Xylose (10)
	0.99

0.80

0.39
	1.00

1.05

0.60 b
	L
	95.1
	This work







a N.A., not available. b Theoretical yield for the PK pathway.
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Table 2. Literature reported for LA fermentation of different types of lignocellulosic biomass by various strains.
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Strains

	
Substrates

	
Pretreatment

	
Fermentation

	
Yields (g/g)

	
References






	
B. coagulans strain IPE22

	
Wheat straw

	
Sulfuric acid

	
SSF

	
0.46

	
[35]




	
B. coagulans LA204

	
Corn stover

	
NaOH

	
Fed-batch SSF

	
0.68

	
[36]




	
B. coagulans MXL-9

	
Corn fiber hydrolysates

	
Sulfuric acid or alkaline H2O2

	
SHF

	
0.39

	
[34]




	
Lb. delbrueckii subsp. delbrueckii IFO 3202

	
Defatted rice bran

	
/

	
SSF

	
0.28

	
[37]




	
Lc. lactis IO-1

	
Sugar cane baggase

	
HCl

	
Batch

	
0.36

	
[38]




	
Lb. delbrueckii subsp. bulgaricus

	
Beechwood

	
Mild oxidative organosolv

	
SSF

	
0.69

	
[39]




	
Pine

	
0.40




	
Lactococcus sp. X1

	
Corncob

	
NaOH

	
SSF

	
0.34

	
This work
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