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Abstract 

Lactic acid (LA), a versatile platform molecule, can be fermented from organic 

wastes, such as food waste and waste activated sludge. In this study, an efficient 

approach using salt, a component of food waste as an additive, was proposed to increase 

LA production. The LA productivity was increased at 10 g NaCl/L and optical pure L-

lactate was obtained at 30 g NaCl/L. The enhancement of LA was in accordance with 

the increased solubilization and the critical hydrolase activities under saline conditions. 

Moreover, high salinity (30-50 g NaCl/L) changed the common conversion of LA to 

volatile fatty acids. In addition, the key LA bacteria genera (Bacillus, Enterococcus, 

Lactobacillus) were selectively enriched under saline conditions. Strong correlations 

between salinity and functional genes for L-LA production were also observed. This 

study provides a practical way for the enrichment of L-LA with high optical activity 

from organic wastes. 
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1. Introduction 

Lactic acid (LA) is one of the most versatile platform molecules and widely used 

in food industries, medicine, and chemical industries (Pejin et al. 2018). Especially, 

poly-lactic acid (PLA), a promising biodegradable plastic, can be polymerized from LA. 

The physical properties of PLA, including heat resistance, are highly depended on L-

lactic acid optical activity (OA-L) (Lunt 1998, Lv et al. 2019). The chemical synthesis 

of LA generates racemic mixture, whereas LA with high optical activity (OA) can be 

obtained by microbial fermentation (Zhang et al. 2017). Inoculation of specific lactic 

acid bacteria (LAB) could obtain optical pure isomer (Meng et al. 2012, Ye et al. 2013), 

however, they are complex and economically unfavorable due to the maintenance and 

sterilization. Alternatively, anaerobic fermentation with mixed microbial consortium 

has attracted increasing interest due to its sustainable resource recycling and cost-

effectiveness (Liang et al. 2015, Rafieenia et al. 2018).  

Food waste (FW), posing public and environmental health concerns, is generated 

in the amount of more than one billion tons annually (Gunasekera 2015, Ko et al. 2018). 

A few studies showed synergistic effects on enhancements of hydrolysis and 

acidification during co-fermentation of FW and waste activated sludge (WAS) from 

municipal wastewater treatment plants (Fitamo et al. 2016, Zhang et al. 2017). However, 

LA is a metabolizing intermediate and easily converted to volatile fatty acids (VFA) by 

mixed microbial consortium. Among two enantiomers of LA, i.e. D- and L-LA, the 

latter one is preferentially converted to other metabolites, while decreasing L-LA yield 

and OA (Li et al. 2016, Zhang et al. 2020). Although supplementation with iron and 
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copper ion partially inhibited VFA production and stabilized LA accumulation (Li et al. 

2017, Ye et al. 2018), these exogenous metal ions inevitably increased maintenance cost. 

It is thus appealing to develop a more reliable and chemically-independent approach to 

maintain stable L-LA production with the recovery of highly valuable fermentation 

products.  

It is worth noting that the content of salt in FW is around 2%-5%. The 

accumulated salt exerts osmotic pressure that affects fermentation process (Huang et al. 

2019a, Li et al. 2019). For example, methane production decreased by more than 90% 

at the salinity above 30 mS cm-1, resulting in VFA accumulation (De Vrieze et al. 2016). 

The reported inhibition thresholds for VFA generation ranged from 16 to even 70 g 

NaCl/L under different fermentation conditions (He et al. 2019, Zhao et al. 2016). 

Therefore, stabilization of lactate accumulation remains unclear at high salinity. 

Normally, transient lactate accumulation was widely observed in the early stages of 

fermentation for VFA production (Li et al. 2016, Tamis et al. 2015). This effect was 

attributed to the reduction of pyruvate by nicotinamide adenine dinucleotide (NADH) 

through lactate dehydrogenase (ldh) (Zhang et al. 2020). In contrast, a simultaneous 

increase in both lactate and VFA (mainly propionate) was observed in hydrogen 

fermentation at 53.4 g NaCl/L (Kim et al. 2009). That finding suggests that salt could 

be an overlooked factor impacting the commonly recognized relationship between LA 

consumption and VFA generation. Especially, the effect of salinity on OA-L remains 

largely unknown. The activity of specific D-lactate dehydrogenase (ldhD), which is 

responsible for D-LA production, is more vulnerable to chemical inhibition than L-
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lactate producing enzyme (Li et al. 2017, Zhang et al. 2020). It is thus reasonable to 

hypothesize that a high salinity content of FW may be beneficial for optically active L-

LA production. Nevertheless, there is still an unclear role of salt in regulating high 

optical active L-LA production during co-fermentation of FW and WAS. 

Recently, it has been reported that microorganisms from WAS eventually 

outcompeted LAB during long-term microbiome acclimatization from FW and sludge 

(Xu et al. 2019, Zhang et al. 2020). High salinity inevitably inhibited specific microbial 

activities due to the acute toxicity and high osmotic pressure, thus leading to a shift in 

microbial community along with the fermentation time (Shi et al. 2015). Specifically, 

little is known about how salinity impacts the abundance of LAB and key functional 

genes related to LA production, such as L-lactate dehydrogenases (ldhL) and ldhD. 

Thus, unveiling the underlying mechanism of salt on mixed culture fermentation is 

important for optimization of the recovery of the valuable platform molecule from FW. 

Therefore, this study proposes a reliable approach to improve high value-added 

platform molecule (L-LA) production and shape the functional LAB during co-

fermentation of FW and WAS. First, the LA production and OA-L were compared for 

the co-substrates with different salinity. The interactive effect of salt concentration and 

fermentation time was analyzed using the response surface methodology (RSM). Then, 

the correlation between LA generation and competing VFA production were evaluated. 

The substrate utilization efficiency was also analyzed including three steps: 

solubilization, hydrolysis, and glycolysis. Furthermore, a shift in the microbial 

community under different salinity conditions and fermentation times was also 
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investigated. Finally, the relationship between salinity, key LAB, and functional genes 

was evaluated by network analysis and redundancy analysis (RDA). 

 

2. Materials and methods 

2.1. Origin and characteristics of the mixed substrate (FW and WAS) 

FW, mainly composed of meat, rice, vegetables, and tofu, was withdrawn from a 

canteen in Donghua University (Shanghai, China). The FW was washed three times 

with tap water (centrifuging and removing the supernatant) to eliminate the inherent 

salinity. Then, the FW was milled using a blender, diluted to slurry state with tap water, 

and stored at 4°C prior to the use. WAS was withdrawn from a municipal wastewater 

treatment plant (Shanghai, China) and then settled for 24 h at 4°C to obtain the 

concentrated sludge. The FW and WAS were mixed to obtain a volatile suspended solid 

(VSS) ratio VSSFW/VSSWAS = 6:1, similar to our previous study (Li et al. 2015). Then, 

a given volume of tap water was added to the mixture to adjust total chemical oxygen 

demand (TCOD) of the co-fermentation substrate at 40 g COD/L. The total dissolved 

solids (TDS) concentration of tap water was around 250 mg/L, which was negligible 

compared to the lowest salt dosage to Reactor-10 (10 g NaCl /L). The characteristics of 

the FW, WAS and mixed substrate is presented in Table 1. 

 

2.2. Co-fermentation of substrates with different salinity 

Six reactors (sealed to ensure anaerobic condition) in triplicate, containing 0.8 L 
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(total volume 1L) co-fermentation substrate, were amended with NaCl at the following 

dosages: 0 (blank reactor), 10 g/L (R-10), 20 g/L (R-20), 30 g/L (R-30), 40 g/L (R-40), 

and 50 g/L (R-50). All the reactors were stirred mechanically (120 rpm) and maintained 

at 50 ± 1°C in the water bath similar to our previous study (Li et al. 2018). The pH was 

controlled at 7.0 ± 0.1 by the addition of 5 M NaOH solution or 5 M HCl solution every 

8 h. Samples were withdrawn from the reactors every 24 hours, centrifuged at 8000 

rpm for 10 min, and then filtered by membrane filters (pore size of 0.45 μm) for 

subsequent chemical analysis. The concentrations of LA isomers (L-LA and D-LA), 

VFA, NH4
+-N, protein, and carbohydrates were assayed. The increase in soluble 

chemical oxygen demand (SCOD), reduction of VSS, and the relative activities of α-

glucosidase and protease were determined to evaluate the efficiency of solubilization 

and hydrolysis during co-fermentation. The carbon balance was calculated based on the 

contribution of SCOD of carbonaceous substances on day 3 and day 7. The correlation 

of incremental LA and VFA production was evaluated for phase 1 (day 0-3) and phase 

2 (day 3-7).  

 

2.3. Optimization of L-lactate fermentation by RSM 

The interaction effects of salt concentration and fermentation time on the 

maximum concentration of LA were evaluated by Design Expert Software (version 10) 

with a central composite design (CCD). Table 2 shows the coded levels of the 

independent factors (salt concentration and fermentation time). The R-square was used 

to compare the predictive ability of models (described in Part 3.1) by the following 
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formula: 

R-square =1 - SSResidual/(SSResidual + SSModel)                                                            (1) 

where SSResidual and SSModel is the sum of squares of the residual and model, respectively. 

 

2.4. Utilizing pyruvate and NADH as substrate catalyzed by cell extract for ex-situ 

lactate production  

The reduction of pyruvate to lactate was depended on the electron donor of NADH 

(based on the gene ldh) and ferrocytochrome c (based on the gene ldh (cytochrome)). 

The protocols for the determination of ldhL and ldhD were adapted from (Diezgonzalez 

et al. 1995) to evaluate the effect of ldh on LA production. 30 ml aliquots of 

fermentation mixture samples were collected on day 3 from all the reactors. The 

samples were washed by centrifugation (10000 G, 4 oC, 10 min), followed by 

resuspension with 50 mM Tris-HCl buffer (total volume 20 ml). Cells were obtained 

after repeating the washing process 3 times and then disrupted by sonication (ice-bath) 

for 30 min (total volume 15 ml). The cell extracts were placed in sealed centrifuge tubes 

(50 ml), and the cell debris was removed by centrifugation at 10000 G for 30 min. The 

cell-free extract was stored in sealed vials at T = 4 oC. The lactate fermentation pathway 

was described by Eq (2) as in the previous study (Li et al. 2015). 0.5 ml pyruvate (80 

mM), 0.25 ml NADH (8 mM), and 0.5 ml cell-free extract were mixed for LA 

production to reflect the relative activity of ldh.  

𝑝𝑦𝑟𝑢𝑣𝑖𝑐 𝑎𝑐𝑖𝑑 + 𝑁𝐴𝐷𝐻 
𝑙𝑑ℎ𝐿/𝑙𝑑ℎ𝐷
ሯልልልልልሰ  𝐿 − 𝐿𝐴/𝐷 − 𝐿𝐴 + 𝑁𝐴𝐷+                                 (2)  
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2.5. Analysis of microbial community structures and functional genes  

Illumina Miseq pyrosequencing method was used to investigate microbial 

community structure. Samples from the blank reactor, R-10 (maximum LA production), 

and R-30 (maximum pure L-LA production) were collected respectively on day 3 and 

day 7 for 16S rRNA sequence (detailed in Part 3.1). Methanogens was not investigated 

in this study due to the focus on aqueous fermentation products rather than biogas. The 

extracted DNA from each of the triplicate samples was pooled together to reduce the 

potential variation and then amplified by polymerase chain reaction using primers 806R 

(5'-GGACTACHVGGGTWTCTAAT-3') and 338F (5'-

ACTCCTACGGGAGGCAGCA-3') in the V3-V4 region. The functional profiles of 

microbial communities were based on the Kyoto Encyclopedia of Genes and Genomes 

(KEGG) Pathway Database. All the raw sequences were deposited in the NCBI Short 

Read Archive database under the accession numbers SRR9590820, SRR9590821 and 

SRR9590822.  

 

2.6. Analytical methods 

The LA isomers (L-LA and D-LA) were determined by a high-performance liquid 

chromatograph (HPLC) (Thermol Ultimate 3000). The equipped column was Astec 

CLC-D (5 mm, 15 cm × 4.6 mm). The determination of wavelength was set at 254 UV. 

5 mM CuSO4 solution was used as the mobile phase of the HPLC with a flow rate at 

1.0 mL/min. Gas chromatography (GC) (Agilent GC 7820), equipped with a flame 

ionization detector and a DB-WAX column (30 m×1.0 mm×0.53 mm), was used to 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

 

determine the VFA concentrations. The SCOD, carbohydrate, protein, total suspended 

solids (TSS), VSS, NH4
+-N, and hydrolase (α-glucosidase and protease) were measured 

as described previously (Li et al., 2015; Zhang et al., 2017).  

 

2.7. Calculation 

The OA-L (%) was defined as follows: 

𝑂𝐴 =  ሺሾ𝐿ሿ  −  ሾ𝐷ሿሻ / ሺሾ𝐿ሿ  +  ሾ𝐷ሿ ሻ 100%                                                         (3) 

where [L] and [D] represented the concentrations of L-LA and D-LA, respectively. 

2.8. Statistical analysis 

R (version 3.6.3) software environment for statistical computing and graphics was 

used to assess the correlation between microbial communities and environmental 

factors by RDA. The network correlation graphs were created by Cytoscape 3.6.0 based 

on strong correlations (Spearman’s r2 > 0.8 and p< 0.05). All the chemical results were 

expressed as the mean ± standard deviation (in triplicate). The analysis of variance 

(ANOVA) was used to evaluated the significance of results, where p<0.05 was 

considered to be statistically significant. 
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3. Results and Discussion 

3.1. Increased L-LA production and optical activity in high salinity and 

fermentation parameter optimization by RSM 

The LA concentration increased to 15.1 ± 1.7 g/L in the blank reactor at day 3, and 

then gradually depleted (Fig. 1A). This behavior was similar to our previous studies 

conducted under thermophilic conditions (Zhang et al. 2017). With the increase of salt 

concentration from 10 g/L (R-10) to 40 g/L (R-40), the maximum concentrations of LA 

were increased to 29.5 ± 1.7 (obtained on day 2), 22.9 ± 1.5 (day 3), 25.5 ± 1.6 (day 7) 

and 21.7 ± 1.1 (day 7). However, the LA production was inhibited significantly at R-50 

with the peak value being only 7.9 ± 2.0 g/L on day 4. Moreover, the highest 

productivity (14.7 g/(L·d)) was also observed in R-10, revealing a 1.9-fold increase 

compared to the blank reactor. LA production increased significantly in R-20 and R-30 

compared to the blank reactor on day 3 and then maintained at a stable level. In R-40, 

the LA production also increased while its productivity decreased during the whole 

fermentation period. However, further increasing salinity to 50 g NaCl/L inhibited the 

LA production. In the literature, a promoted LA production was also observed even 

under the condition of 70 g NaCl/L followed by a quick depletion subsequently under 

mesophilic conditions (He et al. 2019). 

The maximum concentrations of LA isomers were 12.8 ± 1.2 g/L (L-LA on day 

2) and 6.5 ± 1.0 g/L (D-LA on day 3) in the blank reactor (Fig. 1B and 1C). The increase 

in D-LA (12.5 ± 1.2 g COD/L) in R-10 explained the decline of OA-L (Fig. 1D). 
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However, with the increase in salinity from 20 g NaCl/L to 50 g NaCl/L, the production 

of D-LA was inhibited (Fig. 1C), resulting in high OA of L-LA in these reactors (R-20 

to R-50 in Fig. 1D). This may implicitly be related to the vulnerability of D-lactate 

producing enzymes to chemical inhibitors, such as alkaline, ammonia, and copper ion 

(Li et al. 2015, Ye et al. 2018, Zhang et al. 2020). It was discovered for the first time 

that OA-L could be enhanced under hypersaline conditions.  

The interaction effects of salt dosage and fermentation time on L-LA and D-LA 

production was verified using RSM. With the quadratic models, the predicted maximal 

L-LA production was 24.7 g/L under 31.7 g NaCl/L at 4.7 d. In addition, under specific 

conditions, i.e. NaCl concentration of 11.7 g/L and fermentation time of 5 d, the lowest 

OA-L may be obtained due to the enhanced D-LA generation. Thus, it is possible to 

obtain optical pure L-LA from FW with high salinity rather than exogenous chemical 

addition, providing a cost-effective and reliable approach for efficient L-LA production. 

3.2. VFA production and correlation analysis between increased LA and VFA 

production with salinity 

The VFA production increased in R-10 (12.0 ± 1.5 g COD/L) and R-20 (12.4 ± 

1.1g COD/L) compared to the blank reactor (7.4 ± 1.4 g COD/L), but decreased (7.2 to 

7.5 g COD/L) in R-30, R-40 and R-50 (Fig. 2). In addition to the production rate, the 

fermentation pathway and composition of VFA also changed significantly under 

different salinity levels. Valerate and butyrate dominated in the blank reactor, R-10, and 

R-20 (Fig. 2A-2C), whereas the dominant VFA shifted to acetate in R-30, R-40, and R-
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50 (Fig. 2D-2F). In the literature (20 oC at pH 7), the VFA content and proportions were 

as follows: propionate > acetate > butyrate > valerate under saline condition (Zhao et 

al. 2016). However, VFA with dominated acetate was reported under saline condition 

(30 oC at pH 6) (He et al. 2019). In our previous study, the thermophilic temperature (T 

= 50 oC) was favorable for both acetate and butyrate production, while propionate 

production was inhibited (Zhang et al. 2017). That finding was different from the blank 

reactor in this study, possibly due to the washed FW from the blank reactor. In summary, 

the interactive effects of fermentation temperature and salt concentration on VFA 

production and composition requires further investigation. 

The carbon components in the fermentation liquid mainly consisted of LA and 

VFA according to the carbon balance analysis. It is commonly recognized that LA is 

easily converted to VFA during fermentation (Tamis et al. 2015, Zhang et al. 2020). 

However, positive correlations were observed between increased LA and VFA (mainly 

butyrate and valerate) production from day 0 to 3 (Fig. 3A), indicating that LA and VFA 

production competed on the substrates during the first 3 days of fermentation. Moreover, 

the appropriate salt concentrations (10 to 30 g NaCl/L) enhanced the production of both 

LA and VFA. Further increasing salt concentration impaired the production of both LA 

and VFA in R-40 and R-50. Negative correlations were observed between LA and VFA 

production in the blank reactor, R-10 and R-20 from day 3 to 7 (Fig. 3B), which 

indicates that LA was utilized and converted to VFA (mainly butyrate and valerate) in 

these reactors. Nevertheless, the positive correlation between LA and VFA (mainly 

acetate) production remained the same in the reactors with the higher salt 
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concentrations (R-30, R-40, and R-50) from day 3 to 7. This could be caused by higher 

amounts of carbohydrates remaining in these reactors compared to the blank reactor, R-

10, and R-20. The higher concentrations of carbohydrates in the reactors with high salt 

amendment might weaken the consumption of LA for VFA production. It is thus 

imperative to understand the effect of salt on substrate utilization. 

 

3.3. Substrate utilization altered by salinity  

Fermentation normally consists of solubilization, hydrolysis, glycolysis and 

acidification (Zhang et al. 2020), followed by subsequent methanogenesis. The rate of 

substrate utilization (including solubilization, hydrolysis, and glycolysis) is crucial for 

LA production. Substrates in the liquid phase could be assimilated by microorganisms 

after being solubilized from the solid phase. The improved VSS reduction (23.4 ± 5.4 %) 

and increased SCOD production (7 ± 3 %) were observed in the reactors amended with 

salt (Fig. 4A and 4B), indicating the increase in solubilization under salinity conditions. 

The presence of salt might accelerate the release of soluble fermentative substances 

from FW and disruption of both extracellular polymers substances (EPS) and cell 

envelopes from WAS (Zhao et al. 2016). 

Generally, hydrolysis is regarded as the rate-limiting step in anaerobic 

fermentation. Soluble polysaccharides are hydrolyzed to monosaccharides by α-

glucosidase, while soluble proteins are hydrolyzed to amino acids by protease (Kavitha 

et al. 2016, Liu and Chen 2018, Luo et al. 2020). The relative activity of α-glucosidase 
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and protease increased from the blank reactor to R-10 but then gradually decreased to 

R-40 and R-50 (Fig. 4C and 4D), indicating that the hydrolysis process was enhanced 

most in R-10. This coincided with the maximal productivity of LA in R-10.  

It should be noted that the major component of the co-substrates were 

carbohydrates. Their initial concentration in the reactors exceeded 30 g COD/L. The 

carbohydrates consumption (glycolysis) at the lower salt concentrations (R-10 and R-

20) was similar to the blank reactor. However, the activity of glycolysis (related to the 

subsequent LA production) decreased in R-30 and R-40 (by approximately 20%), and 

even more in R-50 (by approximately 50%) (Fig. 4E).  

Protein is crucial for microbial growth and propagation (Surmann et al. 2020). 

Although the concentration of protein maintained at a lower level (<0.4 g COD/L) 

during fermentation. The average protein concentration increased gradually with the 

increasing salt dosages. This might implicitly be caused by acute cell lysis and protein 

release to the liquid phase induced in the hypersaline environment. Ammonium, a 

biostimulator for a biorefinery of organic wastes (Zhang et al. 2020, Zhao et al. 2018), 

decreased in the blank reactor, R-10, R-20, and R-30 from day 0 to day 3. This might 

be due to the ammonium utilization (assimilation) by microorganisms in these reactors 

(Fig. 4F). In contrast, the concentration of ammonium increased under hypersaline 

conditions (R-40 and R-50) from day 0 to day 3. This indicates that ammonium 

utilization might be impaired under hypersaline condition during the initial 

fermentation phase.  

From the carbon mass balance analysis, it appears that ethanol was only observed 
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at R-40 and R-50 on day 7, indicating that lactate fermentation pathway shifted from 

Embden-Meyerhof pathway (1 mol glucose for 2 mol LA) to phosphoketolase or 

heterolactic pathway (1 mol glucose for 1 mol LA and 1 mol ethanol) (Burge et al. 

2015). In addition, the concentration of unknown organic substance increased under 

high salinity, which might be attributed to the organic molecules, called compatible 

solutes, synthesized by microbial cells for adapting to high osmotic pressure (Sudmalis 

et al. 2018).  

 

3.4. Effects of salt dosage on the microbial community 

The microbial community structure highly determined the performance of LA 

production during the co-fermentation of FW and WAS. The rarefaction curve indicated 

that the sequencing results were sufficient to reflect the diversity in the current samples. 

On day 3, the microbial richness was higher in R-10 compared to R-30 according to the 

variation of alpha-diversity indices (Chao1 and Ace) (Table 3). The salt concentration 

at 10 g NaCl/L was favorable for the growth and propagation of microorganisms from 

WAS, while the high salt concentration (30 g NaCl/L) caused the death of those 

microorganisms due to the increased osmotic pressure (Lefebvre and Moletta 2006). 

Moreover, the microbial richness increased by 53.1% (Chao1) and 54.6% (Ace) in the 

blank reactor on day 7 compared to day 3. However, in the other reactors, the increased 

microbial richness was lower on day 7 compared to day 3, i.e. 9.2% (Chao1) and 2.5% 

(Ace) in R-10, and 34.7% (Chao1) and 44.9% (Ace) in R-30. The reactors operated 
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with salinity, especially R-10, exhibited less richness discrepancy between day 3 and 

day 7. In addition, those reactors also exhibited a decreased diversity compared to the 

blank reactor in terms of Simpson (with non-significance) and Shannon indices (Table 

3). This was due to the selective pressure of salinity in the initial fermentation stage to 

suppress microorganisms (without salinity resistance). 

The distribution of community at the phylum level was mainly affiliated to 

Firmicutes, Proteobacteria, Actinobacteria, and Saccharibacteria. They are commonly 

present in WAS and responsible for the complex organic substance degradation and 

(She et al. 2020, Zheng et al. 2013). The relative abundance of Firmicutes (the dominant 

phylum) accounted for 97.0% (3 d) and 98.7% (7 d) in the blank reactor, 75.0% (3 d) 

and 94.5% (7 d) in R-10, 67.4% (3 d) and 72.9% (7 d) in R-30, respectively. The salt 

addition (10 and 30 g NaCl/L) facilitated the proliferation of Proteobacteria, 

Actinobacteria, and Saccharibacteria, while resulted in decreasing the relative 

abundance of Firmicutes. At the genus level, the key LAB, including Bacillus, 

Enterococcus, Lactobacillus (Li et al. 2018, Zhang et al. 2020), and VFA producers, 

including Tepidimicrobium, Clostridium, Tepidibacter, Proteiniborus (Choi et al. 2012, 

Huang et al. 2019b, Urios et al. 2004, Wang et al. 2019), were observed as shown Fig. 

5.  

The LA concentration increased only by 1.09 g/L from day 2 to day 3 in the blank 

reactor (Fig. 1A), indicating that the peak value for LA production occurred probably 

between day 2 and day 3. It is thus to prove that the LA has been consumed on day 3 

which was in a good agreement with the abundance of the dominating Clostridium 
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(85%) in the blank reactor on day 3. Furthermore, the relative abundance of LAB 

increased, which facilitated and stabilized LA production (Fig. 1A). The increases of 

LAB were ranged from 8% (the blank reactor) to 71% (R-10) on day 3, and from 1% 

(the blank reactor) to 7% (R-10) on day 7. Lactobacillus, enable to produce both L-LA 

and D-LA (Li et al. 2018, Zhang et al. 2017), dominated on day 3 accounting for 44%. 

Their high relative abundance corresponded to the low OA of L-LA in R-10 (Fig. 1D). 

Particularly, the relative abundance of LAB increased from 8% (the blank reactor) to 

62% (R-30) on day 3, and from 1% (the blank reactor) to 62% (R-30) on day 7 in R-30. 

Bacillus and Enterococcus, which were reported to specifically produce optically pure 

L-LA (Zhang et al. 2020), dominated in R-30 accounting for 60%. The high relative 

abundance of LAB (for pure L-LA production) in R-30 may be the main explanation 

for the optical pure L-LA (Fig. 1). 

 

3.5. Correlation among microbial communities, KEGG predicted functional genes 

and salinity 

Correlation between the key LAB (Bacillus and Enterococcus), VFA producer 

(Clostridium), and fermentation parameters (salinity, LA production, and fermentation 

time) were evaluated by RDA (Fig. 6A). The first and the second ordination axes could 

explain 58.44% and 18.16% of the microbial community variations. There were 

positive correlations between the key LAB (Bacillus and Enterococcus), salinity, and 

LA production, indicating that salinity was favorable to the proliferation of key LAB 
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(Bacillus and Enterococcus) to facilitate LA production. Clostridium, the potential 

competitor of the LAB for substrates, was negatively correlated with the key LAB 

(Bacillus and Enterococcus), salinity, and LA production. It was evident that the out-

selection of Clostridium occurred due to salinity inhibition (Fig. 5). Furthermore, the 

network analysis suggested that variation of KEGG predicted functional genes and 

salinity were strongly associated with changes in the microbial community structure 

(Fig. 6B). There was explicitly a positive correlation between salinity and the key LAB 

(Bacillus and Enterococcus), capable of thriving under hypersaline conditions (Kang et 

al. 2020, Lee et al. 2016). In addition, salinity and Bacillus were positively correlated 

with transport and catabolism, indicating that the transport and catabolism were 

enhanced by salt addition, possibly due to the increasing relative abundance of Bacillus 

(Fig. 5).  

A positive correlation among Lactobacillus, ldhL, and ldhD (Fig. 6B) indicates 

that the expression of ldhL and ldhD were mainly attributed to Lactobacillus, which 

dominated in R-10. Additionally, the relative abundance of ldhL and ldhD increased in 

R-10 compared to the blank reactor and R-30 (left in Fig. 6C), which was consistent 

with the higher LA production (Fig. 1A) and relative higher abundance of Lactobacillus 

in R-10 compared to the blank reactor and R-30. However, the decreased abundance of 

ldhL was not consistent with the increased L-LA production in R-30 (Fig. 1B). 

Interestingly, the highest relative abundance of ldhL (cytochrome), which utilized the 

ferrocytochrome c as the electron donor (Smutok et al. 2013) (Eq. 4), was observed in 

R-30 compared to the blank reactor and R-10 (right in Fig. 6C). Moreover, ldhL 
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(cytochrome) was positively correlated with Enterococcus and salinity (Fig. 6B). This 

was consistent with the increased relative abundance of Enterococcus in R-30 

compared to the blank reactor and R-10 (Fig. 5). Thus, the fermentation pathway for L-

LA might implicitly be dependent on the role of the function gene ldhL (cytochrome) 

under hypersaline conditions. The traditional LA functional genes of ldhL or ldhD 

determine the reduction of pyruvate by using electron donor NADH (Eq. 2). Thus, an 

ex-site test was carried out to mimic the reduction of pyruvate using NADH catalyzed 

by the cell extract from the blank reactor, R-10 and R-30 (left in Fig. 6D). The variation 

of LA isomers yield was similar to the tendency of ldhL and ldhD (left in Fig. 6C). This 

verified that the relative activities of ldhL and ldhD (NADH dependent) were enhanced 

in R-10, but decreased in R-30. However, the co-fermentation from FW and WAS 

showed the tendency to increase the L-LA yield and complete inhibition of the D-LA 

yield (right in Fig. 6D), similar to the patterns of ldhL (cytochrome) (right in Fig. 6C). 

This study unveiled that another overlooked LA function gene ldhL (cytochrome) could 

also play an important role in L-LA production:   

𝑝𝑦𝑟𝑢𝑣𝑖𝑐 𝑎𝑐𝑖𝑑 + 2 𝑓𝑒𝑟𝑟𝑜𝑐𝑦𝑡𝑜𝑐ℎ𝑟𝑜𝑚𝑒 𝑐 + 2 𝐻ሺ+ሻ 
𝑙𝑑ℎ𝐿ሺ𝑐𝑦𝑡ሻ/𝑙𝑑ℎ𝐷ሺ𝑐𝑦𝑡ሻ
ሯልልልልልልልልልልልልልሰ  𝐿 − 𝐿𝐴/𝐷 −

𝐿𝐴 + 2 𝑓𝑒𝑟𝑟𝑖𝑐𝑦𝑡𝑜𝑐ℎ𝑟𝑜𝑚𝑒 𝑐    (4) 

4. Conclusion  

This study proposed a sustainable approach for optical pure L-lactate production 

by regulating salinity. This was due to the increased solubilization and hydrolase 

activities under saline conditions. In addition, high salinity changed the common 
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conversion of LA to VFA, thus leading to the accumulation of LA. Moreover, the key 

LAB thrived under saline conditions and increased their relative abundance. The 

traditional functional genes for L-lactate production were highly dependent on another 

overlooked functional gene ldh (cytochrome) at 30 g NaCl/L, providing a novel insight 

into the recovery of value-added platform molecules from organic wastes. 
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Table 1 

Characteristics of FW, WAS, and the mixed substrate for co-fermentation. 

 FW WAS Mixed substrate a 

pH 6.8 ± 0.4 6.6 ± 0.2 7.0 ± 0.2 

TSS (g/L) 125.6 ± 5.4 15.6 ± 2.1 39.7 ± 4.3 

VSS (g/L) 123.8 ± 2.4 9.8 ± 0.9 36.2 ± 1.4 

TCOD (g/L) 130.0 ± 6.4 14.0 ± 1.1 40.0 ± 2.7 

Carbohydrate (gCOD/L) 88.6 ± 3.3 1.3 ± 0.6 22.9 ± 2.0 

Ammonia (mg/L) 19.7 ± 2.6 14.2 ± 1.4 7.5 ± 2.8 

TKN (g/L) 1.6 ± 0.2 0.9 ± 0.1 0.6 ± 0.2 

a FW and WAS were mixed at a volatile suspended solid (VSS) mass ratio of 6:1. Then, 

given tap water was added to dilute the mixture. 
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Table 2 

Experimental ranges and levels of independent factors for RSM study 

Factors Symbols Units Coded levels of factors 

Salt dosage A g/L 0 10 20 30 40 

Fermentation time B d 1 2 3 4 5 
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Table 3 

Alpha-diversity analysis of the Blank reactor, R-10, and R-30. 

 Blank (3d) Blank (7d) R-10 (3d) R-10 (7d) R-30 (3d) R-30 (7d) 

Chao 1a 965 1498 1158 1264 919 1238 

Aceb 1008 1558 1241 1272 919 1332 

Shannonc 6.97 8.02 6.41 7.64 5.06 6.23 

Simpsond 0.97 0.99 0.95 0.98 0.80 0.93 

Values in parentheses are fermentation time 

a Chao1 richness index: A higher number indicates the higher richness. 

b ACE richness index: A higher number represents the higher richness 

c Shannon diversity index: A higher value represents higher diversity (being sensitive to the 

richness and the few OTUs). 

d Simpson richness index: A higher number indicates higher diversity (being sensitive to the 

evenness and the dominant OUT). 
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Fig.1. Impact of salinity in FW on the production of total lactic acid (A), L-lactic acid (B), D-lactic acid (C), 

and optical activity of L-lactic acid (D). 
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Fig. 2. Effects of salt concentration on the VFA production and composition. (Salt concentration from 

0 to 50 g/L (A-F)). 
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Fig. 3. Correlation between incremental production of LA and VFA during day 0 to 3 (A) and day 3 to 

7 (B). (Lines with red mean positive correlation (between variations of LA and VFA) while black means 

negative correlation).  
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Fig. 4. Impact of salinity on solubilization, hydrolysis, glycolysis during fermentation from 0 (blank) to 

50 g/L (R-50). Reduction of VSS on day 1 (A); concentration of SCOD on day 1(B); The relative activity 

of α-glucosidase on day 3 (C); The relative activity of protease on day 3 (D); The rate of carbohydrate 

consumption (glycolysis) from day 1 to day 2 (E); The rate of ammonia consumption from day 0 to day 

3 (F). 
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Fig. 5. Microbial community shift at the genus level in the blank reactor, R-10, and R-30 (red for LAB 

and blue for VFA producers). 
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Fig.6. Correlation analysis among microbial communities, KEGG predicted functional gene, and 

operational parameter. Correlation between the microbial community and environmental factors 

(salinity and fermentation time) by RDA (A); network analysis revealing the co-occurrence patterns 

between KEGG predicted functional gene, microbial taxa, and salinity (B). (A connection represents a 

strong (Spearman’s correlation coefficient R2 > 0.8) and significant (P-value <0.05) correlation. Blue 

and red lines mean positive and negative correlations, respectively. Circles represent microbial taxa, 

triangles represent KEGG predicted functional gene, and square represents salinity). Variation of the 

relative abundances of LA related genes, including ldhL, ldhD, ldhL (cytochrome), and ldhD 

(cytochrome) (C), and comparison of LA production ex-situ and in co-fermentation (D). (Red lines 

represent the variation tendency) 
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