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Abstract: Amino acids, particularly the ones that cannot be synthesised during fermentation, are
reportedly to be key nutrients for anaerobic fermentation processes, and some of the acids are also
intermediate products of anaerobic fermentation of protein-rich waste. To date, particularly, there
is a lack of research on the effects of some amino acids, such as cysteine, glycine, aspartic acid, and
valine, on lactic production from the fermentation of food waste and also the mechanisms involved
in the process. Thus, this study investigated the effects of the four different amino acids on lactic
acid production during the acidic anaerobic fermentation of food waste. Firstly, batch experiments
on synthetic food waste at different pHs (4.0, 5.0, and 6.0) were executed. The results harvested
in this study showed that higher LA concentrations and yields could be obtained at pH 5.0 and
pH 6.0, compared with those at pH 4.0. The yield of lactic acid was slightly lower at pH 5.0 than
at pH 6.0. Furthermore, caustic consumption at pH 5.0 was much lower. Therefore, we conducted
batch experiments with additions of different amino acids (cysteine, glycine, aspartic acid, and valine)
under pH 5.0. The additions of the four different amino acids showed different or even opposite
influences on LA production. Glycine and aspartic acids presented no noticeable effects on lactic acid
production, but cysteine evidently enhanced the lactic acid yield of food waste by 13%. Cysteine
addition increased α-glucosidase activity and hydrolysis rate and simultaneously enhanced the
abundance of Lactobacillus at the acidification stage as well as lactate dehydrogenase, which also all
favoured lactic acid production. However, the addition of valine evidently reduced lactic acid yield
by 18%, and the results implied that valine seemingly inhibited the conversion of carbohydrate. In
addition, the low abundance of Lactobacillus was observed in the tests with valine, which appeared
to be detrimental to lactic acid production. Overall, this study provides a novel insight into the
regulation of lactic acid production from anaerobic fermentation of food waste by adding amino
acids under acidic fermentation conditions.

Keywords: food waste; anaerobic fermentation; amino acids; lactic acid

1. Introduction

It is estimated that about 2.5 × 109 tons of food waste (FW) will be generated globally
by 2025 [1]. If the bulky waste is improperly treated, a public food and environmental
security crisis could take place due to the potential pollution of the environment caused by
the waste [2]. Currently, one of the most widely implemented resource recovery methods for
food waste is anaerobic digestion for methane production, but the approach has two evident
drawbacks: a long retention time and relatively poor stability [3]. Therefore, an effective
food waste management system is impending to provide cost-effective resource and energy
recovery, further achieving a circular bio-economy and fulfilling the goal of sustainability [4].
Thus far, several promising fermentation technologies have emerged and been employed to
produce value-added products, such as biohydrogen, biohythane, lactic acid (LA), volatile
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fatty acids (VFAs), and medium chain carboxylic acids (MCCAs), from various food or
industrial organic waste (Table 1) [5–7].

The anaerobic digestion (AD) process consists of four steps: hydrolysis, acidogenesis,
acetogenesis, and methanogenesis. LA as an intermediate product is produced during
acidogenesis [4], and has a broad range of applications such as a flavour enhancer, antacid,
and preservative in the food, chemical, cosmetic, and pharmaceutical industries [8,9]. LA,
especially, can be used in the plastics sector to produce biodegradable polylactic acid (PLA)
plastics and polyhydroxyalkanoates (PHA) [10]. The demand for lactic acid gradually
increases every year. The global demand for LA produced from non-fossil fuel-based
processes has reached an annual growth rate of 15% [11]. The production of LA from
fermentation processes is conducive to reconciling the consumption of fossil energy and
reaching the goal of carbon neutrality [12].

To obtain a high LA yield, the operating conditions of fermentation processes such
as pH, temperature, and substrate composition should be optimised [13]. pH, as a key
influencing factor, significantly affects enzymatic activity and bacterial metabolism [14].
However, reportedly, lactic acid fermentation has a rather wider pH range from 3.5 to
11 [6,15–20]. Seemingly, acidic conditions are more beneficial for LA production than
alkaline conditions [6,21], and meanwhile, LA derived from FW at pH 6 was a very
suitable substrate as an electron donor to facilitate the chain elongation process for caproate
production [22,23]. Furthermore, the natural acidification of food waste also produces lactic
acid, which indicates that food waste usually carries microorganisms that can carry out
lactic acid production. Evidently, lactic acid fermentation can proceed without inoculation
under anaerobic conditions [6]. Therefore, it is necessary to explore the natural fermentation
of food waste under different acidic conditions.

During the AD process, organic matter such as food waste is commonly degraded, and
amino acids (AAs) are the main intermediates of protein degradation. Reportedly, amino
acids are also nutrients required by microorganisms, and many of the AAs cannot be syn-
thesised during AD, and a number of the AAs must be harvested from the environment [24].
Therefore, it is important to supply certain amino acids that have important biological
functions in anaerobic fermentation. For example, L-AAs (such as L-cysteine, L-alanine,
and L-histidine) can serve as a source of nitrogen, promote microbial growth, and/or act
as electron transporters in microbial biochemical reactions [25,26]. Certain D-AAs such as
D-leucine and D-methionine can act as signalling molecules to regulate cell wall biogenesis,
biofilm integrity, and spore germination, trigger microbial biofilm disintegration at low
concentrations to regulate the distribution of bacterial populations, and influence the sur-
rounding ecosystem [25,27,28]. To date, the focus on free amino acids in anaerobic digestion
is mainly on the biodegradability of amino acids, which are commonly produced from
substrates such as gelatin, sewage sludge, and food waste during fermentation [24,29–31].
Furthermore, some amino acids have been reported to play a positive role in enhancing
the anaerobic digestion process. For example, L-Cysteine promoted L-glucose degradation
and influenced enzymatic and microbial activity that are related to VFAs and methane
production [27]. Cysteine contains sulfur groups that can promote the anaerobic conver-
sion of unsaturated long-chain fatty acids to methane [32]. Reportedly, the contents of
L-aspartate and glycine are correlated with lactic acid yield in anaerobic fermentation [33].
Valine degradation releases electrons, which can be used to steer selective production of
VFAs by controlling the oxidation reduction potential (ORP) [34]. Thus, the addition of the
amino acids to anaerobic fermentation systems of food waste presumably can substantially
enhance the production of lactic acid or other VFAs.

However, thus far, studies examining the effects of AAs on AD have mainly focused
on VFAs and methane, and little has been explored on their effects on lactic acid production.
Therefore, this study aimed to investigate the effects of acidic conditions and the addition
of different amino acids on lactic acid production with indigenous microorganisms in
FW. Firstly, the effect on lactic acid production was examined at pH levels of 4.0, 5.0,
and 6.0. Subsequently, changes in lactic acid and metabolic intermediates involved in
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the AD pathways by different amino acids were investigated. Furthermore, the microbial
community profiles of the test groups were examined in-depth to reveal the influence of
AA on LA yields and community structure.

Table 1. Fermentation processes for production of high value-added products.

Product Substrate Inoculum Reactor Operation Condition Outcomes Reference

Biohydrogen Synthetic
food waste

Clostridium
acetobutulicum

Batch fermentation reactor
(working volume:

1000 mL)

Temperature: 32 ± 1 ◦C;
pH: 6.85; addition of

Fe3O4 (100 mg) and TiO2
(50 mg)

Volume: 3392 mL;
yield: 213.66 mL

H2/g VS
[35]

Biohythane
Synthetic
organic

wastewater
Anaerobic sludge

The reactor: a feeding
tank; two anaerobic
reactors (R1 (1.5 L):

hydrogen producing
reactor, R2 (1.5 L):

methane-producing
reactor); two gas

collectors; a final effluent
tank

Sudden shock load phase:
OLR: 25.0 g COD/L/d
(R1); 15.7 g COD/L/d

(R2)

1.641 mol H2/mol
glucose; methane
production rate:

1.003 L CH4/L/d

[5]

Lactic acid

Coffee waste
Lactiplantibacillus

plantarum
WiKim0126

Deman, rogosa and
sharpe (MRS) broth

Pretreatment with
hydrogen peroxide and
acetic acid, along with a

combination of Viscozyme
L, Celluclast 1.5 L, and

Pectinex Ultra SP-L.
Lactiplantibacillus

plantarum WiKim0126
induced fermentation

with a 4% solid loading

Concentration:
22.8 g/L;

productivity:
0.95 g/L/h within

24 h

[18]

Canteen FW
Enterococcus

mundtii CGMCC
22227

Fermenters with a
working volume of

400 mL

Pretreatment of food
waste: Glycosylase

(2 g/kg FW mixture) was
used for saccharification;

reactor pH: 6.8

Concentration:
115 g/L; yield:

0.97 g LA/g total
sugar

[19]

Modelled
FW

Mixture of
commercial

yoghurt and solid
compost from an

industrial
platform

Fed-batch fermentation at
a pilot scale (12 L)

Temperature: 35 ◦C;
pH: 5;

Organic loading rate
(OLR): 25 g TS/L/d for

the first four days

Concentration:
68 g/L; yield: 0.38 g

LA/g TS
[36]

Canteen FW Indigenous
microbiota

Batch fermentation
bioreactor (working

volume: 5 L)

pH: 6;
temperature: 25 ◦C;

mechanically stirred:
120 rpm;

TS of FW: 7%

Yield: 0.46 g LA/g
TS [6]

VFAs Vegetable
waste Anaerobic sludge

Continuous stirred tank
reactors (working volume:

1 L)

Hydraulic retention time
(HRT): 20 d;

OLR: 3 g VS/L/d;
a minor pH: 5.8

VFAs concentration:
29.6 ± 2.1 g/L

(47.0 ± 2.1 g COD/L);
bioconversion yield:

49.2 ± 2.0%

[37]

VFAs and
biohythane Canteen FW Anaerobic

digestion sludge

Microbial electrolysis cell
and anaerobic reactor
(MEC-AR): working

volume: 1 L, the
two electrodes: carbon
rod (8 × 3 × 50 mm),

six square carbon felts
(50 × 50 × 5 mm)

Applied voltage: 1.2 V;
HRT: 10 d;

pH: 5.04 ± 0.10

Biohythane yield:
2.73 ± 0.05 L/L/d

(with 34.80 ± 1.09%
CH4, 14.95 ± 0.86%

H2);
VFAs concentration:

19.39 ± 0.44 g
COD/L

[7]

MCCAs

Canteen FW Indigenous
microbiota

Batch fermentation (total
volume: 500 mL)

VS of reactor FW: 75 g/L;
pH: 6

temperature: 37 ◦C

Caproic acid
concentration:

88.24 mM
[38]

FW from FW
treatment

plant

Acclimated
pit mud obtained
from a CE reactor

Continuous stirred tank
reactor (working volume:

1 L)

pH: FW was adjusted to
pH 6.0 ± 0.5 before

feeding, reactor no control;
OLR: 9.24 g COD/L/d;

HRT: 20 d

MCCA
concentration:
29,886.10 mg

COD/L; caproic
acid concentration:

28,191.66 mg
COD/L

[23]
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2. Materials and Methods
2.1. Materials

In order to ensure the consistency of food waste as substrate during the experiment,
food waste was prepared based on the previous studies [20,39]. A specific ingredient recipe
was listed in Table 2. The ingredients were mixed, cooked, then crushed and homogenised
in a grinder. The prepared food waste was stored at 4 ◦C for less than 10 d until further
use. In addition, the naturally present microbes in the food waste were used as inoculum
without external inoculation.

Table 2. Ingredient recipe for food waste.

Ingredient Mass ratio (%)

Rice 21.8
Noodles 20.0
Cabbage 12.0
Carrot 5.6
Onion 5.0
Potato 12.0

Egg 4.6
Tofu 4.6

Mushroom 3.0
Pork 8.2

Spices 3.2

2.2. Effects of pH on Food Waste Fermentation

Three test groups of different pHs (4.0, 5.0, and 6.0) were set up to explore the effects
of pH on lactic acid production during the fermentation of food waste. In this study, the
food waste was diluted with deionised water to a TS of 8.0%, and the characteristics of the
food waste are depicted in Table 3. The tests were carried out in triplicate in serum bottles
with a working volume of 300 mL. The bottles were purged with nitrogen gas for 10 min to
maintain strict anaerobic niches. Then the serum bottles were incubated in an incubator
shaker at 150 rpm, and the temperature was maintained at 37 ± 2 ◦C. The pH was adjusted
to 4.0, 5.0, and 6.0 with sodium hydroxide (6 M) and hydrochloric acid (6 M) solutions
daily. Daily samples were taken to observe the changes in soluble chemical oxygen demand
(SCOD), soluble carbohydrates, and lactic acid in the test bottles, and finally to define an
appropriate pH for subsequent fermentation trials.

Table 3. Characteristics of food waste: pH, total solids (TS), volatile solids (VS), total chemical oxygen
demand (TCOD), and soluble chemical oxygen demand (SCOD).

Index Food Waste

pH 5.02 ± 0.2
TS (g/L) 82.92 ± 0.41
VS (g/L) 81.19 ± 0.35

TCOD (g/L) 110.40 ± 3.53
SCOD (g/L) 51.93 ± 0.33

2.3. Effects of Amino Acid Additions on Food Waste Fermentation

According to the results harvested with the tests carried out in Section 2.2, a pH of 5.0
was set for subsequent fermentation trials, and other operational conditions were the same
as those mentioned above. In the trials with AA additions, 5 groups of experiments were
carried out, namely, the control group without adding any amino acid (Control), the group
with adding cysteine (Cys), the group with adding aspartic acid (Asp), the group with
adding glycine (Gly), and the group with adding valine (Val). The trials were all executed in
triplicate in the serum bottles with a working volume of 300 mL, and for each test, 300 mg
of amino acids were added. The pH was adjusted to 5.0 with sodium hydroxide (6 M) and
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hydrochloric acid (6 M) every 12 h. During the trials, samples were taken and analysed
every 24 h.

2.4. Analytical Methods

The pH was measured using a digital meter equipped with a pH probe (ST310). TS and
VS were determined using a weighing method (APHA.1998) [40]. Samples were centrifuged
at 8000× g for 10 min and then filtered by membrane filters with a pore size of 0.45 µm
to assay soluble components, including SCOD, soluble carbohydrate, soluble proteins,
and fermentation products. COD was determined by the hash method (DRB200, HACH
Company, Maricopa, Arizona, USA) [40]. Soluble carbohydrates and soluble proteins
were determined using the phenol-sulfuric acid method and the Caulmers Brilliant Blue
method [41], respectively. Amino acids were analysed using a fully automated amino acid
analyser (EClassical 3100, Dalian Elite Analytical Instruments Co., Ltd., Dalian, China).
VFAs were detected by a gas chromatograph (GC-2010, Shimadzu (Shanghai) Global
Laboratory Consumables Co., Ltd., Shanghai, China), a flame ionisation detector (FID),
and a fused-silica capillary column (PEG-20 M, Dalian Replete Science and Technilogy
Co., Ltd., Dalian, China). The temperatures of the detector and injection port were 250 ◦C
and 210 ◦C, respectively. Samples need to be pretreated before injection. Each sample was
mixed with phosphoric acid (3 M) in a 1:1 ratio (v:v) and then filtered using a 0.22 µm
microporous membrane to determine VFA concentrations. Lactic acid was measured
using a high-performance liquid chromatograph (Ultimate 3000, Thermo Fisher Scientific
(China) Co., Ltd., Shanghai, China) equipped with a Shim-pack GIST C18 AQ column
(5 µm, 4.6 mm × 250 mm) and a diode array detector, with a mobile phase of 50 mmol/L
NaH2PO4 (pH was adjusted to 2.1 with 85% H3PO4) at a flow rate of 1.0 mL/min, a column
temperature of 40 ◦C, and a detector UV of 210 nm. α-Glucosidase activity was determined
according to the method employed in the study of Goel et al. [42]. Lactate dehydrogenase
activity was determined spectrophotometrically using a lactate dehydrogenase test kit
(ELISA), and all the procedures were carried out according to the instructions on the kit.
Specific methods can be found in Supplementary Materials. DNA was extracted using the
PowerSoil® DNA kit (Mo Bio Laboratories, San Diego, CA, USA), and the amplification
products were purified using a PCR amplifier with primer pairs 338F and 806R, respectively,
and then sequenced. Microbial samples were analyzed for high-throughput sequencing
(Shanghai Majorbio Bio-pharm Technology Co., Ltd., Shanghai, China).

2.5. Calculation of the Hydrolysis Rate

The hydrolysis rate was calculated using the following formula [6]:

Hydrolysis rate (%) =
SCOD − SCOD0 − SCODAA

TCOD0
× 100%

where SCOD represents the soluble COD of the fermentation broth by the end of the tests,
SCOD0 and TCOD0 denote the soluble and total COD of the influent FW, and SCODAA
represents the theoretical COD of added amino acids.

2.6. Statistical Analysis of Data

All assays were conducted in triplicate, and the results were expressed as the mean ± stan-
dard deviation of biological parallel experiments. Significant differences were identified
through a t-test (ANOVA), and a p < 0.05 was considered to be statistically significant.

3. Results and Discussion
3.1. Effects of pH on Lactic Acid Production from Fermentation of Food Waste
3.1.1. Effect of pH on Hydrolysis and Acid Production

Figure 1a–c shows the changes in SCOD, soluble carbohydrates, and lactic acid during
the fermentation of food waste at different pHs. In Figure 1a, SCOD increased in the
first 2 days, which indicated that the leaching of solid organic matter in the initial phase
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was greater than the consumption of the soluble components by microbes. The SCOD of
the group with a pH of 4.0 decreased to 46.67 g COD/L on the 10th day and then remained
stable. However, the SCOD of the other two test groups (pH 5.0 and pH 6.0) maintained a
relatively slow increase and reached a maximum of 61.63 g COD/L and 65.20 g COD/L,
respectively, on the 17th day. The SCOD of the two groups (pH 5.0 and pH 6.0) increased
by 41% and 33%, compared with that of the group of pH 4.0, respectively. The increase in
SCOD at pH 5.0 and 6.0 proved that higher pH seemed to be more favourable for solids
dissolution during the fermentation processes, which well agreed with the results reported
by Tang et al. [43]. Acidic fermentation of food waste with an increase in pH was more
conducive to the solubilisation of food waste.
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In Figure 1b, in the first 3 days, an increase in the content of soluble carbohydrates
under the three pH conditions was observed, indicating that the conversion of insoluble
substances to soluble carbohydrates was seemingly greater than that of soluble carbohy-
drates to small molecules. Then the content of soluble carbohydrates began to decline
from day 3 onwards, whereas the soluble carbohydrates concentration in the group of
pH 4.0 remained almost unchanged after 5 days, which might be attributed to the severe
inhibitory effects on acidogenic bacteria under the condition. The groups of pH 5.0 and pH
6.0 showed a continuous decrease in soluble carbohydrates content, down to 7.10 g/L and
4.35 g/L at 18 d, respectively, as higher pH seemingly alleviated acid inhibition and signifi-
cantly promoted bacterial activity [6,44]. The degradation rate of soluble carbohydrates
significantly increased with increasing pH, and higher pH at acidic conditions increased
the reaction rate and shortened the fermentation period.
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Figure 1c indicates no substantial increase in lactic acid concentration in the group of
pH 4.0, which merely reached 5.81 g COD/L at 18 d. Evidently, lactic acid fermentation in
the group was inhibited, whereas the lactic acid concentration continued to increase at pH
5.0 and pH 6.0, reaching 38.92 g COD/L and 46.70 g COD/L at 18 d. The result was also
in agreement with the result of the degradation of soluble carbohydrates. The lower pH
condition (pH 4.0) apparently led to the accumulation of non-protonated fatty acids and
further substantially undermined the metabolic pathways of the lactobacilli. Hydrolysis
and acidification were presumably completely inhibited under the condition, resulting in
lower lactic acid yields [45,46]. Compared with that of the group at pH 4.0, lactic acid yield
could be promoted at pH 5.0 and pH 6.0. The group at pH 5.0 is more economical in the
use of sodium hydroxide compared to pH 6.0, and thus the subsequent pH conditions of
the fermentation tests were defined as pH 5.0.

3.1.2. Variations of Amino Acids during Fermentation at pH 5.0

Commonly, amino acids are also key growth factors, just such as pyrimidines, purines,
and vitamins, which are essential for LAB growth and reproduction [8,33]. The results
of Section 3.1.1 indicate that fermentation of food waste without exogenous inoculation
presented better LA yields at pH 5.0. Thus, ionic amino acids were measured to understand
the changes in amino acids during the fermentation of food waste at pH 5.0. Figure 2 shows
the changes of various soluble amino acids under pH 5.0. Rich amino acid species existed
in the original FW, and aspartic acid (Asp), threonine (The), glutamic acid (Glu), alanine
(Ala), cysteine (Cys), and arginine (Arg) were the main components of amino acids in the
food waste. These six amino acids accounted for about 85% of the total amino acids. As the
fermentation proceeded, glutamic acid presented evident accumulation, increasing from
the initial 0.085 g/L to 0.287 g/L, accounting for 65% of the content of all amino acids,
and becoming the predominant amino acid at the end of fermentation. The degradation
of proteins in the food waste led to the production of a higher concentration of glutamate,
and seemingly it was difficult to be degraded by microbes in the group, thus leading to
its accumulation. Notably, Glu and Ala were not only key cytoarchitectural components
and central metabolites but could be biosynthesised at a relatively low energy cost [24,31].
In addition, threonine declined from the initial 0.38 g/L to 0.013 g/L, and cysteine was
quickly degraded and utilised, while valine, iso-leucine, leucine, and other amino acids
with low initial content were quickly consumed and completely degraded. The amino acids
were presumably utilised by microorganisms for conversion to VFAs. During anaerobic
fermentation, amino acids are degraded into smaller organic matter, such as VFAs.
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3.2. Effects of Adding Different Amino Acids on Food Waste Fermentation

Accordingly, cysteine, aspartic acid, glycine, and valine were selected as exogenously
added amino acids, which were based on the changes in amino acid concentrations in
food waste fermentation at pH 5.0 in this current study. A few studies showed that
four amino acids had special biological effects in anaerobic systems [28,34,47]. The effects
of the four amino acids on lactic acid production from food waste fermentation were
first explored. The effects of pH variations on amino acids can be ruled out by Figure S1.
Figure 3 represents the ANOVA analysis of the results of the LA concentration every
24 h and indicates Asp and Gly had no significant effects on lactic acid production at
the same dose, compared to that of the control group (p > 0.05). The addition of Cys
and Val presented distinctive effects on lactic acid production within the trials compared
to that of the control group (p < 0.05). Therefore, the subsequent investigation mainly
focused on how Cys and Val affected the fermentation of food waste. During anaerobic
fermentation, amino acids were degraded from proteins, which were first hydrolysed
proteases into peptides and amino acids [48]. Amino acids were then broken down in
two main ways: (1) pairs of amino acids can be degraded by bacteria within the genus
Clostridium (obligate anaerobes) via Stickland reaction. In the reactor, an amino acid
acts as an electron donor, while another amino acid acts as an electron acceptor, offering
cells approximately 0.5 moles of ATP per mole of amino acid transformed during the
reaction [30]; (2) individual amino acids can also be fermented in processes that require
the presence of hydrogen utilising bacteria. Commonly, the degradation products of these
amino acids under anaerobic conditions are organic compounds (short-chain and branched-
chain organic acids), ammonia, carbon dioxide, and small amounts of hydrogen and sulfur
compounds [24,42]. However, certain amino acids can also be degraded during anaerobic
fermentation to generate lactic acid. Thus, to determine the impact of the added amino
acids on the lactic acid content due to its conversion, the theoretical amount of lactic acid
produced due to the added amino acids was estimated. When all degraded AAs were
converted to lactic acid, the theoretical lactic acid yield was calculated using the reaction
equation. The corresponding theoretical lactic acid yields for the degradation of 1.00 g of
Cys and Val were 0.74 and 0.77 g, respectively (Equations (1)–(3)), which was negligible for
lactic acid yield compared with the degradation of sugars.

Cys: C3H7NO2S + H2O → C3H4O3 + H2S + NH3 (1)

C3H4O3 + NADH + [H] → C3H6O3 + [NAD+] (2)

Val: C5H11NO2 + 5H2O → C3H6O3 + NH3 + 2CO2 + 6H2 (3)
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3.2.1. Effects of Different Amino Acids on Hydrolysis

SCOD was the sum of soluble organic matter in the supernatant, and a higher SCOD
indicated more potential fermentation substrate in the reactor and thereby provided more
accessible pathways for microbes and enzymes to utilise [15]. Figure 4a shows the variation
of SCOD with time for groups with additions of different amino acids. On day 1, there was
a significant increase in SCOD for each group, which indicated that the insoluble solids
in the reactor were gradually solubilised, and the increase of soluble matter can also be
seen from the change in soluble carbohydrates content in Figure 4b. The subsequent SCOD
remained nearly stable during the fermentation process, and that of the Control, Cys, and
Val groups reached 58.93 g/L, 64.60 g/L, and 60.60 g/L, respectively. Based on the results
of the ANOVA, the differences between the three groups of SCOD were also significant
(p < 0.05). From the overall trend, the SCOD of the Cys and Val groups was higher than
that of the control group. Figure 4c indicates that the soluble matter increased, and the
hydrolysis rates of the three groups were 6.34%, 10.76%, and 6.23%, respectively. The
addition of cysteine presented a positive effect on the dissolution of insoluble solids from
food waste.
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Carbohydrates are more abundant components of food waste because they are com-
monly easier to degrade and utilise than proteins and lipids. Soluble carbohydrates can be
hydrolysed to monosaccharides during hydrolysis. The degradation of monosaccharides
usually proceeds faster than that of amino acids under anaerobic conditions [49]. From
the overall trend of soluble carbohydrates (Figure 4b), the content of soluble carbohy-
drates in the Cys group was almost completely consumed in the first 8 days, whereas
in the Control and Val groups in the 12 d the content still had 7.05 g/L and 12.00 g/L



Fermentation 2024, 10, 179 10 of 15

unutilised, respectively, suggesting that the addition of Cys accelerated the utilisation
of soluble carbohydrates and increased the rate of hydrolysis of carbohydrates in food
waste. α-Glucosidase is a hydrolytic enzyme for the degradation of carbohydrates [42,43].
The α-glucosidase activity of the groups of different amino acids at the first 5 days was
analyzed, and the mean values of the α-glucosidase activity of different amino acid groups
of the 5 days are listed in Table 4. Table 4 shows that the addition of cysteine increased
the enzyme activity of α-glucosidase by 22% compared with that of the control group,
which was consistent with the soluble carbohydrate content (Figure 4b). Pyruvate was
an important metabolic intermediate, and monosaccharides can be converted to pyruvate
and then utilised by microorganisms to produce lactic acid, and α-glucosidase played a
crucial role in the degradation of soluble carbohydrates. Lactic acid production in food
waste can reportedly be altered by modulating the activity of some key enzymes, such as
α-glucosidase [42]. The content of soluble carbohydrates in the Val Group was lower than
that of the Control Group, which suggests Val seemingly inhibited the hydrolysis of soluble
carbohydrates. During degradation, valine could release more electrons and make the
system more reductive (i.e., lower ORP) [34]. The ORP below zero is often referred to as an
intermediate transition between an oxidative and reductive environment, which reportedly
could affect the hydrolysis of proteins and carbohydrates in various substrates [50]. Figure
S2 represents the changes in soluble protein, where all three groups first underwent a
slight decrease in protein, and then the protein content increased to about 1.0 g/L. The
differences between the three groups were not significant due to the low soluble protein
content during fermentation.

Table 4. Lactic acid yield, α-glucosidase, and lactate dehydrogenase activity of Control, Cys, and
Val groups.

Control Cys Val

α-glucosidase activity (U/g·VS) 138.56 ± 2.9 169.36 ± 2.4 134.31 ± 2.4
Lactic acid yield

(g/g TS) 0.50 ± 0.04 0.56 ± 0.04 0.41 ± 0.08

lactate dehydrogenase activity
(µmol/min/104 cell) 1.76 ± 0.08 1.89 ± 0.05 1.28 ± 0.13

Note: α-glucosidase activity was the average of the previous five days, lactate dehydrogenase activity was
measured on the 7th day.

3.2.2. Effects of Different Amino Acids on Acidification

During acidification, various organic acids, such as lactic acid and VFAs, were pro-
duced. Pyruvate produced by the metabolism of soluble carbohydrates and proteins can
be converted to lactic acid under the action of lactate dehydrogenase (LDH). Figure 5a
shows the changes of lactic acid after the addition of different amino acids. The maximum
concentration of lactic acid was 50.34 g COD/L in the Cys group, reaching the maximum
on the 7th day, and the lactic acid concentration in the Control and Val groups were 32.40 g
COD/L and 26.56 g COD/L, respectively, on the 7th day. The yields of lactic acid in the
Control and Val groups were significantly lower than those of the Cys group (Table 4),
indicating the addition of cysteine not only promoted the production of lactic acid but also
seemingly shortened the period of lactic acid fermentation. The trend of the LA concen-
tration well agreed with the trend of soluble carbohydrate degradation in the Cys group.
The addition of cysteine substantially promoted the conversion of soluble carbohydrates,
and thus more monosaccharides were available in the Cys group in the early stage, which
might be more potent for lactic acid production. The lactate dehydrogenase activity was
analyzed on day 7 (Table 4), which demonstrated that the lactate dehydrogenase activity
was the highest in the Cys group. However, the Val group presented a certain inhibitory
effect on the lactate dehydrogenase, which suggested that the addition of cysteine likely
improved the rate of degradation of soluble carbohydrates and enhanced the activity of
α-glucosidase. In turn, the addition of cysteine presented a certain positive effect on the
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activity of lactate dehydrogenase, shortened the productive period of lactic acid, and thus
subsequently promoted lactic acid production.
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In addition, the composition of VFAs varied among the groups with different amino
acids. Figure 5b–d show the changes in VFAs in the control group, Cys, and Val groups,
respectively. The two groups with the addition of amino acids presented much higher
levels of VFAs than the control group, and the dominant VFA species during fermentation
in the three groups were acetic acid (HAc) and butyric acid (HBu), accompanied by a
low concentration of propionic acid (HPr) throughout the entire fermentation period.
Butyric acid contents of three groups on day 2 were significantly higher, and perhaps
the microorganisms present in the food waste were more favourable for butyric acid
production at the beginning. However, as the fermentation proceeded, the dominant
microorganisms changed to be more favourable for lactic acid production. The final acetic
acid content was higher in the Val group, and valine reportedly could release more electrons
during degradation, making the niche of the group more reducing (lower ORP) and more
favourable for the accumulation of VFAs [34]. Probably the added Val facilitated the
conversion of lactic acid to acetic acid, which led to a higher acetic acid content in the
Val group.

3.2.3. Microbial Community Analysis

In order to decipher the effects of additions of different amino acids on the microbial
community, samples from days 6 and 12 of each reactor were collected and analysed
(Figure 6). Figure 6b shows that Lactobacillus spp. was positively correlated with lactic acid
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production. Lactic acid bacteria (LAB), such as Lactobacillus spp., have been reported to
exist at very low pH conditions and produce lactic acid at a pH of 4.0 [51]. Lactobacillus
spp. was the main contributor to the production of lactic acid, as it was evidently dominant
in the whole process (Figure 6b). The most dominant genus in the raw food waste was
the genus Weissella (45%), and Lactobacillus was not the most dominant microorganism in
the raw food waste. However, during the fermentation over time, Lactobacillus dominated
in all three reactors, with an increase of 84%, 95%, and 76% in the control, Cys, and Val
groups in the end. The changes in the relative abundance of Lactobacillus and the enhanced
lactic acid yields were also in good agreement. Butyric acid production was seemingly
related to Streptococcus, Lactococcus, Weissella, and Leuconostoc. These bacteria can produce
other organic acids, such as acetic and butyric acids, from organic matter and also perform
lactic acid fermentation in certain niches [52–54]. As shown in Figure 6a, on day 6, the
proportion of these bacteria in the valine group was evidently higher than that in the
control group. The percentage in the group with cysteine was evidently lower than that
in the control group, which was consistent with the organic acid content of the three
groups, implying that cysteine and valine affected the distribution of microbial species in
the reactors. Amino acids in anaerobic media can affect microbial growth as inhibitory or
stimulatory compounds [45]. Thus, the increase in the rate of lactic acid production due to
the addition of cysteine and valine might be related to their function in the basic metabolic
pathways. These results revealed the selectivity of microorganisms in bioreactors and food
waste as a suitable substrate for lactic acid fermentation. Furthermore, the addition of
cysteine to the fermentation of food waste could increase the abundance of Lactobacillus
and thus promote the production of lactic acid.
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4. Conclusions

The present study demonstrated that higher LA concentrations (38.92–46.7 g/L) were
obtained at pH 5.0 and pH 6.0, implying higher substrate degradation rates compared with
those at pH 4.0. Different amino acids presented distinctive effects on the production of
lactic acid from food waste. Cysteine promoted substrate solubilisation and carbohydrate
degradation and subsequently facilitated lactic acid production, in which enhanced key
enzyme (LDH) activity and enriched Lactobacillus played an essential role during the
acidification phase. However, valine evidently inhibited the degradation of carbohydrate
due to the mitigated α-glucosidase activity, limited the reduction of available pyruvate
in cells, and thus subsequently suppressed lactic acid production. This study examined
in-depth the mechanisms and significance of pH regulation and the addition of amino
acids in lactic acid production from food waste. Furthermore, this current study offers
a feasible way to improve lactic acid production from food waste. Using cysteine-rich
substrates is worth exploring for lactic acid fermentation instead of pure amino acids.
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In addition, attention should be paid to the production of amino acids as intermediate
products of anaerobic fermentation in future studies. Different amino acids can have
distinctive biological functions, which should be diligently explored in order to efficiently
regulate anaerobic digestion through the addition of specific AAs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/fermentation10040179/s1, Figure S1: Variations of pH in the reactors
with pH adjustment every 12 h; Figure S2: Soluble protein for three groups (Control, Cys, and Val);
Table S1: Composition of food waste.
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