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ABSTRACT: Fermentation of food waste to L-lactic acid (L-LA), a high value-added
platform molecule, is a green approach for resource recovery. However, low yield and
optical activity (OA) of L-LA are key limiting factors for such eﬀorts. Here, we report that
ammonium addition (300 mg of NH4+-N/L) can double the yield of LA and increase OA
of L-LA by ﬁvefold during repeated batch fermentation of food waste. This coincided with
a threefold increase in the glycolysis activity and an increase in the relative abundance of
key lactic acid bacteria (LAB) genera and the ldhL gene associated with L-LA production.
Ammonium addition provided essential nitrogen for LAB growth (47% of 15NH4+-N
underwent assimilation versus 15% oxidized to 15NO3−-N and 31% to 29N2 and 30N2) and
resulted in a stable reducing environment (the oxidation−reduction potential, ORP,
ranged from −470 to −320 mV) that favors the reduction of pyruvate to L-lactate.
Speciﬁcally, the added ammonium promoted beneﬁcial population and metabolic shifts,
including an increase in intracellular NADH levels (0.46 ± 0.02 vs 0.26 ± 0.01 mM for
unamended controls) that signiﬁcantly increased the L-LA yield. Overall, this study provides a practical way to enhance L-LA
production with high OA during food waste fermentation and highlights ammonium as an overlooked biostimulator for food
waste bioreﬁnery.
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thermal9 or sacchariﬁcation pretreatment of FW10) are energyintensive and complex. Alternatively, adding waste activated
sludge (WAS) to FW can augment microbial functional
diversity and provide nitrogen to lower the carbon/nitrogen
(C/N) ratio to a more suitable range for fermentation.7,10,11
However, we found that bacteria from WAS eventually
outcompeted lactic acid bacteria (LAB) (Figure S1) and
preferentially converted L-LA rather than D-LA to other
metabolites (e.g., acetic acid).12 This decreased the L-LA
yield and optical activity (Figure S2) during the continuous
cofermentation of food waste and WAS, lowering the value of
the recovered fermentation products. Although autoclaving
WAS minimizes competition with commensal bacteria,
proteinaceous substrates from WAS could stimulate the growth
of volatile fatty acid (VFA) producers, which can use lactate as
the substrate.13−15 Thus, it is important to develop more
reliable and cost-eﬀective approaches to provide favorable
conditions for LAB and maintain stable L-LA production.

INTRODUCTION
More than one billion tons of food waste (FW) is generated
annually, posing public and environmental health concerns
along with associated economic burdens when treated
inappropriately.1 This has resulted in increasing interest in a
sustainable approach for FW treatment and recovery of high
value-added platform molecules using mixed culture fermentation, which is relatively facile and cost-eﬀective compared to
other valorization methods.2,3 Lactic acid (LA) is one such
platform molecule with a global market expected to reach $6
billion and 2 megatons demand by 2020, making recovery of
LA highly valuable.3,4 LA exists in two isoforms: L-(+)-LA and
D-(−)-LA. Of these, L-LA has high optical activity (OA) and is
far more valuable,5 attracting also industry interest as a
precursor for poly(L-lactic acid) (PLLA), which is a promising
biodegradable plastic material.6
Currently, the two primary challenges with LA recovery in
FW fermentation are (1) a low LA yield due to the slow
hydrolysis rate and consumption of LA by other microorganisms7,8 and (2) a decreased economic value due to the
generation of racemic DL-LA, which has much lower optical
activity (and about one-third lower value) than that of L-LA.
Several strategies to increase L-LA yields (such as hydro© 2019 American Chemical Society
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Eﬀect of Ammonium Dosage on Lactic acid Fermentation.
As shown in Table S1, Test 3, seven reactors were prepared
containing 100 mL of inoculum from SR and 400 mL of fresh FW
(TCOD 40 g/L), which were amended by NH4Cl in diﬀerent
dosages: 0, 100, 200, 300, 400, 500, and 1000 NH4+-N mg/L. Then,
the reactors were operated for 4 days under the same conditions as
SR. The contents of L-LA and D-LA were measured every day.
Eﬀect of Feed Strategy with Diﬀerent Nitrogen Source on
Lactic acid Production in Long-Term Repeated Batch
Fermentation. To evaluate the feed strategy in long-term
fermentation, three kinds of reactors were provided with diﬀerent
nitrogen sources in Table S1, Test 4: (1) raw FW (reactor Ctrl); (2)
FW supplemented with autoclaved WAS (6:1 VSS ratio, our system’s
optimum ratio for LA production7), representing organic nitrogen
from WAS (reactor Org-N); and (3) FW added with ammonium
(reactor Am-N). According to our preliminary study (Test 2), the
addition of microbes from nonautoclaved WAS shifted the indigenous
microbial community, which undermined the accumulation of LA.
Thus, WAS was autoclaved at 121 °C for 30 min to prevent the
interference of active microbes from WAS and still retain organic
nitrogen in Org-N. Tap water was added to dilute the mixed
substrates to make the ﬁnal TCOD around 40 ± 1 g/L in all reactors,
containing a total carbohydrate concentration of 28.3 ± 1.5 g COD/
L. The optimal concentration of NH4Cl in Am-N was 1146 mg/L,
equal to 300 mg NH4+-N/L. The total Kjeldahl nitrogen (TKN)
concentrations in both Org-N and Am-N reactors were similar, about
791.5 ± 28.6 mg/L. Initially, three reactors containing 800 mL of
corresponding substrate mentioned above were mixed with the same
inoculum (200 mL) from SR. Every 4 days, 800 mL of fermentation
mixture was withdrawn (residual 200 mL was retained) and replaced
by 800 mL of corresponding fresh substrates. The repeated batch
fermentation was operated in eight cycles for 32 days and conducted
under the same conditions as SR.
The concentrations of L-LA, D-LA, VFA, NH4+-N, NO3−-N, NO2−N, pyruvate, soluble proteins, and carbohydrates were assayed daily.
To evaluate the eﬃciency of FW solubilization, the increase of soluble
substrate (SCOD) was recorded after one day in each cycle. The
activities of the key enzymes relevant to hydrolysis (i.e., α-glucosidase
and protease) were assayed after two days in each cycle. The activities
of NAD-dependent lactate dehydrogenase (n-LDH, the enzyme
responsible for LA production) and NAD-independent lactate
dehydrogenase (i-LDH, converting LA into VFA) were recorded
when the maximal LA was achieved.
Microbial Community Structure Analyses. Microbial community structure in SR, Ctrl, Org-N, and Am-N reactors was analyzed
using 16S rRNA gene pyrosequencing. Samples were collected from
SR, Ctrl, and Org-N after 3 days at the 4th and 6th cycles and Am-N
at the 2nd, 4th, 6th, and 8th cycles. DNA was extracted immediately
from these samples using the TIANamp Soil DNA Kit (Tiangen,
Shanghai, China). The extracted DNA was ampliﬁed by the
polymerase chain reaction using primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) in the V3−V4 region. Metagenomics sequencing was
performed using an Illumina MiSeq system (Illumina MiSeq). The
closest matching sequences were compared with reference sequences
in the GenBank database of SILVA. Raw sequences were deposited in
the NCBI Short Read Archive (SRA) database under accession
numbers SRR7778918-SRR7778924 and SRR7778928-SRR7778931.
15
N Isotope Tracing. Ammonia assimilation, ammonia oxidation,
and denitriﬁcation were evaluated using the 15N isotope tracing
technique, as shown in Table S1, Test 5. The pellets of the inoculum
from Am-N were harvested by centrifugation and resuspended using
Tris−hydrochloric acid (0.05 mol/L, pH 7.20), which was repeated 3
times to prevent the interference of 14N compounds from the
indigenous fermentation substrate. The identical serum bottles
(working volume 500 mL) were ﬁlled with 400 mL of FW (TCOD
40 g/L) and 100 mL of the washed inoculum from Am-N. 15NH4Cl
was added to one serum bottle (15NH4-R) at 300 mg of 15NH4+-N/L.
Then, 15NH4-R was sealed with butyl rubber stopper after ultrasonic
degas and argon blowing for 15 min to evacuate 28N2 from liquid and

Ammonium, a major nutrient, is commonly present in many
waste streams, including municipal wastewater, livestock
manure, and landﬁll leachate.16,17 As the preferred nitrogen
source for most bacteria,18 ammonium addition is important
for food waste fermentation to balance the high C/N ratio
without introducing microbial competitors for LAB.19−21
Furthermore, ammonium is involved in numerous processes
in mixed culture reactors that can be generally divided into
assimilation by LAB and other bacteria for anabolism and
oxidation for catabolism by competing nitriﬁers (with possible
subsequent conversion to N2 by denitriﬁcation or anaerobic
ammonium oxidation).18,22,23 However, little is known about
how ammonium addition impacts the LA fermentation
pathway, the abundance of LAB, and key genes related to LLA fermentation such as ldhL.
The activity of speciﬁc L-lactate dehydrogenase, responsible
for L-LA production, has been reported to increase in a
reducing environment (i.e., a lower oxidation−reduction
potential, ORP).7,24,25 Nevertheless, the role of ammonium
in regulating the yield of highly optically active L-LA during
FW fermentation has not been discerned. Thus, investigating
the fate of ammonium during FW fermentation is important to
optimize its usage and understand its limitations during the
simultaneous recovery of valuable chiral molecules and
nutrient removal from waste streams.
This study proposes a practical way to enhance L-LA
production during FW fermentation through beneﬁcial
population and metabolic shifts stimulated by ammonium
addition. FW fermentation was operated in repeated batch
with no amendments (Ctrl), supplemented with autoclaved
WAS (Org-N) or with ammonium (Am-N). A mechanistic
insight is provided by comparing product spectra, microbiome
structures, and metabolic functional genes and by quantifying
ammonium transformation and fate via 15N isotope tracing. A
relationship between pyruvate reduction and ammonium
oxidation is explored along with correlations between ORP
and L-LA yield, informed by quantiﬁcation of key LAB genera
and functional genes. Finally, the impact of ammonium
addition on intracellular nicotinamide adenine dinucleotides
(NAD+ and NADH, the direct electron donor for LA
generation) levels is unveiled.

■

MATERIALS AND METHODS

Feedstock and Seed Reactor. The WAS was withdrawn from
the secondary sedimentation tank of the Shanghai Songjiang
wastewater treatment plant (Shanghai, China) and concentrated by
settling at 4 °C for 24 h. The main characteristics of the concentrated
WAS were as follows: total suspended solids (TSS), 15.59 ± 1.27 g/
L; volatile suspended solids (VSS), 9.80 ± 0.89 g/L; and total
chemical oxygen demand (TCOD), 13.97 ± 1.01 g/L. FW fetched
from the First School Canteen of Donghua University was milled to a
slurry state and diluted with tap water to make the characteristics as
TSS 125.60 ± 6.40 g/L, VSS 123.76 ± 5.25 g/L, and TCOD 130.02
± 6.69 g/L. The treated WAS and FW were stored at 4 °C in a
refrigerator prior to use. As shown in Table S1, Test 1, FW and WAS
were mixed at a VSS ratio of 6:1 in the seed reactor (SR, 1000 mL
working volume) as previously described,7 adding tap water to dilute
ﬁnal TCOD to around 40 ± 1 g/L. Then, SR was mechanically stirred
(120 rpm) for 4 days at a temperature of 35 ± 1 °C. Unless otherwise
noted, the fermentation pH was intermittently adjusted to 9.0 ± 0.1
(which favored alkaline hydrolysis and was reported to optimize
lactate production26) using sodium hydroxide (10 M) or hydrochloric
acid (3 M) every 6 h. In our preliminary study, the cofermentation of
FW and nonautoclaved WAS (6:1 ratio) was operated in repeated
batch (detailed in Supporting Information, Table S1, Test 2).
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Table 1. Eﬀect of NH4+-N Dosage on LA Production and
OA of L-LAa

headspace, and placed on a shaker for 4 days under the same
condition as a seed reactor. Liquid samples were collected by ﬁltration
through a cellulose acetate ﬁlter with 0.45 μm pore size for 15NH4+,
15
NO3−, and 15NO2− analysis through a gas isotope ratio mass
spectrometer (Nu Instruments Ltd., Wrexham, U.K.). Solid samples
were processed by vacuum freeze-drying after 3 times repeating
centrifugation and resuspension to eliminate 15N interference from
the residual liquid. The gas sample was eventually collected from the
headspace for 29N2 and 30N2 analysis.
Interaction of Pyruvate and Ammonium in Batch Fermentation. Three serum bottles (labeled as NH4-R, Py-R, and PyNH4-R)
were amended with diﬀerent synthetic fermentation media (200 mL)
and the same washed inoculum (20 mL) from Am-N according to
Table S1, Test 6. The synthetic fermentation media contained 300 mg
of NH4+-N/L (ammonium chloride) in NH4-R, 1500 mg of pyruvate/
L (sodium pyruvate) in Py-R, and both 1500 mg of pyruvate/L and
300 mg of NH4+-N/L in PyNH4-R. To minimize the toxicity of free
ammonia (FAN) to microorganisms, FAN was kept at a subinhibitory
concentration (<3 mg/L) by adjusting the pH to 7.0 ± 0.1 using
sodium hydroxide (3 M) or hydrochloric acid (3 M) every 6 h.27 All
other fermentation conditions were the same as described above. LLA, D-LA, NH4+-N, NO3−-N, NO2−-N, and pyruvate were assayed
after 4 days of fermentation for further electron balance.
Analytical Methods. Dissolved samples were prepared by
ﬁltration through a cellulose acetate ﬁlter with a pore size of 0.45
μm. L- and D-LA were analyzed using a high-performance liquid
chromatograph (HPLC, Thermo Scientiﬁc, UltiMate 3000) equipped
with an Astec CLC-D (5 μm, 15 cm × 4.6 mm) column and detected
by UV (254 nm). Copper sulfate solution (5 mM) was used as mobile
phase at a ﬂow rate of 1.0 mL/min. The activities of protease, αglucosidase, n-LDH, i-LDH, VSS, VFA, pyruvate, soluble carbohydrates, soluble proteins, NH4+-N, NO3−-N, and NO2−-N were
determined according to our previous studies.24−26 The ORP was
monitored with an ORP meter. The C/N ratio of the substrate was
calculated based on total carbon (TC) and total nitrogen (TN)
contents that were determined by an elemental analyzer (Elementar
Vario EL III, Germany). 15N tracer was analyzed by a gas isotope ratio
mass spectrometer (Nu Instruments Ltd. Wrexham, UK) at Shanghai
Engineering Research Center of Stable Isotope. The quantiﬁcation of
ammonia-oxidation- and denitriﬁcation-related genes were conducted
via the quantitative polymerase chain reaction (qPCR) (details are
given in the Supplementary Material). The intracellular concentrations of NADH and NAD+ were measured as previously
described.28
Optical Activity of L-LA (OA-L) Calculation and Statistical
Analysis. The optical activity of L-LA (OA-L) was deﬁned as an
enantiomeric excess value according to the following equation (eq
1),7 where [L] and [D] were the concentrations of L- and D-LA,
respectively.
OA − L (%) = ([L] − [D])/([L] + [D]) × 100%

NH4+-N (mg/
L)
0
100
200
300
400
500
1000

maximal lactic acid (g COD/L) OA of L-lactic acid (%)a
10.11
19.66
18.73
28.45
31.24
29.40
24.64

±
±
±
±
±
±
±

2.00
1.98
2.94
2.42
2.56
3.47
2.23

38.20
59.40
43.72
52.81
25.67
23.21
15.41

±
±
±
±
±
±
±

5.72
3.97
3.19
4.64
2.28
3.16
2.77

a

The data reported were obtained when maximal LA was observed.
The time courses are detailed in Figure S4.

mg of NH4+-N/L was added but OA of L-LA decreased to
25.67, 23.21, and 15.41%, respectively. Higher ammonium
dosages might increase FAN concentrations, which can induce
cell death.29−31 Thus, the optimal NH4+-N dosage was set as
300 mg/L in the following repeated batch fermentation.
FW-repeated batch fermentation reactor Am-N, supplemented with 300 mg/L NH4+-N, had the highest LA
production (24.49 ± 3.56 g COD/L) and optically active LLA yield (76.79 ± 18.39%) (Figure 1a). Reactor Org-N,
amended with autoclaved WAS (to exclude interference by
WAS microbes), had the second-highest L-LA production
(Figure 1b). Lactate rapidly accumulated in Org-N to the
maximum level (20.94 ± 3.21 g COD/L) in 3 days, with
unstable L-LA yield (47.03 ± 21.78%), but was then rapidly
consumed. The lowest production of LA and lowest optically
active L-LA yield (11.63 ± 2.16 g COD/L and 16.79 ± 5.98%,
respectively) was observed in Ctrl, fed with only FW (Figure
1c). The production rate of D-LA in Am-N (0.72 ± 0.28 g
COD/(L day)) was lower than that in Org-N (1.68 ± 0.42 g
COD/(L day)) and Ctrl (1.02 ± 0.22 g COD/(L day))
(Table S3), indicating that NH4+ addition enhanced both the
yield and optical purity of L-lactate fermentation. Previous
methods to produce L-LA from FW resulted in 0.13−0.48 g/g
TCOD (refers to substrate TCOD added) with optically active
around 42−65%,8,25,26 whereas our method was able to
produce 0.54 g/g TCOD with 76.79 ± 18.39% simply through
the addition of ammonium. Note that this study is meant to
provide proof of concept rather than optimize the L-LA yield.
Further improvements may consider increasing the organic
loading rate and hydrothermal or sacchariﬁcation pretreatment
of the raw substrate to increase L-LA accumulation.
Addition of NH4+ Alters the Fermentation Pathway
To Improve Lactic acid Accumulation. The crucial steps
aﬀecting LA accumulation during FW fermentation are
solubilization, hydrolysis, glycolysis, and acidiﬁcation.24 During
solubilization (Figure 2a), increases in the concentration of
soluble substrates (SCOD) were much higher in Org-N and AmN reactors than in the unamended controls (Table S4, p <
0.05). Clearly, ammonium amendment enhanced solubilization, which is essential for converting FW to readily available
monomers in the hydrolysis stage. Subsequent hydrolysis of
proteins to amino acids (measured by protease activity, Figure
2b) and polysaccharides to monosaccharides (measured by αglucosidase activity, Figure 2c) was enhanced in the following
order of amendments: Org-N > Am-N > Ctrl (Table S4, p <
0.05). This enhancement might be due to nitrogen addition
shifting the C/N ratio (Table S5) to a favorable range for
hydrolysis.32 Moreover, carbohydrate removal rates in Am-N

(1)

The repeated batch reactors (Ctrl, Org-N, and Am-N) were run in
duplicate, and each treatment was repeated for eight cycles. Batch
fermentation tests were carried out in triplicate serum bottles. All data
were expressed as means ± standard deviation (SD), and one-way
analysis of variance (ANOVA) posthoc multiple comparison was
adopted to determine whether diﬀerences between treatments were
signiﬁcant at the 95% conﬁdence level. All statistical analyses were
performed with SPSS 25.0. Electron balance calculations are detailed
in the Supplementary Material.

■

RESULTS AND DISCUSSION
Addition of NH 4 + Signiﬁcantly Increased L -LA
Production and Optical Activity. With the increase of
NH4+-N dosage to 300 mg/L, the maximum LA production
increased from 10.11 to 28.45 g COD/L and OA of L-LA
enhanced from 38.20 to 59.40% (Table 1, time course detailed
in Figure S3). Then, the maximum LA production stabilized at
31.24, 29.40, and 24.64 g of COD/L when 400, 500, and 1000
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deamination in Org-N (Figure S5c), which stimulated FW
fermentation, resulting in higher lactate production than that in
Ctrl but less than that in Am-N, which had 300 mg/L NH4+-N
(Table 1 and Figure S3).
Ammonium consumption in both Am-N (NH4+-N decreased from 265.36 to 133.30 mg/L) and Org-N (from 62.07
to 12.24 mg/L) reactors (Figure S5c) was concomitant with
increased LA production. The precise mechanisms by which
FW solubilization, glycolysis, and L-LA production were
enhanced by ammonium addition are confounded by the
complexity of this system, and their discernment may require
more reductionist studies. Nevertheless, the microbial
community and functional gene analyses described below
provide valuable insight into the nature of this enhancement.
Addition of NH4+ Increased the Relative Abundance
of LAB and Enriched Key Functional Genes. Microbial
community structures in Ctrl, Org-N, and Am-N reactors
varied greatly during long-term fermentation (Figures S7 and
S8 and Table S6). At the genus level, U_F_Flavobacteriaceae
(62.8%), a nitrogen-ﬁxing bacterium,34 was the largest group in
Ctrl reactors (gray shadow in Figure 3a), indicating that
nitrogen-ﬁxing functions had evolved to meet the demand for
N in this high C/N (31.1 ± 4.2) system. Samples from Ctrl,
Org-N, and Am-N reactors had 19.4, 86.6, and 80.0%,
respectively, of the total genus sequences associated with LA
producing strains (blue shadow in Figure 3a).35−38 This was in
agreement with a higher LA concentration in Org-N and AmN (Figure 1). The relative abundance of phylotypes, including
Streptococcus, Lactococcus, Enterococcus, and Corynebacterium,
that are most likely to produce L-LA35,36 is higher in Am-N
(42.2%) compared to that in Ctrl (5.3%) and Org-N (12.8%),
which is consistent with higher OA of LA in Am-N (Figure 1).
Especially, Enterococcus and Corynebacterium, dominated in
Am-N are capable of surviving in a high ammonium
environment.39,40 Note that some LABs have both genes
(ldhL and ldhD) encoding NADH-dependent L- and D-lactate
dehydrogenases (L-LDH and D-LDH), respectively, responsible for L- and D-lactate generation.41 Consistent with the
observed yields of optically active L-LA (Figure 1), the relative
abundance of ldhL was much higher in Am-N than that in Ctrl
and Org-N reactors, whereas ldhD was lower in Am-N than
that in Org-N treatments (Figure 3b). Furthermore, the
relative abundance of key LAB genera (i.e., Bavariicoccus,
Bif idobacterium, Enterococcus, and Corynebacterium in Figure
3c) was signiﬁcantly correlated (p < 0.05, R2 = 0.94) to that of
ldhL (Figure 3c).
Diﬀerences in the abundance of functional genes can be
assessed based on the KEGG database.42 Key genes related to
membrane transport (ABC transporters and permeases) and
carbohydrate metabolism (particularly, pyruvate metabolism
and glycolysis) were more abundant in Am-N and Org-N than
Ctrl reactors (Figure S9), which is consistent with the
improved fermentation activities (Figure 2). Since synthesizing
the carrier protein such as permeases requires a nitrogen
source,43 ammonium may facilitate substrate uptake in the
transport chain. In contrast, scarcity of ammonium in Ctrl
reactors likely led to lower substrate transport into cells,
limiting lactate metabolism.
15
N Isotope Tracing during LA Fermentation.
Ammonium concentrations decreased from 265.36 ± 5.34 to
133.30 ± 30.30 mg/L in Am-N reactors, while nitrate levels
increased from 9.38 ± 0.82 to 46.62 ± 3.91 mg/L without
nitrite accumulation (Figure 4a). In Org-N reactors,

Figure 1. Lactic acid and volatile fatty acid (VFA) accumulation from
food waste during long-term fermentation of Ctrl, Org-N, and Am-N.
(a) Am-N with 300 mg/L NH4+-N, (b) Org-N with autoclaved
sludge, and (c) Ctrl fed with only food waste. Red triangles represent
OA-L. Average data are recorded in Figure S4, and statistical analysis
is shown in Table S2.

(4.63 ± 0.74 g COD/(L day)) and Org-N (5.17 ± 1.18 g
COD/(L day)) reactors were signiﬁcantly higher than those in
unamended controls (1.38 ± 0.96 g COD/(L day)) (Figures
2d and S5a), indicating that glycolysis was stimulated by
ammonium addition. This was followed by a higher
accumulation of pyruvate in Org-N and Am-N (Figure S6).
Relative activities of n-LDH, the key enzyme responsible for
LA generation from pyruvate, were higher in Am-N and Org-N
than those in Ctrl reactors (Figure 2e) and so were LA
production rates (Table S3). The relative activities of i-LDH
(conversion of lactate into VFA) were signiﬁcantly lower in
Ctrl and Am-N compared to those in Org-N treatments
(Figure 2f), which explains the higher VFA concentration in
Org-N reactors (6.18 ± 1.63 g COD/L) versus that in Ctrl
(6.18 ± 1.63 g COD/L) and Am-N (8.88 ± 3.28 g COD/L)
(Figure 1). The main composition of VFA was acetic acid.
Apparently, high abundance of proteins (from autoclaved
WAS) in Org-N reactors (Figure S5b) stimulated protease
activity (Figure 2b) and increased undesirable VFA production
by providing amino acid substrates.33 Adding ammonium
directly (Am-N reactors) provides a nitrogen source without
adding proteins that can be broken down into VFA substrates,
leading to lower VFA production (Figure 1a). However,
ammonium (less than 100 mg/L) was also generated via
672
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Figure 2. Solubilization, hydrolysis, glycolysis, and acidiﬁcation in repeated batch fermentation of Ctrl, Org-N, and Am-N. (a) Soluble COD
released (ΔSCOD) after 1 day of fermentation; the relative activities of key hydrolases, (b) protease and (c) α-glucosidase, at 2 days of fermentation;
(d) soluble carbohydrate reduction rate during the fermentation; and the relative activities of key enzymes related to (e) relative activity of n-LDH
(LA production) and (f) i-LDH (undesirable LA consumption) at 3 days of fermentation. Each box plot shows minimum (error bar), maximum
(error bar), ﬁrst quartile, median, third quartile, and maximum values from the data of eight cycles, which are detailed in the Supplementary
Material.

while nitrate accumulated from 9.86 ± 0.59 to 49.49 ± 2.78
mg/L. In Ctrl reactors, ammonium and nitrate both slightly
increased to 24.26 and 23.58 mg/L during fermentation.
Ammonium transformations were further quantiﬁed by 15N
isotope tracing in a reactor fed with FW and 15NH4Cl (Figure
4b). However, the consumption of 15NH4Cl in this reactor was
only 30.8% (Figure S10) compared to an average consumption
of 49.8% in Am-N reactors (Figure S5c). This is likely due to
the isotopic fractioning eﬀect, where lighter 14N atoms are
utilized at a higher rate than 15N.46 About one-half of the
ammonium consumption was attributed to assimilation since
46.6% of the utilized 15NH4Cl was associated with biomass
versus 15.3% oxidized to 15NO3−-N and 31.0% to 29N2 and
30
N2 (Figures 4b and S10). The KEGG pathway database
indicates that the relative abundance of functional genes
related to ammonia assimilation (GOGAT) was higher in AmN and Org-N than that in Ctrl reactors (Figure S11).
Mechanistic Insight into the Role of AmmoniumStimulating LA Production with High OA-L. Nitrogen is
essential to synthesize carrier proteins for facilitated diﬀusion
and active transport, with ammonium being one of the
preferable nitrogen sources for all bacteria including LAB.18
For example, the addition of ammonium enhanced substrate
transport activities (Figure S9) and resulted in a higher
concentration of pyruvate in Am-N (Figure S6), the precursor
of LA. This is consistent with one-half of the added
ammonium utilized for bacterial assimilation (Figure 4b),
including LAB anabolism and proliferation (Figure 3a). On the
other hand, we tested whether ammonium aﬀects L-LA
generation by coupling to pyruvate. In PyNH4-R (synthetic
media containing both pyruvate and ammonium), ammonium
decreased from 300.3 to 168.8 mg/L (Figure 5a) and lactate
production, OA of L-LA, and pyruvate consumption were all
signiﬁcantly higher than in the ammonium-free reactor (Py-R,

Figure 3. Selected genotypes and functional genes in the repeated
batch fermentation of Ctrl, Org-N, and Am-N. (a) Relative abundance
of LAB and denitriﬁes at genus levels (taxonomic details are in Figures
S7 and S8), (b) relative abundance of functional genes (ldhL and
ldhD), and (c) regression analysis of the correlation between key LAB
genera and abundance of ldhL.

ammonium ﬁrst peaked at 62.07 ± 10.52 mg/L due to
deamination44,45 and then decreased to 12.24 ± 7.05 mg/L,
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(510 mM electrons) and likely had minimal or no eﬀect on LLA production (Table S7).
Not only was ammonium assimilation associated with
metabolic changes and bacterial population shifts but also a
lower ORP and higher intracellular NADH levels. In the Ctrl,
ORP continuously increased from −450 to −200 mV over
time, whereas Am-N had a more stable reducing environment
from −470 to −320 mV (Figure S13). The increased ORP
tendency might be due to glycolysis and acidiﬁcation
processes,47 which correspondingly consumed reducing
substrates such as glucose and produced oxidative intermediate
(i.e., lactate and acetate as shown in Table S8). In this study,
the lower ORP was correlated (k = −0.2, R2 = 0.43, p < 0.05)
with a higher OA of L-LA during long-term fermentation
(Figure 6). Whereas correlation does not prove causation, we

Figure 4. Nitrogen transformation during LA fermentation. (a)
Average concentration of nitrogenous compounds (ammonium,
nitrate, and nitrite) during one cycle of the fermentation stage in
three repeated batch reactors. (b) Ammonium nitrogen fate analysis
using 15N isotope tracing; 29N2 and 30N2 were probably originated
from 15nitrogen via ammonia oxidation to 15NO3- that was
subsequently denitriﬁed. Relative abundance of ammonia-oxidationrelated genes (amoA and nxrB) and denitriﬁcation-related genes
(narG and nirS) is detailed in Figure S12 in the Supporting
Information.

Figure 6. Linear regressions between ORP and OA-L in the repeated
batch fermentation of Ctrl, Org-N, and Am-N, overlapped by key
LAB genera. Variations of ORP along with fermentation time course
are detailed in Figure S13. The positions of the overlapped circles,
labeled in 2nd, 4th, 6th, and 8th cycles, correspond to the given pairs
of OA-L and ORP when the bacteria samples were fetched out. The
areas of the color sectors represent the relative abundance of the LAB
genera from total bacteria that has a high correlation with ldhL
(Figure 3c).

containing only pyruvate) (Figure 5b). No depletion of
ammonium was observed in the absence of pyruvate (NH4R, containing only ammonium), indicating a strong link
between pyruvate and ammonium in this simpliﬁed system. In
this study, electrons derived from ammonia oxidation (21.28
mM) were a relatively small fraction of the electron donor pool

cannot rule out that low ORP may exert selective pressure for
some speciﬁc L-LA producing genera (Figures 6 and S14) and
enrich ldhL genes (Figure 3). It was reported that the
extracellular ORP could impact intracellular redox homeo-

Figure 5. Lactate fermentation using synthetic medium amended with either pyruvate (Py-R) or ammonium (NH4-R) or both (PyNH4-R). (a)
Variation of ammonia (solid line) and nitrate (dashed line) in Py-R, NH4-R, and PyNH4-R during the fermentation time course. Nitrite was not
observed in three reactors. (b) Lactate generation (solid line) and pyruvate consumption (dashed line) in three reactors. OA was recorded when
the maximal concentration of lactate was observed.
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this study highlights ammonium as an overlooked biostimulator in mixed culture fermentation of organic waste to
simultaneously enhance the resource recovery of valuable
chiral molecules and nutrient removal from waste streams.

stasis, gene expression, and enzyme synthesis and consequently
control proﬁles of fermentation products.47,48 For example, a
lower ORP resulted in an increase in LA production from
glucose in anaerobic fermentation by Klebsiella pneumoniae.48
Our recent study showed that OA of L-LA was signiﬁcantly
improved by providing a cathode applied with −100 mV (a
reducing environment) in cathodic electrofermentation of FW,
which also resulted in a community shift toward phylotypes
that are most likely to produce L-LA.25 Additionally, lower
ORP has also been reported to inﬂuence the NAD+/NADH
redox balance.49,50 Thus, a higher intracellular NADH level
was also observed in Am-N (0.46 ± 0.02 vs 0.26 ± 0.01 mM
for unamended controls, p < 0.05) and the ratio of NAD+/
NADH almost doubled when ammonium was added (Figure
7). NADH is the direct electron donor linking the reduction of
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pyruvate to lactate, pyruvate + NADH + H+ → lactate +
NAD+, implying that a higher NADH level may increase the
lactate yield rather than stereospeciﬁcity.41 Furthermore, a
higher ratio of NAD+/NADH not only reﬂects the result of
metabolic ﬂux of the cell, indicating that more NADH
underwent reductive reactions as electron donor,48 but also
enhances the activities of NAD+-dependent enzymes,51
increasing both the glycolysis step (Figure 2d) and NADH
regeneration (Figure 7) in oxidative pathways, as proposed in
Figure S15. Thus, ammonium addition resulted in a stable
reducing environment (ORP ranged from −470 to −320 mV)
and higher intracellular NADH levels, both possibly contributing to higher L-LA production.
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