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• P. acidilactici could adapt in source-sorted
organic household waste.

• Bio-augmentation with P. acidilactici
boosted lactic acid concentration by 18%.

• Inhibitory effect of acid stress was relieved
by adaptation process.

• Adaptation of stepwise pH decrease was
more efficient to increase LA production.
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Lactic acid (LA) production at low pH could significantly reduce the need for neutralizing agents, leading to reduction
of operational costs. In the present study, LA production at acidic conditions was investigated using source-sorted or-
ganic household waste (SSOHW). Controlling the pH at low value (i.e. 5.0) and bio-augmenting with Pediococcus
acidilactici led to a concentration of 39.3 ± 0.5 g-LA/L with a yield of 0.75 ± 0.02 g-LA/g-sugar. In contrast, secondary
fermentation at higher pH level (i.e. 5.5 and 6.0) resulted in complete LA degradation. Subsequently, consecutive
batch fermentations were conducted to adapt P. acidilactici to SSOHWand improve the LA production. Results showed
that P. acidilactici could successively adapt in the SSOHW reaching a relative abundance above 2.8% at adaptation pro-
cess. The added P. acidilactici ensured a high concentration of LA at three consecutive generations, achieving an incre-
ment above 18% compared to control test (abiotic augmentation). Moreover, adaptation processes (i.e. maintaining
pH at 4.0 or stepwise decreasing the pH from 5.0 to 4.0) significantly improved LA concentration and productivity
at the pH of 4.0. Overall, the results provide a promising method to reduce the LA production costs using residual re-
sources.
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Table 1
The characteristics of homogenized source-separated household organic waste.
(SSOHW-A and SSOHW-B stands for substrate collected in March and May, respec-
tively).

Characteristics Units SSOHW-A SSOHW-B

Total solid g/kg 146.3 ± 5.1 150.0 ± 5.8
Volatile solid g/kg 132.7 ± 3.0 137.3 ± 5.6
pH – 5.4 ± 0.0 4.6 ± 0.0
Lactic acid g/L 3.9 ± 0.1 18.7 ± 0.2
Total sugar g/L 61.7 ± 0.9 39.4 ± 1.1
Soluble glucose g/L 6.7 ± 0.1 5.0 ± 0.1
Soluble xylose g/L 10.0 ± 0.0 4.3 ± 0.2
Ethanol g/L 2.4 ± 0.1 6.7 ± 0.2
Acetic acid g/L 1.5 ± 0.1 3.9 ± 0.1
NH4

+-N g/L 1.6 ± 0.1 1.4 ± 0.1
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1. Introduction

As an important and versatile platform molecule, lactic acid (LA) has
been widely applied in chemical, medical, pharmaceutical as well as food
industry (Eş et al., 2018). Specifically, LA can be used as building block
for biodegradable and biocompatible poly-lactic acid (PLA) polymer, a
promising alternative to conventional plastic derived from petrochemicals
(Abdel-Rahman et al., 2013). However, a widespread bio-plastic applica-
tion was not yet achieved, due to high costs for LA production (Ahmad
et al., 2020b).

Microbial fermentation has prevailed in LA production due to low en-
ergy consumption, the possibility of obtaining high optical purity and low
environmental impact compared to chemical synthesis (Tang et al., 2016;
Xu et al., 2021). However, food feedstocks (e.g. corn) are commonly used
as the substrate, increasing the production cost (Abdel-Rahman et al.,
2013). Exploitation of low-cost and non-food feedstocks appears to be
more attractive due to absence of competition with human food chain.
Nowadays, source-sorted organic household waste (SSOHW) has been
widely used to produce bioenergy (Khoshnevisan et al., 2020; Kumar
et al., 2021). As an alternative, SSOHW is considered as a potential sub-
strate for LA production, offering several advantages; as for example, high
abundance, low cost, high polysaccharide content and non-seasonality (Eş
et al., 2018; López-Gómez et al., 2019; Mak et al., 2021). Moreover, large
amounts of household waste (i.e. up to 225 million tons of European
Union in 2019) are generated every year worldwide (Eurostat, 2018).
With respect to economic and environmental concerns, fermentation of
SSOHW for LA production could be an attractive waste management ap-
proach, converting residual resources to the useful platform chemical and
at the same time minimizing the pollution.

Despite SSOHW as an inexpensive and alternative feedstock, a pretreat-
ment step is required to increase the availability of monosaccharides (e.g.
glucose) for lactic acid bacteria (LAB), adding extra costs to a feedstock
cost-dominated process (López-Gómez et al., 2019).Moreover, pure culture
fermentation is commonly followed in previous works and industrial appli-
cation (Ahmad et al., 2020a; Peinemann et al., 2019) However, to avoid
contamination, sterilization of applied feedstock and equipment is often
needed before inoculation, further increasing operational costs. As a way
to exploit the potential of naturally presented hydrolytic and LA producing
microorganisms, SSOHWwas fermentedwithout adding external inoculum
and without applying pretreatment. Nevertheless, the LA yield were very
low (<0.4 g/g-sugar) (Peinemann et al., 2019; Tang et al., 2016).

Bio-augmentation of indigenous mixed culture with pure LAB could im-
prove yield and productivity since hydrolytic capacity of the indigenousmi-
crobes will be still available, while the exogenous strain can provide the
desirable phenotype. In a previous study, bio-augmentation of SSOHW
with Pediococcus acidilactici (P. acidilactici) increased the LA concentration
by 36.2% compared to abiotic augmentation (Zhang et al., 2021a). How-
ever, continuous inoculation with pure LAB is both technically and eco-
nomically impractical for industrial operation, while microbial adaptation
could be amore feasible solution for the long-termmaintenance. Successive
exposure of specific LAB to SSOHW could increase its competitiveness
against indigenous microbiome. Thereby, the bio-augmented strain could
be retained and established in the reactor, contributing to a stable and ro-
bust LA fermentation process.

During fermentation, LA accumulation leads to pH decrease and moves
the balances to undissociated LA due to its protonation (Gonçalves et al.,
1997; Othman et al., 2017). The undissociated LA can easily permeate
into the cell membrane due to passive diffusion, while neutral pH in cytosol
leads to dissociation (Trček et al., 2015). The released protons upon chem-
ical dissociation lead to internal pH decrease of the cell, which causes the
induction of energetically expensive stress response to restore homeostasis
and the reduction of energy available for cell growth and other metabolic
functions (Axe and Bailey, 1995; Trček et al., 2015). As a result, acidifica-
tion results in slowing down and eventual shutoff of LA production until
cell death (Cubas-Cano et al., 2019; Trček et al., 2015). To avoid acidifica-
tion, buffer agents (e.g. NaOH) are frequently used in fermentation.
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However, addition of alkaline solution will not only increase fermentation
cost, but also be burden for the down-stream process (Zhang et al.,
2021b). Therefore, developing an acid-tolerant culture could theoretically
be a solution to acidification phenomena, andmake the LA purification pro-
cess simpler and easier.

Previous researches were focusing on improving and identifying acid-
tolerant strains. For example, genome shuffling technology was applied to
Lactobacillus rhamnosus for achieving better performance at low pH, result-
ing in 3.1-fold increase of LA concentration at pH 3.8 compared to wild
strain (Wang et al., 2007). Similarly, Suzuki et al. achieved 6.0% increase
of LA at pH 2.6 through gene editing in Saccharomyces cerevisiae (Suzuki
et al., 2013). However, the efficiency of sugar conversion to LA and the sta-
bility of geneticmodified strains are not adequate for industrial application.
Moreover, there is incomplete knowledge of the complicated acid-tolerant
mechanism (Cubas-Cano et al., 2019). As an alternative, the adaptation pro-
cess is a traditional method for natural genomic adaptation of microbial
strain/consortium upon increasing exposure to an inhibitor to obtain desir-
able phenotypes (e.g. acid tolerance and high substrate conversion) (Chen
et al., 2015; Cubas-Cano et al., 2019). Such process is more generic and ap-
plicable to all organisms, especially for acid-tolerantmixed culture develop-
ment. Therefore, adaptation process can improve acid tolerance of the bio-
augmentation system, but also strengthen the symbiosis between the bio-
augmentation strain and indigenous microbiota.

The present study aimed to explore LA production from SSOHW in
acidic conditions via bio-augmentation and adaptation. In this context, ad-
aptation of P. acidilactici to SSOHW based LA fermentation was examined
by consecutive batch fermentation. Moreover, adaptation strategies (i.e.
maintaining pH at 4.0 or gradually decreasing the pH from 5.0 to 4.0)
were applied to enhance LA concentration at pH 4.0. Microbial communi-
ties were characterized during the adaptation process to reveal the estab-
lishment of P. acidilactici in the mixed culture and also, microbial
community shifts during the adaptation process. The present work might
contribute to simplify the industrial fermentation process and realize
high-yield LA production from organic waste at acidic condition.

2. Materials and methods

2.1. Substrate and inoculum

Two batches of SSOHW (i.e. SSOHW-A and SSOHW-B) were collected
in the form of municipal biopulp from HCS A/S Transport & Spedition
(Glostrup, Denmark) in March and May 2019, respectively. SSOHW was
homogenized at the HCS facility while non-degradable materials were
discarded. The collected SSOHW was stored at −20 °C before use. The
characteristics of SSOHW are shown in Table 1. The differences in compo-
sition between the two batches were due to collection time. The increased
air temperature in May led to the establishment of indigenous LAB during
the collection and storage of SSOHW, resulting in relatively high LA con-
centration in SSOHW-B.

Pediococcus acidilactici NCIMB 702925 were used in this study, which
was kindly provided by The Novo Nordisk Foundation Center for



Table 2
Operational conditions of different adaptation strategies to improve LA production
at pH 4.0.

Strategies Temperature
(°C)

Total
solid
loading
(g-TS/L)

pH

1st
generation

2nd
generation

3rd
generation

pH 4.0–4.0–4.0 32.4 105 4.0 4.0 4.0
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Biosustainability, Technical University of Denmark. De Man, Rogosa and
Sharpe (MRS) was used as medium for bacteria cultivation, which contains
(g/L): glucose (20.0),meat extract (8.0), peptone (10.0), yeast extract (4.0),
CH3COONa·3H2O (5.0), MnSO4·4H2O (0.05), MgSO4·7H2O (0.2),
C6H17N3O7 (2.0), Tween 80 (1.0). The initial pH of the medium was ad-
justed to 6.2 by adding 5 M NaOH or 3 M HCl. Cultivation of P. acidilactici
was carried out in 37 °C incubator for 24 h and the OD562 was higher than
2.2 before inoculation.
pH 5.0–4.5–4.0 32.4 105 5.0 4.5 4.0

pH 4.0–4.0–4.0 is the adaptation strategy in terms of maintaining pH at 4.0;
pH 5.0–4.5–4.0 is the adaptation strategy in terms of stepwise pH decrease.
2.2. Experimental setup

Fermentation in batch mode, at different pH conditions (i.e. 6.2, 5.5,
5.0, 4.5 and 4.0) on SSOHW-A was examined. All fermentations were con-
ducted in duplicate Biostat A plus 3-L fermenters (1.5 L working volume)
with agitation at 250 rpm. The fermentation temperature was automati-
cally controlled at 32.4 °C with heating jacket and the total solid loading
was 105 g-TS/L according to previous study (Zhang et al., 2021a). The fer-
menters were inoculated with 10% (v/v) P. acidilactici and the pH was
kept constant by adding drops of 5 M sodium hydroxide or 3 M hydrochlo-
ric acid. Before fermentation, the reactors were flushed with nitrogen for
20 min to establish anaerobic conditions. Each batch experiment lasted
4 days and, every 12 h samples were collected for analysis of LA, sugar
and by-products concentrations.

Subsequently, consecutive batch fermentations were conducted for
three generations in order to adapt P. acidilactici to SSOHW at the opti-
mum pH levels as determined from the above-mentioned pH experi-
ments. Pure culture of P. acidilactici was inoculated at the first
generation at a volume ratio of 1:9, while 1.2 L fermentation broth
was replaced by the same volume of SSOHW-B for the subsequent two
generations (Fig. 1). In parallel, fermentations with the indigenous nat-
ural microorganisms and without the addition of P. acidilacticiwas set as
control (abiotic augmentation). The temperature and pH were automat-
ically controlled at 32.4 °C and 5.0, respectively. All fermentations were
conducted at anaerobic conditions and the reactors were flushed with
N2 before the fermentation. Each batch fermentation lasted 48 h and
sampling was conducted every 8 h to measure LA, by-products, and
sugar concentrations.

To improve LA production at lower pH, adaptation strategies of
maintaining pH at 4.0 for three generations (denoted as
pH 4.0–4.0–4.0) and stepwise pH decrease from 5.0 to 4.0 (denoted as
pH 5.0–4.5–4.0) were examined. Similar to the above-mentioned tests,
inoculation of 10% P. acidilactici was also followed at the first genera-
tion and 1.2 L fermentation broth was replaced by the same volume of
SSOHW at the subsequent two generations. The detailed operation con-
ditions are shown in Table 2. The sampling procedure was the same as
mentioned above.
Fig. 1. Schematic diagram of con
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2.3. Analytical methods

Thermal-acid digestion method was used to determine the sugar con-
tent in dry SSOHW (Zhang et al., 2021a). High performance liquid chro-
matograph (HPLC) equipped with a refractive index detector and a
column of Bio-Rad Aminex HPX-87H (300 mm × 7.8mm) was used to
quantify LA, glucose and xylose concentrations in the liquid samples. The
gas production during the fermentation tests was determined using gas me-
ters and counters based on liquid displacement method (Tsapekos et al.,
2019a). The hydrogen content was determined by a gas chromatograph
(TRACE 1300 fromThermo Scientific)with a thermal conductivity detector
(TCD). The by-products (e.g. acetic acid and ethanol) concentrations were
detected by a gas chromatograph (TRACE 1300 from Thermo Scientific)
with a flame ionization detector (FID) and the column of DB-FFAP fused sil-
ica capillary. Total solid (TS), volatile solids (VS) and NH4

+-N were mea-
sured according to standard methods (APHA, 2012).
2.4. Microbial community analysis

To reveal microbial community shifts at the different adaptation exper-
iments, eight duplicate samples were analyzed using 16S rRNA gene se-
quencing. Specifically, the community was analyzed for raw SSOHW-B
and for seven samples that were collected during fermentation tests. The
sampling points are highlighted in green circles in Figs. 3 and 4, and the de-
tailed sample ID is reported in Table 3. The samples were cleaned by Phe-
nol: Chloroform: Isoamyl Alcohol (25: 24: 1) and then, the kit of DNeasy
PowerSoil® (QIAGEN GmbH, Hilden, Germany) was used to extract the
DNA from each sample. Afterwards, the V3–V4 region of 16S rRNA gene
was amplified with primer of 341F/806R by polymerase chain reaction
(PCR) and the amplicons were sequenced using the Illumina MiSeq plat-
form and the 2 × 250 bp chemistry. The data processing procedure could
be found in previous study (Tsapekos et al., 2019b). The raw reads were
submitted in the NCBI sequence read archive database (SRA) with the
BioProject ID PRJNA749941.
secutive batch fermentations.



Table 3
Collected samples at different adaptation strategies for 16S rRNA gene sequencing.

Strategies End of 1st generation 3rd generation

16 h 24 h 48 h

pH 5.0–5.0–5.0 pH55G1-48 pH55G3-16 pH55G3-48
pH 4.0–4.0–4.0 pH44G1-48 pH44G3-24 pH44G3-48
pH 5.0–4.5–4.0 pH54G3-24

pHxy is used to differentiate the strategy. x and y are the pH values at the first and
third generations, respectively. G stands for generation, while its subscript shows
the number of generation.
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2.5. Calculation and statistical analysis

The LA yield based on total sugar (g-LA/g-sugar) was defined as the max-
imum amount of LA (g) per gram of available total sugars (g). LA productiv-
ity (g/L/h) was defined as the ratio of LA concentration (g/L) to the
fermentation time (h), and productivitieswere calculated at every sampling
point during the fermentation with the highest value corresponding to the
maximum productivity (Pmax).

The results of LA and by-products concentrations in this study were
shown as average ± standard deviation. One-way analysis of variance
(ANOVA) was used to analyze statistically significant differences of results
by OriginPro software (2018, OriginLab Corporation, USA).
3. Results and discussion

3.1. Effect of pH on LA production

A set of comparative experiments with addition of P. acidilactici were
conducted to elucidate the effect of pH on fermentative LA process.
Among all tested pH conditions, the highest LA concentration and yield of
39.3 ± 0.5 g/L and 0.75 ± 0.02 g/g-sugar were achieved at pH of 5.0 at
1.5 days (Fig. 2a). Subsequently, the LA concentration was decreased and
was degraded to by-products, which has also been reported previously
(Zhang et al., 2021b). Furthermore, slightly lower concentrations
(33.9 ± 0.7 g/L and 26.2 ± 0.8 g/L) were obtained at lower pH values
of 4.5 and 4.0. The amount of protonated LA significantly increases at pH
lower than 5.0 (Fig. S1), leading to the decrease of intracellular pH. The dis-
sociation of functional groups involved in the enzyme-substrate complex
declined the microbial activity and growth of most LAB (Tang et al.,
Fig. 2. The lactic acid (a) and by-products formation (b) at different pH (The x-ax
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2016; Yates et al., 1990). At higher pH levels (i.e. 6.2 and 5.5), the pro-
duced LA was completely consumed and converted to by-products at 2.5
d and 3.0 d, which is consistent with the studies of Zhang et al. (2020)
and Komemoto et al. (2009). LAB have higher acid tolerance compared to
other acidogens (e.g.Acetobacter spp.) that are favored at neutral conditions
and so, LA production is normally more competitive at acidic condition
(Ahmad et al., 2020a; Lee et al., 2014). Moreover, lactate consuming bacte-
ria (e.g. Megasphaera) were previously found to be enriched at pH of 6.0
(Contreras-Dávila et al., 2020), leading to complete LA degradation. The re-
sults indicated that it was not feasible tomaintain high LA concentrations at
high pH (>5.5) in the presence of the naturally formed culture in SSOHW.
Otherwise, fermentation time should be strictly controlled to avoid LA deg-
radation. Some studies reported that LAB could endure and efficiently pro-
duce LA at low pH of 4.0–4.5 by adaptation process (Chen et al., 2015;
Cubas-Cano et al., 2019). Hence, LA production at low pH could avoid
the subsequent LA degradation, but also reduce the need for neutralization
agents.

Along with LA, significant formation of by-products was observed
(p < 0.05) (Fig. 2b). Moreover, high pH level (i.e. 5.5 and 6.2) led to higher
by-products concentration compared to pH at 5.0, 4.5 and 4.0. At pH 6.2
and 5.5, by-products were accumulated following a complete LA degrada-
tion and final by-products concentration reached to 34.3 ± 1.8 and
30.2 ± 0.1 g/L, respectively. Moreover, hydrogen was detected, equal to
45.1 and 12.2 mL H2/g VS, respectively (Fig. S2). Previous researches
also reported the secondary fermentation phenomena, in which LA was
converted to by-products after the LA peak concentration (Rombouts
et al., 2020; Zhang et al., 2020). Regarding lower pH (i.e. 5.0, 4.5 and
4.0), the by-products concentrations were lower than 12 g/L at the end of
fermentation. However, it is noteworthy that most of by-products were
formed at 3.0–4.0 d. At this period, degradation of LA was observed, result-
ing in by-products formation. Focusing on the composition of by-products,
acetic acid and ethanol were the main prevalent by-products at lower pH
levels of 5.0, 4.5 and 4.0, while butyric acid and valeric acid were the
main by-products at higher pH level of 6.2 and 5.5. Hetero-fermentative
LAB are frequently detected in organic waste, contributing the ethanol
and acetic acid production during fermentation (Tang et al., 2016; Ye
et al., 2018). Moreover, acidogens could be responsible for the acetic acid
and ethanol production in mixed culture fermentation. Additionally, LA
could be oxidized to acetic acid and hydrogen/ethanol at pH of 6.2 and
5.5, due to the presence of lactate consuming bacteria (e.g. Megasphaera)
(Eqs. (1) and (2)). Regarding butyric acid, LA and ethanol could act as
two ideal electron donors to induce the butyric acid production by reverse
is are shown as the controlled pH - fermentation period in days (e.g. 6.2–1)).
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β oxidation pathway (Eqs. (3) and (4)) (Coma et al., 2016; Wu et al., 2019).
Additionally, valeric acid can derive from the associative reaction of
propanol oxidation by acetic acid elongating (Eq. (5)) (Kenealy and
Waselefsky, 1985). At the end of fermentation, propanol was detected at
the pH of 5.0, 4.5 and 4.0, but not at 6.2 and 5.5. The depleted propanol re-
sulted in the valeric acid formation at pH of 6.2 and 5.5.

C3H6O3 þ H2O→C2H4O2 þ CO2 þ 2H2 ð1Þ

C3H6O3→C2H6Oþ CO2 ð2Þ

C3H6O3 þ C2H4O2→C4H8O2 þ CO2 þ H2O ð3Þ

C2H6Oþ 2=3C2H4O2→5=6C4H8O2 þ 1=3 H2 þ 2=3 H2O ð4Þ

C3H8Oþ C2H4O2→C5H10O2 þ H2O ð5Þ
Fig. 3. Lactic acid (a) and by-products (b) formation during consecutive batch fermentat
PA - 8). The fermentation with addition of P. acidilactici is denoted as PA and the contro
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3.2. Adaptation of P. acidilactici to SSOHW

Consecutive batch fermentations were set up to adapt P. acidilactici
to SSOHW for LA production at the optimum pH based on the prelim-
inary tests. Regarding bio-augmentation, the addition of P. acidilactici
boosted the LA concentration by 18.2–25.1% at all generations com-
pared to abiotic augmentation (Fig. 3). In the previous result, signifi-
cant increase of LA optical purity via bio-augmentation with
P. acidilactici was demonstrated and the L-LA could reach around
80% (Zhang et al., 2021a). During adaptation, the highest LA concen-
tration obtained at three generations (~30.0 g/L) did not differ signif-
icantly when adding P. acidilactici (p > 0.05). Moreover, the maximum
productivity at the second and third generations increased by 8.1%
(p = 0.029) and 6.4% (p = 0.148) compared to the first generation,
respectively. Along with LA production, most of the sugars were con-
sumed at each generation and almost the same remaining total sugars
(~5 g/L) were observed at the end of each generation (Fig. S3). In
Denmark, garden waste (e.g. grass) accounts for 3.5–5.0% in
SSOHW, which is a resistant fraction to degrade via indigenous micro-
biota (Edjabou et al., 2018). On the contrary, the highest LA concen-
tration obtained at second and third generation of the control test
ion (The x-axis of Fig. 2b shows the treatment and fermentation period in hours (e.g.
l is abiotic augmentation fermentation).
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(i.e. abiotic augmentation) was significantly lower than the first gen-
eration. The results indicated that P. acidilactici could successively
adapt in the SSOHW and enhance the LA production at pH 5.0.

Furthermore, LA yield with the addition of P. acidilactici was
0.60 g-LA/g-sugar in all generations using SSOHW-B, which was signifi-
cantly lower compared to SSOHW-A (0.75 ± 0.02 g-LA/g-sugar). The
high concentration of LA (14.4 ± 0.06 g/L) in SSOHW-B could exert
inhibition effect on cell metabolism and proliferation (Abdel-
Rahman et al., 2013). Moreover, potential establishment of acidogens
during collection and storage could also have adverse effect on the
followed fermentation for LA production. The result revealed the
high impact of the initial LA concentration and sugar content on the
fermentative LA performance.

Compared to bio-augmentation with P. acidilactici, abiotic augmenta-
tion led to markedly higher by-products concentration. In each generation,
the by-products were gradually increased in all treatments. Hetero-
fermentative LAB and by-product producers could be the contributors, be-
cause similar timeframe for LA and by-products formation was observed.
Besides, the slight decrease of LA after 16 h indicated that further metabo-
lism of LA also contributed for by-products formation at the second and
third generations.
Fig. 4. Lactic acid (a) and by-products (b) generation at adaptation process (The x-axis o
S1 and S2 represent the adaptation process of pH 4.0–4.0–4.0 and pH 5.0–4.5–4.0, resp
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3.3. Adaptation process to improve LA production at low pH

Fermentation at low pH can significantly decrease operational costs due
to the reduced need for neutralizer (e.g. NaOH and CaCO3). In theory, the
amount of NaOH for resisting pH decline would decrease by 40.0%, when
the fermentation pH is lowered from 5.0 to 4.0 based on Henderson-
Hasselbalch equation (Levie, 1991). Also, acid (e.g. H2SO4) required for
the formation of free LA during downstream separation process, increases
the overall costs and contributing to waste generation (e.g. calcium sul-
phate) (Cubas-Cano et al., 2019). Despite LA can be produced at low pH
(i.e. 4.0) as presented earlier, the highest concentration and maximum pro-
ductivity were 36.3% and 62.0% lower than pH of 5.0 (Fig. 2). Hence, ad-
aptation strategies (i.e. maintaining pH at 4.0 and stepwise decreasing pH
from 5.0 to 4.0) were applied to increase the LA production at pH 4.0
(Fig. 4).

After the adaptation procedure of pH 4.0–4.0–4.0, a significantly
increased LA concentration at third generation was detected com-
pared to the first generation (p < 0.05). At the first generation, a pro-
longed lag phase was observed along with relatively low LA
concentration of 19.5 ± 0.5 g/L. According to literature, the growth
of LAB would be strongly inhibited at pH below 4.5 (Cubas-Cano
f Fig. 2b shows the adaptation strategy and fermentation period in hours (e.g. S1–8).
ectively).
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et al., 2019). Moreover, high LA concentration (14.4± 0.1 g/L) in raw
substrate significantly influenced the cell growth and prolonged the
lag phase due to permeating of protonated LA into cell at pH of 4.0
(Akao et al., 2007; Cubas-Cano et al., 2019). However, in the present
work, the inhibitory effect of acid stress was relieved by adaptation.
Specifically, LA concentration was increased by 10.6% and 24.6% at
the second and third generation compared to first generation, respec-
tively. Meanwhile, adaptation improved the maximum LA productiv-
ity by 1.8 and 2.7 folds, and the lag phase was eliminated. However,
high amounts of by-products were also generated at the same
timeframe of LA production at pH of 4.0, apart from the contribution
of decreased LA after 24 h. Microbial community shift towards the es-
tablishment of hetero-fermentative LAB at pH of 4.0 could have con-
tributed to acetic acid and ethanol formation along with LA
production. Besides, significant increase of ethanol compared to
other by-products was detected. It was reported that besides LAB,
ethanologenic microorganism (e.g. Saccharomyces) are also likely to
become dominant at low pH of 4.0 during mixed culture fermentation
(Itoh et al., 2012; Ma et al., 2021). In summary, adaptation at pH of 4.0
improved LA production and eliminated lag phase, but also resulted in
high amounts of by-products.

Furthermore, stepwise pH decrease (i.e. pH 5.0–4.5–4.0) was explored
to adapt the microbial community for LA production, while reducing by-
products production. Results showed that the highest LA concentration
and maximum productivity were 27.5 ± 0.6 g/L and 0.54 ± 0.03 g/L/h
at the third generation, which were 13.2% and 31.7% higher than the
pH 4.0–4.0–4.0 treatment, respectively. Moreover, LA degradation after
its peak value was avoided at the second and third generations, due to the
fact that LA degraders can be more sensitive to pH change than LAB. On
this topic, recent studies showed the secondary fermentation and LA degra-
dation could be avoided by intermittently pH adjustment (Ma et al., 2021;
Zhang et al., 2020). As shown in Fig. 4b, by-products concentrationwas sig-
nificantly lower than pH 4.0–4.0–4.0. More specifically, the ethanol and
acetic acid concentrations decreased by 45% and 32.9%, respectively.
Hence, stepwise pH decrease could be a more efficient strategy in increas-
ing LA production and reducing by-products formation at pH of 4.0 com-
pared to continuously maintaining the pH at 4.0 (i.e. pH 4.0–4.0–4.0).
Fig. 5. Beta diversity (a): Principal components (PC) 1 and 2 explained 44% and 26% of
varies from low abundance (blue) to high abundance (red). (For interpretation of the refe
article.)
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3.4. Microbial diversity analysis

Beta diversity using principal component analysis (PCA) revealed a
clear distinction ofmicrobial community at different adaptation procedures
(Fig. 5a). Samples of SSOHW and pH55G1-48 clustered together indicating
similar microbial composition at raw SSOHW-B and the end of fermenta-
tion at pH 5.0. Long matrix distances were found among SSOHW,
pH44G1-48 and pH44G3-48, indicating microbial community shifts during
the adaptation process at pH 4.0–4.0–4.0. Likewise, relatively long matrix
distances were observed between pH44G3-24 and pH44G3-48, pH55G3-16
and pH55G3-48, which could be attributed to the detected secondary fer-
mentation after the peak value of LA concentration. Furthermore, the mi-
crobial community of pH55G3-16 and pH54G3-24 clustered together
indicating high similarity of microbial community by adaptation process
of pH 5.0–5.0–5.0 and pH 5.0–4.5–4.0.

Themost abundantmicroorganisms belonged to the genus of Lactobacil-
lus (>92%). It has been reported that Lactobacillusmade up the largest part
in kitchen waste and fresh organic residues (Probst et al., 2013; Tang et al.,
2016). In rawSSOHW, L. silagincola, L. cerevisiae and L. sanfranciscensiswere
the dominant LAB (Fig. 5b). Despite insignificant microbial structure was
detected during the adaptation process of pH 5.0–5.0–5.0, the dominant
LAB was shifted to L. futsaii, L. kefiranofaciens and L. helveticus at the first
generation. These LAB species were previously grown on organic waste
and were able to metabolize a variety of sugars (e.g. glucose, xylose, man-
nose and sucrose) (Cheirsilp et al., 2003; Du et al., 2019; Plessas et al.,
2008). The abundance of these LAB furtherly increased at pH55G3-16 and
pH55G3-48 at the third generation, accounting for more than 70% of total
microorganisms. However, higher abundance of Megasphaera elsdenii
(3.6%) in pH55G3-48 was detected compared to pH55G3-16 (0.4%). Within
Megasphaera genus, the ability to degrade and convert LA into VFAs (i.e.
acetate, propionate and butyrate) was reported (Chen et al., 2019).
Megasphaera spp. was more abundant at sugar-limiting conditions than
non-limiting conditions during mixed culture fermentation (Hoelzle et al.,
2021). Thus, the proliferation of theM. elsdenii in pH55G3-48 was in agree-
ment with the degradation of produced LA and by-products formation ob-
served after 16 h. P. acidilactici, which was added only at the beginning of
the experiment, was detected at relative abundance of 7.1% at the end of
community variation, and the heat maps of relative abundance (b): the colour scale
rences to colour in this figure legend, the reader is referred to the web version of this
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first generation and then, decreased to 2.8% at the end of experiment at
pH 5.0–5.0–5.0 treatment. A possible reason was that introduced indige-
nous microbial consortium in SSOHW diluted P. acidilactici concentration,
since 80% (v/v) of fermentation broth was replaced by SSOHW at the sec-
ond and third generations. Although the relative abundance of P. acidilactici
decreased with the generation lineages, the elevated LA concentration and
stable fermentation performance compared to abiotic augmentation indi-
cated that its addition had positive effect on LA production. It is indicated
that P. acidilactici could function by triggering changes of the microbial
community and at the fermentation outcome. Similar observation was ob-
served in another bio-augmentation study where Methanoculleus bourgensis
MS2T were added to counteract ammonia inhibition, triggering a chain re-
action that leads to alleviation of ammonia inhibition (Fotidis et al., 2014).

Clear microbial shifts were observed during the adaptation process
of pH 4.0–4.0–4.0. At the first generation (pH44G1-48), L. panis and
L. pontis were enriched and dominated in the community, while the rel-
ative abundance of LAB detected in SSOHW was significantly lower
(p < 0.05). This result could be explained by the high acid-tolerance
and widespread abundance in the environment of L. panis and L. pontis
(Viiard et al., 2016; Waldherr et al., 2008). Additionally, L. panis has
the ability to secrete extracellular polymeric substances (EPS)
protecting cells against harsh environment (e.g. low pH) (Waldherr
et al., 2008). During adaptation, L. futsaii, L. kefiranofaciens and
L. helveticus were gradually established in pH44G3-24 and pH44G3-48,
which could be the reason for the improved LA concentration at the
third generation. Despite the relative abundances of L. panis and
L. pontis were decreased at the third generation, they still appeared as
the dominant LAB. The relative abundance of added P. acidilactici
were 5.2% at the end of first generation (i.e. pH44G1-48) and 0.5% at
the third generation (i.e. pH44G3-24), which were significantly lower
than the samples collected at adaptation process of pH 5.0–5.0–5.0
(p < 0.05). This result indicated continuous low pH condition inhibited
its growth.

Regarding stepwise adaptation process (i.e. pH 5.0–4.5–4.0), significant
microbial shift was observed, which led to increased LA concentration and
decreased by-products formation compared to the adaptation process of
pH 4.0–4.0–4.0 (pH44G3-24). Specifically, the relative abundance of
L. panis and L. pontis significantly decreased by 56.9% and 91.2% compared
to pH44G3‐24 (p < 0.05). L. panis and L. pontis are hetero-fermentative LAB,
yielding by-products (Viiard et al., 2016; Yang et al., 2020). Hence, the de-
creased relative abundance of these two LAB resulted in lower by-products
formation compared to adaptation of pH 4.0–4.0–4.0. Additionally, simi-
larly with adaptation process of pH 5.0–5.0–5.0, L. futsaii, L. kefiranofaciens
and L. helveticuswere the three dominant LAB at a total relative abundance
above 75.0%, which resulted in increased LA concentration. However, the
relative abundance of added P. acidilactici (0.4%) in pH54G3-24 was signif-
icantly lower than pH55G3-16 (2.8%), indicating its sensitivity to pH de-
crease.

3.5. Significance and perspective

The present study demonstrated the potential for achieving high LA
process metrics at low pH from non-sterilized SSOHW by bio-
augmentation and adaptation process. More specifically, managing
and using the indigenous microbiota via bio-augmentation with
P. acidilactici maintained hydrolytic capacity of the indigenous hydro-
lytic bacteria and increased LA production, which avoided a complex
pretreatment step and reduced the fermentation costs. Moreover, adap-
tation procedure of stepwise pH decrease successfully developed an
acid-tolerant culture and boosted LA concentration by 41.8% at
pH 4.0, making fermentation more sustainability. Hence, the findings
of this work can contribute to the improvement of fermentative LA pro-
duction from wastes at acidic conditions.

Despite promising, there are still several challenges that should be ad-
dressed for sustainable LA production from waste streams. Significant de-
crease of LA concentration can occur after achieving the peak value.
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Additionally, adaptation process also increased the by-products formation.
As a solution, intermittently pH adjustment during the fermentation pro-
cess could be a method to avoid LA degradation and by-product formation
due to higher sensitivity of acidogens to pH change than LAB (Ma et al.,
2021; Zhang et al., 2020). Besides, precise control of oxidation-reduction
potential (ORP) could potentially enhance the LA yield and reduce the
by-product formation by manipulating the fermentation pathway
(Nguyen and Khanal, 2018).

Furthermore, despite 16S rRNA (DNA-based) clearly contributed on es-
tablishing a linkage between the microbial community and fermentation
performance, the applied analysis can provide only general hints about
microbiome composition. In addition, the actual quantity and activity of
the bio-augmented culture is not clear and only information about its rela-
tive abundance can be extracted.Moreover, 16S rRNAmightmiss some cer-
tain taxa due to primer selection and overall, the method is not able to
discriminate active and inactive cells. Hence, with the development of se-
quencing methodology, RNA-based 16S rRNA sequencing could be a supe-
rior tool to map interactions between bio-augmented and indigenous
microbes (Louhasakul et al., 2020).

4. Conclusions

The current research showed that successively high LA concentration
was achieved from source-sorted organic household waste by bio-
augmentation and adaptation. The addition of P. acidilactici boosted LA con-
centration by18.2–25.1% in three generations,with the relative abundance
above 2.8% at adaptation process of pH 5.0–5.0–5.0. Moreover, inhibitory
effect of acid stress was relieved by both adaptation process of
pH 4.0–4.0–4.0 and pH 5.0–4.5–4.0, increasing the maximum LA concen-
tration and productivity. Stepwise pHdecreasewas amore efficient adapta-
tion strategy, in terms of increasing the LA production and reducing the by-
products formation compared to continuouslymaintaining the pH at 4.0. As
a future work, in-depth microbial analysis (e.g. metagenomics) is required
to reveal symbiosis between inoculated LAB and indigenous microbes.
Moreover, the enrichment of the bio-augmented strain should be improved
to better outcompete the indigenous microorganisms.
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