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Abstract

Objective A primary drawback to simultaneous
saccharification and fermentation (SSF) processes is
the incompatibility of the temperature and pH optima
for the hydrolysis and fermentation steps—with the
former working best at 50-55 °C and pH 4.5-5.5.
Here, nine thermophilic Bacillus and Parageobacillus
spp. were evaluated for growth and lactic acid
fermentation at high temperature and low pH. The
most promising candidate was then carried forward to
demonstrate SSF using the cellulosic fraction from
municipal solid waste (MSW) as a feedstock.

Results  B. smithii SA8Eth was identified as the most
promising candidate and in a batch SSF maintained at
55 °C and pH 5.0, using a cellulase dose of 5 FPU/g
glucan, it produced 5.1 g/L lactic acid from 2% (w/v)
MSW cellulosic pulp in TSB media.

Conclusion This work has both scientific and indus-
trial relevance, as it evaluates a number of previously
untrialled bacterial hosts for their compatibility with
lignocellulosic SSF for lactic acid production and
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successfully identifies B. smithii as a potential candi-
date for such a process.
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Introduction

With growing concern over the environmental and
socioeconomic impact of using the carbohydrate
derived from edible crops as a substrate for the
microbial production of energy and biochemicals,
focus has shifted towards the use of lignocellulosic
feedstocks. One of the cheapest and most abundantly
available forms of lignocellulose is the cellulosic
fraction recovered from sorting municipal solid waste
(MSW), which is produced in significant quantities
worldwide (Jensen et al. 2010). While variable by
region, the carbohydrate fraction of this material
ranges between 30 and 69%, making it an attractive
fermentation feedstock (Lopez-Gomez et al. 2019).
Recently, several research groups have demonstrated
the use of MSW derived carbohydrates for the
production of short chain alcohols and acids (Nwobi
et al. 2015; Probst et al. 2015; Farmanbordar et al.
2018; Lopez-Gomez et al. 2019).
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Lactic acid is a widely used platform chemical in
the food, pharmaceutical, chemical, and textile indus-
tries, and has recently become an important building
block for the production of the bioplastic polylactic
acid (PLA) (Aulitto et al. 2019). Industrially, it is
typically produced via fermentation with lactic acid
bacteria using purified carbohydrate-based feedstocks,
making the process costly and increasingly unsustain-
able (Van Der Pol et al. 2016). This has stimulated
research targeting reduction in production costs,
including improved purification methods and devel-
oping processes that utilize less-expensive lignocel-
lulose-based substrates (Van Der Pol et al. 2016;
Takano and Hoshino 2016; Zhou et al. 2016; Chen
et al. 2017). Most process concepts for using ligno-
cellulose begin with a thermo-chemical pretreatment
of the feedstock (pretreatment), followed by an
enzymatic saccharification of the cellulose and hemi-
cellulose fractions, producing monomeric sugars for
microbial fermentation. In separate hydrolysis and
fermentation (SHF) these steps are carried out sequen-
tially, but it is also feasible to do both steps together in
a process called simultaneous saccharification and
fermentation (SSF) (Olofsson et al. 2008). SSF offers
some advantages over SHF, as hydrolytic enzyme end-
product inhibition is alleviated as the liberated carbo-
hydrates are rapidly consumed by the microorganism.
Further, use of a single vessel reduces equipment
costs, shortens the process time, and has been shown to
result in higher production rates (Berlowska et al.
2016). However, a significant disadvantage to SSF is
that the optimal operational temperature and pH of the
hydrolytic enzymes used for saccharification
(50-55 °C and pH 4.5-5.5) are incompatible with
the growth and fermentation optima of most microor-
ganisms (Aulitto et al. 2019). For this reason, SSF is
usually carried out at the optimal growth temperature
of the industrial microbe, which is typically meso-
philic, thus resulting in the need for higher enzyme
loads to compensate for the less than optimal enzyme
activity (Stenberg et al. 2000; Sreenath et al. 2001;
Yaiiez et al. 2003; John et al. 2009; Berlowska et al.
2016; Takano et al. 2016; Cheng et al. 2018;
Dhandapani et al. 2019). More recently, however,
the development of SSF processes that utilize moder-
ate thermophiles capable of growth within the
50-55 °C range has been of interest, with Bacillus
coagulans and thermophilic Lactobacillus sp. showing
promise for lactic acid production (Patel et al. 2006;
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Hu et al. 2015; Van Der Pol et al. 2016; Zhou et al.
2016; Pleissner et al. 2017; Aulitto et al. 2019; Jiang
et al. 2019; Lopez-Gomez et al. 2019). The use of a
thermophilic host offers additional process benefits
including (i) reduced contamination risk from meso-
philes, (ii) increased substrate and product solubility,
and (iii) reduced cooling costs compared to mesophilic
fermentations (Bosma et al. 2015). For this reason, in
this study we have extended the portfolio of ther-
mophilic microbial platforms compatible with SSF
which are potentially useful for industrial lactic acid
production.

Based on an initial screen (catabolic potential,
growth pH, temperature and lactic acid production) of
our culture collection, four strains of Bacillus cal-
dolyticus, four of Parageobacillus caldoxylosyliticus,
and one of Bacillus smithii were selected for further
evaluation. The most promising candidate was then
carried forward to demonstrate SSF using the un-
hydrolysed cellulosic fraction of MSW as the feed-
stock. Although the production of lactic acid by
fermentation of hydrolysed MSW pulp has been
described  previously  (Lopez-Gomez et al.
2019, 2020) to our knowledge this is the first example
in which SSF has been employed.

Material and methods
Municipal solid waste (MSW)

MSW cellulosic pulp was provided by Fiberight Ltd.
from its pilot plant in Lawrenceville (Virginia, USA).
Plastics and metals were removed, and the biodegrad-
able fraction was pulped using a hydrothermal
process. The resulting material had a total solids
(TS) content of 33%, and a solids composition of: 55%
glucan, 25% lignin, 11% xylan, 6% arabinan/galac-
tan/mannan, and 3% ash. MSW pulp was autoclaved at
121 °C for 15 min prior to experimental use. MSW
sugar-rich hydrolysate was also provided by Fiberight
Ltd from its pilot plant production facility in
Southampton (Hampshire, UK).

Microorganisms
A selection of nine thermophilic/moderately ther-

mophilic bacterial species were selected from an in-
house culture collection for screening: four B.
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caldolyticus strains 00,275, 00,452, 12,042, and
12,028; four P. caldoxylosyliticus strains 10,020,
10,087, 10,092, and 10,146; and one B. smithii strain
SAR8Eth (internal reference numbers, source/provider
listed in Supplementary Table 1). Each strain was
gradually adapted to an environmental pH of 5.5 by
serial passaging. Initial culturing was carried out in
Tryptic Soy Broth (TSB; 17 g/L tryptone, 3 g/L soy
peptone, 5 g/l NaCl, 2.5 g/l K,HPOy, 2.5 g/L glu-
cose) and 50 mM citrate—phosphate buffer adjusted to
pH 7.0, followed by TSB adjusted to pH 6.5, then pH
6, and finally pH 5.5. All incubations were carried out
for 24 h at 55 °C in flask at 200 rpm. Strains adjusted
to pH 5.5 were maintained on TSA (pH 5.5) plates at
4 °C before use.

Growth curves

A starter culture of each strain was grown overnight
and used to inoculate 50 mL of TSB (pH 5.5) + 20 g/
L glucose to a starting ODg of 0.1, in triplicate shake
flasks, which were incubated at 55 °C and 200 rpm.
The ODgo9 was measured approximately every hour
for 8.5 h. Growth curves of B. smthii SA8Eth in either
TSB (pH 5.0) + 20 g/L glucose or TSB (pH
5.0) + 20 g/ MSW hydrolysate sugar were also
carried out as described above. For this work, MSW
hydrolysate sugar describes only the glucose and
xylose present within the hydrolysate, thus 20 g/L
MSW hydrolysate sugar equates to 20 g/L total
glucose plus xylose.

Xylose utilization
A starter culture of each strain was grown overnight in

TSB and used to inoculate TSB (pH 7.0) + 20 g/L
xylose to a starting ODgq of 0.1, in triplicate. Cultures

were incubated at 55 °C and 200 rpm in baffled flasks
for 24 h before a final ODggy was recorded and culture
supernatant samples were taken to assess xylose
consumption.

Fermentation in flasks

A starter culture of each strain was grown overnight in
TSB and used to inoculate 40 mL of TSB (pH
7.0) + 20 g/LL glucose to an ODggy of 1.5 in a
50 mL bottle before being crimp capped. Fermenta-
tions were carried out at 55 °C and 200 rpm for 48 h
before culture supernatant samples were taken to
assess acid production.

Fermentation of B. smithii SA8Eth in a bioreactor

For batch fermentation in a bioreactor, B. smithii
SA8Eth was grown overnight in TSB and used to
inoculate 1.5 L of TSB (pH 5.0) + 20 g/L MSW
hydrolysate in a BIOSTAT B 2 L bioreactor to an
ODgqg of 0.15. Batch fermentation conditions were:
55 °C, pH 5.0 (maintained by the automatic addition
of 5M KOH), 0.4 L/min air flow rate, 400 rpm
agitation rate, and antifoam 204 addition on demand.
Supernatant samples were taken periodically to mon-
itor the ODgq9, and HPLC analysis.

For SSF fermentation in the bioreactor, B. smithii
SA8Eth was grown overnight in TSB and used to
inoculate 1.5 L of TSB (pH 5.0) 4+ 2% (w/v) MSW
pulp in a BIOSTAT B 2 L Bioreactor to an ODgqg of
0.15. Directly following this, 5 FPU/g glucan C-TEC2
cellulase mix was added to the bioreactor. SSF
fermentation conditions were as described above.
Samples were taken for HPLC analysis.

Table 1 Effect of C-Tec2 cellulase cocktail dosage on the initial rate of glucose and xylose release from 2% (DW) MSW pulp at pH

5.0 and 55 °C

C-Tec2 (FPU/g glucan)

Rate of glucose release (mg/L/min)

Rate of Xylose release (mg/L/min)

10 20 £ 09
5 133 £03
25 704
1.25 43+£03
0.625 34 £ 0.1

1.4 £0.1

1.2 £ 0.06
0.8 £0.05
0.5 +£0.08
0.3 £ 0.01
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MSW hydrolysis assay using different C-TEC2
concentrations

Hydrolysis assays were carried out for 200 min in
triplicate, using a total reaction volume of 30 mL in
250 mL baffled flasks shaken at 250 rpm. Assay
conditions were: 2% (w/v) MSW pulp, 50 mM
citrate—phosphate buffer (pH 5.0), and either 0.625,
1.25,2.5, 5, or 10 FPU/g glucan C-TEC2 (Novozymes,
Denmark) incubated at 55 °C, with samples taken
periodically to assess glucose and xylose release.

Quantification of lactic acid and carbohydrates

Glucose and xylose monomers were quantified by ion
chromatography (Dionex 5000 + , Thermo Fisher
Scientific, USA) using a 4 x 250 mm analytical
CarboPac PA1l column. Analytes were separated
isocratically at 30 °C using 50 mM NaOH as eluent
at a flow rate of 1.0 mL/min.

Lactic acid and acetic acid were quantified by
HPLC (Agilent 1200 system) using a 300 x 7.8 mm
REZEX ROA organic acid column (Phenomenex,
USA). Analytes were separated isocratically at 65 °C
in 5 mM H,SO, at a flow rate of 0.6 mL/min (Wright
et al. 2018).

Results and discussion
Strain comparison

This work aimed to expand the catalogue of industri-
ally relevant bacilli that could feasibly be used for
lactic acid production by SSF of MSW pulp. Towards
this end, four B. caldolyticus strains (00275, 00452,
12042, and 12028), four P. caldoxylosyliticus strains
(10020, 10087, 10092, and 10146), and one B. smithii
strain (SA8Eth) were investigated as potential candi-
dates. These species were selected as they had
previously been characterised as thermophiles capable
of growth at and above 50 °C (Bergquist et al. 1987;
Ahmad et al. 2000; Bosma et al. 2016). The prereq-
uisites for a successful candidate were that they
(i) should be able to grow at the temperature and pH
optima of the cellulase enzymes used (ie. 50-55 °C
and pH 4.5-5.5), (ii) could utilize both Cg and Cs
sugars, and (iii) produced lactic acid as a primary
metabolic product under oxygen-limited conditions.

@ Springer

Initially, growth curves were generated for each
strain at 55 °Cin TSB (pH 5.5) + 20 g/L glucose over
8.5 h (Fig. 1a). In repeat experiments, strains 00275,
00452, 10146 and 10092 consistently did not show
significant growth over the 8.5 h time course but did
by the final ODggo reading at 24 h (Supplementary
Table 2). An excessively long lag phase is undesirable
for an SSF reaction as without microbial growth and
metabolism, the associated build-up of monomeric
and dimeric sugars released from the lignocellulosic
feedstock can result in cellulase enzyme inhibition.
The longer fermentation times that result from long lag
phases are also undesirable for process economics.
These strains, however, did grow well at pH 7.0
(Supplementary Fig. 1). Over the time course at pH
5.5, strains 10087, and SA8Eth both grew well, while
10020, 12028 and 12042 grew moderately well
(Fig. 1a).

Next, the ability of each strain to utilize xylose was
evaluated, as it accounts for approximately 15-20% of
MSW pulp derived sugars (Puri et al. 2013). Each
strain was found to be able to utilize xylose when
grown in TSB (pH 7.0) + 20 g/L xylose at 55 °C,
with most strains reaching an ODg after 24 h that
was similar to that when grown under identical
conditions in TSB + glucose (Fig. 1b, Supplemen-
tary Fig. 2). To evaluate fermentation product profiles,
each strain was grown for 48 h under microaerobic
conditions at 55 °C in TSB (pH 7.0) + 20 g/L
glucose. All strains produced lactic acid as a major
product, with minor amounts of acetic acid and
succinic acid (Fig. lc, Supplementary Table 3). The
two highest lactic acid producers in shake-flasks were
strains 12042 and SAS8Eth, resulting in 6.0 g/L and
7.3 g/L, respectively (Fig. 1c). Notably, all of the
highest producing strains were able to grow at pH 5.5
and, as the pH of the shake-flask cultures could not be
controlled, this suggested that with the exception of
strain 10087, the titres reflected the environmental pH
at which the cell growth was arrested.

While the pH range for cellulase activity is 4.0-5.5,
peak cellulolytic performance was achieved at pH 5.0
for the commercial cocktail used in this work (Farinas
et al. 2010; Novozymes application sheet 2017).
Therefore, the ability of those strains with the highest
lactic acid production (10020, 12028, 12042 and
SAS8Eth) to grow at pH 5.0 and 55 °Cin TSB + 20 g/
L glucose was further assessed. Of these, only SA8Eth
was able to grow at this initial pH, though it
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Fig. 1 Comparison of nine candidate thermophilic bacterial
strains for a growth (ODgqgo) at 55 °C and pH 5.5, b xylose
consumption after 24 h, and c lactic acid fermentation from
glucose after 48 h. B. smithii strain SA8Eth was further assessed
for d growth (ODg() at 55 °C and pH 5.0 in either TSB + 20 g/

demonstrated an extended lag phase and slow growth,
eventually reaching an ODgq of 2.8 £ 0.17 at 24 h
(Fig. 1d, dashed line). Interestingly, when grown at
pH 5.0 in TSB + 20 g/L MSW hydrolysate sugars,
SA8Eth exhibited significantly improved growth
compared to just glucose supplementation (Fig. 1d,
solid line, Supplementary Fig. 4), reaching an ODg
of 6.6 = 0.26 at 24 h. Although it is possible that the
hydrolysate was providing additional micro-nutrients
it is more likely that it was providing additional
buffering capacity to stop the pH dropping below 5.

SSF with B. smithii SASEth using MSW pulp

Based on the results above, B. smithii SASEth was
selected for the SSF experiments. With cellulases
making a significant fraction of overall SHF and SSF
process costs (Tsoutsos 2010), our goal was to tailor

Time (hours)

L glucose (dotted line; ODgoo at 24 h: 2.8 £+ 0.17) and
TSB + 20 g/L MSW hydrolysate sugar (solid line; ODgqq at
24 h: 6.6 £ 0.26). Data are the mean =+ standard deviation of
three biological replicates

cellulase cocktail addition to the sugar uptake require-
ments of B. smithii SA8Eth to support an initial
aerobic growth phase and subsequent lactate fermen-
tation. To achieve this, the initial rate of glucose and
xylose release from 2% (w/v) MSW pulp was
determined for various C-TEC2 dosages ranging from
0.625 to 10 FPU/g glucan at 55 °C and pH 5.0
(Table 1, Supplementary Fig. 3). In tandem, a
fermentation time course for strain SA8Eth was
carried out in a 1.5 L bioreactor at 55 °C in TSB
(pH 5.0) + 20 g/L MSW derived sugars to determine
the average rates of glucose consumption during
aerobic growth and microaerobic fermentation, which
were approximately 0.77 g/L/h (calculated between 3
and 7 h post-inoculation) and 0.37 g/L/h (calculated
between 8 and 27 h post-inoculation), respectively
(Fig. 2). From this, it was determined that 5 FPU/g
glucan of C-TEC2—with an initial rate of glucose
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—o— Glucose —— Xylose —o— Lactic acid —x— Acetic acid —0— ODy,

Glucose, Xylose, Lactic acid, Acetic acid (g/L)

ODﬁOﬂ

Time (hours)

Fig. 2 Fermentation of B. smithii SA8Eth in TSB + 20 g/L
MSW hydrolysate sugar at 55 °C and pH 5.0. Fermentation was
performed in a 1.5 L bioreactor. Growth (ODgq0, open squares),
glucose/xylose consumption (solid circles and solid triangles,
respectively), lactic acid (open circles) and acetic acid (X’s)

release for MSW pulp of 0.8 g glucose/L/h—should
produce sufficient glucose to support exponential
growth and fermentation of SA8Eth. Subsequently a
batch SSF was performed using 2% (w/v) MSW pulp,
5 FPU/g glucan C-TEC2 and B. smithii SA8Eth in
TSB (pH 5.0) at 55 °C. Figure 3 shows that initially
the cellulase activity exceeded the capacity of the cells
to take up the resulting monomers but as the fermen-
tation progressed, this situation reversed and the
monomer concentration dropped to low levels, but
never to zero. Lactic acid was produced at a similar
rate as when cells were grown on glucose, but
unfortunately signs of lactic acid toxicity were evident
and a final titre of only 5.1 g/L lactic acid was
achieved after 53 h (Fig. 3), a conversion yield of 32%
(w/w) on total lignocellulosic sugars. While this value
is lower than the amount of lactic acid produced in
48 h at pH 7.0 (Fig. 1c), it has been reported that B.
smithii DSM 4216 produces 58% less lactic acid when
fermentation is carried out at pH 4.5 compared to pH
6.5 (Bosma et al. 2015)—which may explain the lower
product yield from SAS8Eth. Toxicity was also
observed at a similar concentration during growth on
glucose (Fig. 2), suggesting that the cessation of

@ Springer

were tracked over 54 h. Rate of aerobic glucose consumption
was calculated between hours 2.33-8.2 h, while glucose
consumption during microaerobic fermentation was calculated
between hours 15.66-20.15

production was not peculiar to the growth on MSW
pulp.

Although the lactic acid titres reported here do not
compare with established platform producers, such as
B. coagulans and Lactobacillus sp., (Aulitto et al.
2019; Prasad et al. 2020) this study serves to
demonstrate that, when cellulosic SSF is being
considered, other thermophilic Bacillus spp. and
Parageobacillus spp. should come into consideration.
While titres of 202 g/LL of lactic acid have been
achieved from 20% (w/v) corn starch in an SSF using
B. coagulans WCP10-4 (Wu et al. 2014), similar titres
have yet to be achieved from cellulosic substrates.
Patel et al. (2006) reported production of between 10.8
and 12.6 g/L of lactic acid from three strains of B.
coagulans using 2% (w/v) crystalline cellulose in an
SSF with 5 FPU/g cellulose at 50 °C and pH 5.0.
While the lactic acid tolerance of B. smithii SAS8Eth
appears to be low, there is clearly strain to strain
variability and tolerance could be improved through
adaptive evolution. This would then allow the use of
higher solid loadings, which for the cellulosic fraction
of MSW is only limited by rheology.
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Fig. 3 Time course of batch SSF performed with B. smithii
SAS8Eth, 2% (DW) MSW and 5 FPU/g glucan C-Tec2 at 55 °C
and pH 5.0 in a 1.5 L bioreactor. Both seed culture and enzyme
cocktail were added at t = 0. Culture shifted to microaerobic

Recent studies have reported the isolation of
cellulolytic strains of B. coagulans (Aulitto et al.
2017) which suggest that it may even be possible to
move towards consolidated bioprocessing as an alter-
native to SSF. However, realistically it will always be
necessary to supplement with a cellulase at the start of
the process, so the ability of a given host utilize the
hydrolysis products under compatible environmental
conditions is the most critical factor. In addition to
growing well under the temperature and pH conditions
that are optimal for cellulase activity, B. smithii has
been previously reported as being able to utilize a wide
range of C5 and C6 sugars, which is an valuable
characteristic considering the complex composition of
lignocellulose (Bosma et al. 2016). However, while
the B. smithii genome contains a protein annotated as a
putative 6-phospho-B-glucosidase (Genbank acces-
sion No. AKP48386.1), suggesting that it has the
ability to import (presumably via a PTS transporter)
and internally hydrolyse cellobiose, there is no
genomic evidence for the ability to utilise other short
chain oligosaccharides. Conversely, this is a feature
that has been observed by some Parageobacillus spp.

conditions after approximately 9 h. Glucose (solid circle),
xylose (solid triangle) production/consumption, and lactate
production (open circle) were tracked over 52 h

(Hussein et al. 2015), a capacity which could prove to
be valuable for lignocellulosic SSF as it means that the
substrate need not be hydrolysed to monomeric units
before utilisation. Regardless, the preliminary work
done here suggests that B. smithii is worthy of further
investigation as a candidate host for lactic acid
production from lignocellulosic SSF processes.

Conclusion

Simultaneous saccharification and fermentation for
the production of commercially valuable compounds,
such as lactic acid, is hindered by the fact that the
operational temperature and pH of the celluloytic
enzymes used for hydrolysis is incompatible with the
growth and fermentation optima of most commonly
used industrial microorganisms. This study expands
the portfolio of thermophilic bacilli that can grow
under pH and temperature conditions that are much
more compatible with lignocellulosic SSF, many of
which have not previously been investigated for this
purpose. Further, to the best of our knowledge this is
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the first example in which either B. smithii or MSW
pulp has been used for lactic acid production from
SSF, which resulted in 5.1 g/L lactic acid after 53 h
from 2% (w/v) pulp. This preliminary work represents
the first step towards the development of a novel
microbial host for lignocellulosic SSF.

Acknowledgements The authors would like to thank Dr.
Dhivya Puri and Fiberight Ltd. for supplying materials and
research support. This work was supported by funding from the
BBSRC NIBB, “Network of Integrated Technologies: Plants to
Products”

Author contributions MGC conceived and carried out
experimental work and drafted the manuscript. CI contributed
to data interpretation and reviewed and edited the manuscript.
DJL conceived and supervised experimental work, secured
funding, and edited the manuscript.

Compliance with ethical standards

Conflict of interest The authors declare that they have no
conflict of interest.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any med-
ium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The
images or other third party material in this article are included in
the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Ahmad S, Scopes RK, Rees GN, Patel BKC (2000) Saccharo-
coccus caldoxylosilyticus sp. nov., an obligately ther-
mophilic, xylose-utilizing, endospore-forming bacterium.
Int J Syst Evol Microbiol. https://doi.org/10.1099/
00207713-50-2-517

Aulitto M, Fusco S, Bartolucci S et al (2017) Bacillus coagulans
MA-13: a promising thermophilic and cellulolytic strain
for the production of lactic acid from lignocellulosic
hydrolysate. Biotechnol Biofuels. https://doi.org/10.1186/
s13068-017-0896-8

Aulitto M, Fusco S, Nickel DB et al (2019) Seed culture pre-
adaptation of Bacillus coagulans MA-13 improves lactic
acid production in simultaneous saccharification and

@ Springer

fermentation. Biotechnol Biofuels. https://doi.org/10.
1186/s13068-019-1382-2

Bergquist PL, Love DR, Croft JE, Streiff MB, Daniel RM,
Morgan WH (1987) Genetics and potential biotechnolog-
ical applications of thermophilic and extremely ther-
mophilic microorganisms. Biotechnol Genet Eng Rev.
https://doi.org/10.1080/02648725.1987.10647838

Berlowska J, Cieciura W, Borowski S et al (2016) Simultaneous
saccharification and fermentation of sugar beet pulp with
mixed bacterial cultures for lactic acid and propylene
glycol production. Molecules. https://doi.org/10.3390/
molecules21101380

Bosma EF, van de Weijer AHP, Daas MJA et al (2015) Isolation
and screening of thermophilic bacilli from compost for
electrotransformation and fermentation: characterization
of Bacillus smithii ET 138 as a new biocatalyst. Appl
Environ Microbiol. https://doi.org/10.1128/AEM.03640-
14

Bosma EF, Koehorst JJ, van Hijum SAFT et al (2016) Complete
genome sequence of thermophilic Bacillus smithii type
strain DSM 4216T. Stand Genomic Sci. https://doi.org/10.
1186/540793-016-0172-8

Chen H, Liu J, Chang X et al (2017) A review on the pretreat-
ment of lignocellulose for high-value chemicals. Fuel
Process, Technol

Cheng Q, Shi X, Liu Y et al (2018) Production of nisin and lactic
acid from corn stover through simultaneous saccharifica-
tion and fermentation. Biotechnol Biotechnol Equip.
https://doi.org/10.1080/13102818.2017.1420425

Dhandapani B, Vishnu D, Murshid S, Prasath R, Muruganandh
R, Prasanth D, Sekar S, Senthilkumar K (2019) Production
of lactic acid from industrial waste paper sludge using
Rhizopus oryzae MTCC5384 by simultaneous saccharifi-
cation and fermentation. Chem Eng Commun. https://doi.
org/10.1080/00986445.2019.1657422

Farinas CS, Loyo MM, Baraldo A et al (2010) Finding
stable cellulase and xylanase: evaluation of the synergistic
effect of pH and temperature. N Biotechnol. https://doi.org/
10.1016/j.nbt.2010.10.001

Farmanbordar S, Amiri H, Karimi K (2018) Simultaneous
organosolv pretreatment and detoxification of municipal
solid waste for efficient biobutanol production. Bioresour
Technol. https://doi.org/10.1016/j.biortech.2018.09.017

Hu J, Zhang Z, Lin Y et al (2015) High-titer lactic acid pro-
duction from NaOH-pretreated corn stover by Bacillus
coagulans LA204 using fed-batch simultaneous sacchari-
fication and fermentation under non-sterile condition.
Bioresour Technol. https://doi.org/10.1016/j.biortech.
2015.02.008

Hussein AH, Lisowska BK, Leak DJ (2015) The Genus
Geobacillus and their biotechnological potential. Adv Appl
Microbiol. https://doi.org/10.1016/bs.aambs.2015.03.001

Jensen JW, Felby C, Jgrgensen H et al (2010) Enzymatic pro-
cessing of municipal solid waste. Waste Manag. https://doi.
org/10.1016/j.wasman.2010.07.009

Jiang S, Xu P, Tao F (2019) L-Lactic acid production by
Bacillus coagulans through simultaneous saccharification
and fermentation of lignocellulosic corncob residue.
Bioresour Technol Reports. https://doi.org/10.1016/j.biteb.
2019.02.005


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1099/00207713-50-2-517
https://doi.org/10.1099/00207713-50-2-517
https://doi.org/10.1186/s13068-017-0896-8
https://doi.org/10.1186/s13068-017-0896-8
https://doi.org/10.1186/s13068-019-1382-2
https://doi.org/10.1186/s13068-019-1382-2
https://doi.org/10.1080/02648725.1987.10647838
https://doi.org/10.3390/molecules21101380
https://doi.org/10.3390/molecules21101380
https://doi.org/10.1128/AEM.03640-14
https://doi.org/10.1128/AEM.03640-14
https://doi.org/10.1186/s40793-016-0172-8
https://doi.org/10.1186/s40793-016-0172-8
https://doi.org/10.1080/13102818.2017.1420425
https://doi.org/10.1080/00986445.2019.1657422
https://doi.org/10.1080/00986445.2019.1657422
https://doi.org/10.1016/j.nbt.2010.10.001
https://doi.org/10.1016/j.nbt.2010.10.001
https://doi.org/10.1016/j.biortech.2018.09.017
https://doi.org/10.1016/j.biortech.2015.02.008
https://doi.org/10.1016/j.biortech.2015.02.008
https://doi.org/10.1016/bs.aambs.2015.03.001
https://doi.org/10.1016/j.wasman.2010.07.009
https://doi.org/10.1016/j.wasman.2010.07.009
https://doi.org/10.1016/j.biteb.2019.02.005
https://doi.org/10.1016/j.biteb.2019.02.005

Biotechnol Lett (2021) 43:667-675

675

John RP, G.S. A, Nampoothiri KM, Pandey A (2009) Direct
lactic acid fermentation: Focus on simultaneous sacchari-
fication and lactic acid production. Biotechnol. Adv.
https://doi.org/10.1016/j.biotechadv.2008.10.004

Lopez-Gomez JP, Latorre-Sanchez M, Unger P et al (2019)
Assessing the organic fraction of municipal solid wastes
for the production of lactic acid. Biochem Eng J. https://
doi.org/10.1016/j.bej.2019.107251

Lopez-Gémez JP, Alexandri M, Schneider R, et al (2020)
Organic fraction of municipal solid waste for the produc-
tion of L-lactic acid with high optical purity. J Clean Prod.
https://doi.org/10.1016/j.jclepro.2019.119165

Novozymes, Cellic® CTec2 and HTec2—enzymes for hydrol-
ysis of lignocellulosic materials, Application sheet, 2017

Nwobi A, Cybulska I, Tesfai W et al (2015) Simultaneous
saccharification and fermentation of solid household waste
following mild pretreatment using a mix of hydrolytic
enzymes in combination with Saccharomyces cerevisiae.
Appl Microbiol Biotechnol. https://doi.org/10.1007/
$00253-014-5977-z

Olofsson K, Bertilsson M, Lidén G (2008) A short review on
SSF: an interesting process option for ethanol production
from lignocellulosic feedstocks. Biotechnol. Biofuels.
https://doi.org/10.1186/1754-6834-1-7

Patel MA, Ou MS, Harbrucker R, Aldrich HC, Buszko ML,
Ingram LO, Shanmugam KT (2006) Isolation and charac-
terisation of acid-tolerant, thermophilic bacteria for effec-
tive fermentation of biomass-derived sugars to lactic acid.
Appl Environ Microbiol. https://doi.org/10.1128/AEM.72.
5.3228-3235.2006

Pleissner D, Demichelis F, Mariano S et al (2017) Direct pro-
duction of lactic acid based on simultaneous saccharifica-
tion and fermentation of mixed restaurant food waste.
J Clean Prod. https://doi.org/10.1016/j.jclepro.2016.12.
065

Puri DJ, Heaven S, Banks CJ (2013) Improving the performance
of enzymes in hydrolysis of high solids paper pulp derived
from MSW. Biotechnol Biofuels. https://doi.org/10.1186/
1754-6834-6-107

Prasad JV, Sahoo TK, Naveen S, Jayaraman G (2020) Evolu-
tionary engineering of Lactobacillus bulgaricus reduces
enzyme usage and enhances conversion of lignocellulosics
to D-lactic acid by simultaneous saccharification and fer-
mentation. Biotechnol Biofuels. https://doi.org/10.1186/
s13068-020-01812-x

Probst M, Walde J, Piimpel T et al (2015) A closed loop for
municipal organic solid waste by lactic acid fermentation.

Bioresour Technol. https://doi.org/10.1016/j.biortech.
2014.10.034

Sreenath HK, Moldes AB, Koegel RG, Straub RJ (2001) Lactic
acid production by simultaneous saccharification and fer-
mentation of alfalfa fiber. J Biosci Bioeng. https://doi.org/
10.1016/S1389-1723(01)80309-1

Stenberg K, Galbe M, Zacchi G (2000) The influence of lactic
acid formation on the simultaneous saccharification and
fermentation (SSF) of softwood to ethanol. Enzyme
Microb Technol. https://doi.org/10.1016/S0141-
0229(99)00127-1

Takano M, Hoshino K (2016) Lactic acid production from paper
sludge by SSF with thermotolerant Rhizopus sp. Bioresour
Bioprocess. https://doi.org/10.1186/s40643-016-0106-8

Tsoutsos T (2010) Modelling hydrolysis and fermentation pro-
cesses in lignocelluloses-to-bioalcohol production. In:
Bioalcohol Production: Biochemical Conversion of Lig-
nocellulosic Biomass

Van Der Pol EC, Eggink G, Weusthuis RA (2016) Production of
L(+)-lactic acid from acid pretreated sugarcane bagasse
using Bacillus coagulans DSM2314 in a simultaneous
saccharification and fermentation strategy. Biotechnol
Biofuels. https://doi.org/10.1186/s13068-016-0646-3

Wright A, Bandulasena H, Ibenegbu C, Leak D, Holmes T,
Zimmerman W, Shaw A, Iza F (2018) Dielectic barrier
discharge plasma microbubble reactor for pretreatment of
lignocellulosic biomass. AIChE J. https://doi.org/10.1002/
aic.16212

Wul, Ye L, Zhou X (2014) Highly efficient production of lactic
acid from hemicellulose sugars by newly isolated ther-
mophilic Bacillus coagulans strains. W0/2014/081395.
World Intellectual Property Organization.

Yanez R, Moldes AB, Alonso JL, Parajé JC (2003) Production
of p(—)-lactic acid from cellulose by simultaneous sac-
charification and fermentation using Lactobacillus
coryniformis  subsp. torquens. Biotechnol Lett.
https://doi.org/https://doi.org/10.1023/A:1024534106483

Zhou J, Ouyang J, Xu Q, Zheng Z (2016) Cost-effective
simultaneous saccharification and fermentation of L-lactic
acid from bagasse sulfite pulp by Bacillus coagulans CC17.
Bioresour Technol. https://doi.org/10.1016/].biortech.
2016.09.119

Publisher’s Note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer


https://doi.org/10.1016/j.biotechadv.2008.10.004
https://doi.org/10.1016/j.bej.2019.107251
https://doi.org/10.1016/j.bej.2019.107251
https://doi.org/10.1016/j.jclepro.2019.119165
https://doi.org/10.1007/s00253-014-5977-z
https://doi.org/10.1007/s00253-014-5977-z
https://doi.org/10.1186/1754-6834-1-7
https://doi.org/10.1128/AEM.72.5.3228-3235.2006
https://doi.org/10.1128/AEM.72.5.3228-3235.2006
https://doi.org/10.1016/j.jclepro.2016.12.065
https://doi.org/10.1016/j.jclepro.2016.12.065
https://doi.org/10.1186/1754-6834-6-107
https://doi.org/10.1186/1754-6834-6-107
https://doi.org/10.1186/s13068-020-01812-x
https://doi.org/10.1186/s13068-020-01812-x
https://doi.org/10.1016/j.biortech.2014.10.034
https://doi.org/10.1016/j.biortech.2014.10.034
https://doi.org/10.1016/S1389-1723(01)80309-1
https://doi.org/10.1016/S1389-1723(01)80309-1
https://doi.org/10.1016/S0141-0229(99)00127-1
https://doi.org/10.1016/S0141-0229(99)00127-1
https://doi.org/10.1186/s40643-016-0106-8
https://doi.org/10.1186/s13068-016-0646-3
https://doi.org/10.1002/aic.16212
https://doi.org/10.1002/aic.16212
https://doi.org/10.1023/A:1024534106483
https://doi.org/10.1016/j.biortech.2016.09.119
https://doi.org/10.1016/j.biortech.2016.09.119

	Simultaneous saccharification and lactic acid fermentation of the cellulosic fraction of municipal solid waste using Bacillus smithii
	Abstract
	Objective
	Results
	Conclusion

	Introduction
	Material and methods
	Municipal solid waste (MSW)
	Microorganisms
	Growth curves
	Xylose utilization
	Fermentation in flasks
	Fermentation of B. smithii SA8Eth in a bioreactor
	MSW hydrolysis assay using different C-TEC2 concentrations
	Quantification of lactic acid and carbohydrates

	Results and discussion
	Strain comparison
	SSF with B. smithii SA8Eth using MSW pulp

	Conclusion
	Acknowledgements
	Author contributions
	References




