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Abstract Bioconversion of organic biomass such as plant
hydrolysate and organic waste into valuable biochemicals
is very challenging. In this study, carbohydrate-rich
watermelon rinds and protein-rich okara (soybean waste)
were converted into biofuels of ethanol, isobutanol, and
methylbutanols using an engineered Escherichia coli and
Bacillus subtilis mixed-whole cell biotransformation. The
engineered E. coli expressed the genes alsS, kivD, ilvC,
ilvD, and yghD, and the engineered B. subtilis expressed
the genes leuDH, kivD, and yghD. The growth inhibition of
the B. subtilis strain, which was reduced by 50% with
addition of 1 mM furfural, was restored by the addition of
1 g/mL of activated carbon. The ratio of the E. coil and
B. subtilis was optimized depending on carbohydrate and
protein composition of the hydrolysate. When the carbo-
hydrate levels were high, a 4:1 ratio of engineered E. coli
to B. subtilis led to the highest overall biofuel (1.1 g/L) and
isobutanol (80%) production. Viability analysis of the
engineered E. coli to B. subtilis strains showed that the F.
coli strain had higher activity at the beginning of the
biotransformation period, while the B. subtilis strain
exhibited higher activity in the later stages. The results of
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the present study provide important information for future
biochemical production research, particularly regarding the
diversification of organic waste resources.
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1. Introduction

The demand for sustainable energy resources has steadily
increased due to concerns about environmental pollution
and the exhaustion of fossil fuels. As such, research on the
chemical and biological production of industrially useful
energy sources using various feedstocks, including organic
waste, has attracted significant attention. Organic waste,
which is typically composed of various nutrients, is a
valuable resource [1-3], but separation or pretreatment with
organic solvents to produce complex organics is required
due to wvariation in its carbohydrate, protein, and fat
composition [4-6]. Therefore, it is important to convert
these complex organics into useful biochemicals using one-
pot bioprocesses [7].

In terms of the conversion of carbohydrates, which make
up the highest proportion of the composition of organic
matter, many studies have reported the use of Escherichia
coli with glucose as the carbon source to produce, for
example, C2—C5 biofuels. According to recent results
reported by Yang’s group, E. coli cells expressing enzymes
in the Ehrlich pathway are able to produce up to 6 g/LL of
isobutanol from 20 g/ of glucose in 48 h [8-10]. The
engineered E. coli strain was used as a bioconversion host,
expressing five genes: alsS (acetolactate synthase), kivD
(2-ketoisovalerate decarboxylase), ilvC (ketol-acid reducto-
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isomerase), i/vD (dihydroxy acid dehydratase), and yghD
(alcohol dehydrogenase). In this reaction, AlsS converts
pyruvate, which is one of the main intermediates in glucose
metabolism, into acetolactate, followed by IIvCD reactions
generating 2-ketoisovalerate. Finally, the 2-ketoisovalerate
is converted into isobutanol through KivD and YghD
enzymes. As glucose is one of the most useful carbon
sources for E. coli host strains and solubilizes well in
media without any treatment, biofuel production using .
coli hosts has been very successfully achieved to date.

Contrary to carbohydrate, the conversion of protein-rich
organic waste, in particular the direct conversion of amino
acids using microbial bioconversion processes, remains a
challenge [11]. One of the limitations of protein-based bio-
refinery is that it requires protease and hydrolysis
pretreatment, or protease-producing host cells should be
utilized. Recently, our group reported the bioconversion of
protein-rich spent coffee grounds and okara (soybean waste)
into biofuels [12]. In this research, engineered Bacillus
subtilis was utilized as it could produce endogenous protease
and permease enzymes, otherwise protease-dependent
hydrolysis process is required [12]. The Bacillus system
has the advantages of consolidated bioprocesses as it does
not require protein hydrolysis or pretreatment process
[11,13]. In a previous report, a B. subtilis expressing leuDH
(leucine dehydrogenase), kivD, and yghD genes directly
converted branched-chain amino acids (BCAAs) into the
biofuels isobutanol, 2-methylbutanol, and 3-methylbutanol,
respectively [11,14]. In addition, the global regulator CodY,
which is involved in BCAA metabolism, and BkdB, which
is involved in 2-keto acid degradation, were both removed
to avoid transcriptional regulation by BCAAs [7].

As mentioned above, the biotransformation of various
nutrients has progressed considerably, but it remains necessary
to develop a technology that integrates and converts them
simultaneously in order to decrease operational complexity
and costs. One possible approach is to develop a single
versatile host strain that can convert carbohydrates and
proteins at the same time [15]. However, this strategy faces
a number of catabolic hurdles, such as catabolite repression
and a high metabolic burden [16,17]. Another solution is to
develop two separate host strains and overcome these
challenges via mixed-whole cell biotransformation [18-20],
but combining two different cells in a single biotransformation
process is not easy due to differences in cell viability and
biotransformation activity. In addition, maintaining a
consistent composition of organic waste during microbial
conversion is generally regarded to be important because
any imbalance could affect the growth of the host cells,
reducing the conversion of organic waste. Thus, optimizing
a mixed-whole cell biotransformation system for the
compositional ratio dictated by the organic waste being
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converted in order to produce the desired biofuels and
homogeneous biochemicals is a significant challenge that
needs to be overcome.

In the present study, we attempt to overcome the
limitations of organic waste biomass utilization caused by
the inhibitory activity of byproducts and differences in the
compositional ratio by engineering B. subtilis and E. coli
strains. First, acetic acid and furfural aldehyde, which are
produced as byproducts in the biotransformation process,
were removed by adsorption [9,21]. The removal of these
inhibitory byproducts positively affected cell mass and
biofuel production. We then utilized watermelon rinds (a
carbohydrate source) and dried okara (a protein source) as
substrates among the examined several plant hydrolysates
for the E. coli and B. subtilis mixed-reaction system. It was
confirmed that the higher production of bioalcohol from
different compositional ratios of the food waste could be
achieved by optimizing the cell-mass ratio of the engineered
E. coli and B. subtilis cells. The resulting process provides
important insights into the utilization of various forms of
complex organic biomass for further research. Furthermore
recycling strategies of generated by-products such as crude
glycerol and free fatty acids were suggested to achieve total
conversion of plant hydrolysates without carbon losses.

2. Materials and Methods

2.1. Chemicals, reagents, and raw materials

Yeast extract (Technical, Bacto™) was obtained from BD
Bioscience Korea (Seoul, Korea). All chemicals and reagents
used in the experiments were purchased from Sigma-
Aldrich (Suwon, Korea). Watermelon rinds and okara were
kindly supplied by a local market (Ajou University, Suwon,
Korea).

2.2. Bacterial strains, media, and culture conditions

Minimal medium was prepared by mixing 1x trace
element (containing 10 mg/L. MnCl,-4H,0, 17 mg/L ZnCl,,
3.3 mg/L. CuCl,-2H,0, 6 mg/L CoCl, 6-H,0, and 6 mg/L
Na,Mo0,2H,0) with M9 salts (containing 6.78 g/LL
Nazl‘IPO4, 3 g/L KH2PO4, 1 g/L NH4C1, and 0.5 g/L NaCl)
The final concentration of glucose as a carbon source and
BSA as a protein source is 1 g/L, respectively. Engineered
B. subtilis was inoculated into 40 g/L. yeast extract medium
and engineered E. coli was inoculated into 25 g/L. Luria-
Bertani broth. B. subtilis strain was described in the previous
report [7]. A yeast extract medium contains 40 g/L. of Bacto
Yeast Extract mixed with M9 salt. For B. subtilis strain
culture, 100 pg/mL spectinomycin, 5 pg/mL chloramphenicol,
and 1 pg/mL erythromycin were used. E. coli DSMO1 strain
(K12 MG1655 AldhA::FRT, AadhE:FRT, AfrdA:FRT,
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Apta::FRT) expressing harboring both of pCDFDuet-
1::alsS, kivD and pET23a::ilvC, ilvD, yghD were prepared
reported previously [8], while a B. subtilis 168 (KCTC No.
1326)AcodYAbkdB strain harboring pHCMCO5::/ueDH,
kivD, yghD was prepared as previously described [7].
Plasmids expressing alsS, kivD, ilvCD, yghD were cont-
rolled T7 promoter, while lueDH, kivD, yqghD, yghD genes
were controlled under a Py, promoter in the pHCMCO05
backbone.

2.3. Gene expression for the organic food waste conversion
process

To prepare the E. coli cells, 2 mL of seed culture in LB was
incubated at 37°C for 12 h at 250 rpm shaking incubator.
Following this, 0.5 mL of the seed culture was inoculated
into 0.1 mL of LB medium (250 mL flask), and incubated
at 37°C of shaking incubator (250 rpm). And then the cells
were induced with 0.1 mM isopropyl-$-D-thiogalactoside
until the ODg reached around 0.8, and further incubated
for another 24 h at 30°C.

To prepare the B. subtilis cell mass, 2 mL of seed culture
in a 40 g/L yeast extract medium was incubated at 37°C for
12 h at 250 rpm shaking incubator, after which 0.5 mL of
the seed culture was inoculated into 25 mL of same medium
(250 mL flask). The cells were grown at 37°C until the
ODyp 0.8, and then the genes encoding LeuDH, KivD, and
YqhD enzymes in the plasmids were induced with 3 mM
IPTG simultaneously [7].

2.4. Pretreatment process for the watermelon rind and
okara waste

The watermelon rinds and okara were prepared by drying
them in the oven, followed by homogenization. After 1 h
of heating and filtering, the aqueous phase was isolated
with a 50 mM sodium citrate buffer (pH 5, 20% w/w).
Following this, 100 g each of the dried watermelon rinds
and okara dry powder was autoclaved (121°C, 30 min),
followed by purification by filtration. The filtered liquid
phase from the watermelon rinds and okara was prepared
for fermentation using the engineered E. coli and B. subtilis
mixed-whole cell biotransformation at 37°C.

2.5. Bioconversion of the watermelon rind and okara
waste into biofuels

For mixed-whole cell biotransformation fermentation,
engineered B. subtilis and E. coli derived from each 250 mL
flask are incubated overnight separately, then mixed with
an appropriate proportion (1:1, 1:4, 1:9, efc.) after washing
to ferment in the waste biomass hydrolysates. The cap-
sealed flasks were fermented at 37°C, 200 rpm for 5 days
for biofuels production and the biofuels production was
monitored daily.

2.6. Separation and quantification of biofuels of ethanol,
isobutanol, and methylbutanols

Each 1 mL sample was collected hourly for quantitative
analysis of generated biofuels. For sample pretreatment, the
supernatant of the sample was separated by centrifugation
(13,500 rpm, 4°C, 10 min). And the separated supernatants
were filtered by syringe and prepared for gas chromatography
(GC) analysis. Biofuels of ethanol, isobutanol, and methyl-
butanols were quantified using a GC analysis. The instru-
mental information of GC analyzer; a flame ionization
detector (225°C), split ratio: 1:5 of split injection, and
capillary column DB-FFAP, inside diameter 30 m x 0.25 m,
0.25 pm thickness (Younglin, Seoul, Korea) [22]. The initial
oven temperature was set at 50°C and raised to 200°C at a
temperature gradient of 15°C/min.

3. Results and Discussion

3.1. Mixed-whole cell biotransformation system of
engineered E. coli and B. subtilis for protein and
carbohydrate conversion

The two bacterial strains were able to convert proteins and
carbohydrates into C2—-C5 biofuels. The E. coli strain
expressing als, kivD, ilvC, ilvD, and yghD converted
carbohydrates [8,10], while the B. subtilis strain, in which
CodY and BkdB were deleted and leuDH, kivD, and yqhD
overexpressed, converted the proteins [7]. Using these two
strains, a mixed-whole cell biotransformation system that
could simultaneously convert water-soluble carbohydrates
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Fig. 1. Mixed-whole cell biotransformation system for converting
carbohydrate and protein waste into C2—C5 biofuels using various
ratios of engineered Escherichia coli and Bacillus subtilis.
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Fig. 2. Mixed-whole cell biotransformation system for the production of C > 2 bioalcohols (dotted box at the right) from carbohydrate
and protein biomass using engineered Escherichia coli and Bacillus subtilis strains. E. coli expressed alsS, kivD, ilvC, ilvD, and yghD,
while B. subtilis expressed leuDH, livD, and yqhD, with CodY and BkdB removed. E. coli and B. subtilis biosynthetic pathways for
BCAAs via intracellular ilv-leu operons, including AHAS and IIlvCDE. And recycling strategies of the generated lignin monomers and
oil by-product of crude glycerol and free fatty acids during hydrolysate extraction from plant hydrolysate biomass for further
development in consolidated bioprocess were suggested (dotted box at the bottom).

and proteins was established, with an end product of C2—
C5 biofuels of ethanol, isobutanol, 2-methylbutanol, and 3-
methylbutanol (Fig. 1). In carbohydrate metabolism, the
Ehrlich pathway produces isobutanol by converting the
pyruvate produced during glycolysis, while the Ehrlich
pathway converts proteins by producing 2-keto acid via the
dehydrogenation of BCAAs (Fig. 2).

3.2. Removal of the bioconversion byproducts acetic
acid and furfural via adsorption

One of the most bottle neck in plant-based biomass
conversion is the inhibitory effect of the plant components
such as furfural, lignin monomers of phenolic compounds,
and other fermentative chemicals. When selecting the organic
biomass for bioconversion, we have screened several plant-
based biomass such as barley straw and waste coffee
ground as carbohydrate and protein-waste representatives,
respectively [23]. However, the inhibitory compositions
such as phenolic lignin and furfural in their hydrolysate
greatly affected the cell growth and bio-alcohol production
in spite of their abundant nutritional resources. In such
cases it seems rather more efficient in the production of
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fatty acids by converting lignin or by fermentation [24,25].
Therefore removal of inhibitory components and bio-alcohol
production studies were carried out using watermelon rind
and okara as substrates with relatively low lignin content in
this study.

First, byproducts such as acetic acid and furfural produced
during the conversion of carbohydrates can lower biofuel
production due to cell-growth inhibition. The inhibition of
cell growth can be prevented using enzymes that regulate
the pathways that remove these byproducts from biotrans-
formed strains or that regulate redox potentials. However,
when compositionally complex organic waste is used as a
source, various byproducts are generated and would affect
several metabolic pathways which cannot be overcome by
metabolic engineering. As one of possible alternatives in
this study, an activated carbon was added for an adsorptive
inhibitor removal during the bioconversion process. Furfural
is produced by ethanogenic E. coli, and it was believed that
it may inhibit the growth of B. subtilis. In addition, protein
conversion by the B. subtilis strain may inhibit the growth
of the E. coli strain due to a change in the pH and the
higher cytotoxicity because of the secondary production of
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Fig. 3. Preparation of adsorptive removal of inhibitory chemicals and plant hydrolysate for mixed-whole cell biotransformation. (A)
Adsorptive removal of acetic acid and furfural using activated carbon and quantification of the byproducts removed using desorption.
Pretreatment process for the bioconversion of watermelon rinds and okara protein biomass in mixed-whole cell biotransformation
fermentation. (B) Cell-growth inhibition of engineered Bacillus subtilis strain by the byproducts of acetic acid and furfural. (C) Cell-
growth recovery of engineered B. subtilis strain following the adsorptive removal of furfural using activated carbon.

ammonia.

The effect of acetic acid and furfural on cell growth in
the B. subtilis strain and its subsequent recovery after these
byproducts were removed via adsorption using activated
carbon were analyzed (Fig. 3A). In the B. subtilis strain, no
growth inhibition by acetic acid was observed, but cell
growth was reduced by 50% by addition of 1 mM furfural
(Fig. 3B). In order to remove the furfural by adsorption, the
cells were simultaneously cultured with 0.1 g/mL of activated
carbon; as a result, it was confirmed that the inhibition of
cell growth by furfural was completely recovered (Fig. 3C).

3.3. Mixed-whole cell biotransformation of B. subfilis and
E. coli cells at different ratios in a yeast extract medium
In order to verify the feasibility of the mixed-whole cell
biotransformation system for the engineered E. coli and B.
subtilis strains, bioconversion using the YEM supplemented
with M9 salts was investigated first. The biofuel production
of the E. coli and B. subtilis strains in YEM at mass ratios
of 1:1, 1:1.5, and 1.5:1 (E. coli: B. subtilis ) cells was

examined. The engineered E. coli strain produced a
significantly higher biofuel production of 6 g/L. with the
40 ¢/l YEM with isobutanol and methylbutanols as main
products (Fig. 4A). In the mixed-whole cell biotransformation
system, the total biofuel production decreased to 2 g/L as
the ratio of the B. subtilis strain increased (Fig. 4B). This
is because the protein biomass conversion efficiency of B.
subtilis was lower than that of E. coli of 5 g/L, indicating
that the conversion activity of E. coli makes a higher
contribution to the system. Therefore, it is necessary to
optimize the ratio of E. coli and B. subtilis cell mass
according to the ratio of carbohydrates to protein in the
organic waste source.

3.4. Conversion of plant-derived food hydrolysate by E.
coli and B. subtilis cells

The bioconversion of organic plant hydrolysates of food
waste into biofuels was then conducted based on the results
obtained from the defined YEM-based bioconversion
experiments. Carbohydrate-rich watermelon rinds and
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protein-rich okara were selected as representative organic  broths (Fig. 3A). After mixing the food hydrolysate broths
food waste among the examined plant hydrolysates. The  with M9 salts in 50 mL scale, different ratios of the two
individual carbohydrate- and protein-rich solutions were strains of bacterial cell were added to the incubation broths.
autoclaved and filtered for the preparation of the fermentation For protein-rich broth, which contained 0.05 g/L. of glucose
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and 0.2 g/L of protein in the mixture of watermelon rinds
and okara hydrolysate, the E. coli and B. subtilis cells
produced approximately 0.6 g/L and 0.3 g/L. of biofuels,
respectively (Fig. 5A). Because the okara hydrolysate had
high protein composition, biofuel production was monitored
with the increase of the proportion of B. subtilis cells. As
the E. coli to B. subtilis cell mass ratio changed from 1:1
to 1:1.5, 1:4, and 1:9, the biofuel production increased
gradually and the highest titer of 0.8 g/L. biofuels was
achieved when the cell ratio of 1:9, which was 40% higher
than that achieved for E. coli alone (Fig. 5A).

For carbohydrate-rich broth, which contained 0.5 g/L
glucose and 0.05 g/L protein in the mixture of watermelon
rinds and okara hydrolysate, bioconversion activity was
measured by increasing the E. coli cell mass ratio on the
contrary. In this case, the use of B. subtilis alone led to
higher biofuel yields than the use of E. coli alone. This
might be because the higher glucose levels could lead the
ethanol fermentation by the engineered B. subtilis strain to
a greater extent than the efficiency of the conversion to
isobutanol by the E. coli. Biofuel production was highest
(1.1 g/L) when the E. coli to B. subtilis ratio was 4:1, with
the highest proportion of isobutanol at about 80% (Fig. 5B).
Interestingly, biofuel productivity did not steadily increase
with a higher proportion of E. coli cells with a glucose-rich
substrate. Rather, the increase in ethanol fermentation from
glucose lowered isobutanol production relatively and the
total biofuel production fell back to the similar level when
engineered E. coli was used alone.

3.5. E. coli and B. subtilis cell viability during bioconversion
process
In mixed-whole cell biotransformation systems, especially
when using gram-negative and gram-positive strains, it is
important to ensure that the activity of each cell is maintained
independently during the bioconversion process. In order
to evaluate the physiological activity of the E. coli and B.
subtilis strains in the mixed-whole cell biotransformation
system when the strain ratios were 1:1, 1:2, and 2:1, cell
viability was observed by colony formation during the
conversion process.

When the cell ratio was 1:1, the colonies of the engineered
B. subtilis cells tended to continuously decrease up to four
days of incubation and then increased after five days in
the mixed-whole cell biotransformation, whereas E. coli
maintained its cell mass for four days and then decreased
after five days (Fig. 5C). A brief decrease in B. subtilis cells
during biotransformation and gradual decrease in E. coli
cells after four days of bioconversion were also observed
when the mixing ratio was 1:2 and 2:1 as well. These
findings suggested that the conversion of biofuels was
dominated by the E. coli strain at the beginning of the

biotransformation process, while the B. subtilis strain
dominated in the latter stage of biotransformation. The F.
coli and B. subtilis mixed-whole cell biotransformation
system seemed to be effective when the glucose composition
ratio was high because E. coli, which has high bioconversion
activity, was able to efficiently convert the carbohydrates at
the beginning of the plant hydrolysate biomass conversion
process.

4. Conclusion

In this study, plant-derived food hydrolysate was converted
into biofuels using an engineered E. coli and B. subtilis
mixed-whole cell biotransformation. Dry powders produced
from carbohydrate-rich watermelon rinds and protein-rich
okara were used as the substrates, and the engineered E.
coli and B. subtilis strains with different ratios were utilized
for ethanol, isobutanol, and methylbutanols production.

First, activated carbon was used to restore B. subtilis
growth levels, which are negatively affected by the acetic
acid and furfural produced by ethanogenic E. coli [26].
Next, the optimal ratio of the E. coli and B. subtilis strains
was optimized according to the carbohydrate and protein
composition of the watermelon rinds and okara. Cell
viability analysis of the B. subtilis and E. coli strains found
that the E. coli strain had higher activity at the beginning
of the biotransformation process, while the B. subtilis strain
became dominant later. Mixed-whole cell biotransformation
system represent an efficient bioprocess for the treatment
of various forms of organic waste that differ in their nutrient
composition [18,20].

However, in order to ensure high productivity and the
desired final product composition, an optimization process
is necessary. For example, the optimal ratio of the cell
masses and maximization of the cell activity originating
from interactions between the cells should be achieved.
Furthermore, it may be very useful to recycle the generated
oil by-product during hydrolysate extraction from plant
biomass (Fig. 2, dotted box at the bottom). The wasted oil
could be further hydrolyzed into crude glycerol, which
could be recycled for microbial carbon sources, and free
fatty acids such as oleic and ricinoleic acid, which could be
further applied for hydroxyfatty acid or fatty acid
methylester forms of bio-diesel [23,25-27]. Besides several
valuable chemicals such as caffeic acid, p-coumaric acid,
ferulic acids as major antioxidant phenolics in watermelon
rinds, which were removed or not utilized in this study, and
could be further recycled [28]. These results will provide
important information for future biochemical production
efforts on the diversification of organic waste resources.

@ Springer



484

Biotechnology and Bioprocess Engineering 25: 477-484 (2020)

Acknowledgements

This work was supported by the Next-Generation BioGreen21
Program (SSAC, No. PJ01312801) of the Rural Development
Administration (RDA) of Korea.

The authors declare no conflict of interest.

Neither ethical approval nor informed consent was required
for this study.

References

1. Dhar, H., S. Kumar, and R. Kumar (2017) A review on organic
waste to energy systems in India. Bioresour. Technol. 245: 1229-
1237.

2. Xiao, R., M. K. Awasthi, R. Li, J. Park, S. M. Pensky, Q. Wang, J.
J. Wang, and Z. Zhang (2017) Recent developments in biochar
utilization as an additive in organic solid waste composting: A
review. Bioresour. Technol. 246: 203-213.

3. Pagliano, G, V. Ventorino, A. Panico, and O. Pepe (2017)
Integrated systems for biopolymers and bioenergy production
from organic waste and by-products: a review of microbial
processes. Biotechnol. Biofuels. 10: 113.

4. Wang, R. and Z. Xu (2016) Pyrolysis characteristics and pyrolysis
products separation for recycling organic materials from waste
liquid crystal display panels. J. Hazard. Mater. 302: 45-56.

5. Jank, A., W. Muller, 1. Schneider, F. Gerke, and A. Bockreis (2015)
Waste Separation Press (WSP): a mechanical pretreatment option
for organic waste from source separation. Waste Manag. 39: 71-77.

6. Zhu, P, Y. Chen, L. Y. Wang, M. Zhou, and J. Zhou (2013) The
separation of waste printed circuit board by dissolving bromine
epoxy resin using organic solvent. Waste Manag. 33: 484-488.

7. Choi, K. Y., D. G. Wernick, C. A. Tat, and J. C. Liao (2014)
Consolidated conversion of protein waste into biofuels and
ammonia using Bacillus subtilis. Metab. Eng. 23: 53-61.

8. Seo, H. M., J. M. Jeon, J. H. Lee, H. S. Song, H. B. Joo, S. H.
Park, K. Y. Choi, Y. H. Kim, K. Park, J. Ahn, H. Lee, and Y. H.
Yang (2016) Combinatorial application of two aldehyde oxido-
reductases on isobutanol production in the presence of furfural. J.
Ind. Microbiol. Biotechnol. 43: 37-44.

9. Song, H. S., J. M. Jeon, H. J. Kim, S. K. Bhatia, G. Sathiyana-
rayanan, J. Kim, J. W. Hong, Y. G. Hong, K. Y. Choi, Y. G. Kim,
W. Kim, and Y. H. Yang (2017) Increase in furfural tolerance by
combinatorial overexpression of NAD salvage pathway enzymes
in engineered isobutanol-producing E. coli. Bioresour. Technol.
245: 1430-1435.

10. Song, H. S., H. M. Seo, J. M. Jeon, Y. M. Moon, J. W. Hong, Y.
G. Hong, S. K. Bhatia, J. Ahn, H. Lee, W. Kim, Y. C. Park, K. Y.
Choi, Y. G. Kim, and Y. H. Yang (2018) Enhanced isobutanol
production from acetate by combinatorial overexpression of
acetyl-CoA synthetase and anaplerotic enzymes in engineered
Escherichia coli. Biotechnol. Bioeng. 115: 1971-1978.

11. Huo, Y. X., D. G. Wernick, and J. C. Liao (2012) Toward nitrogen
neutral biofuel production. Curr: Opin. Biotechnol. 23: 406-413.

12. Kim, E. J., D. Seo, and K. Y. Choi (2020) Bioalcohol production
from spent coffee grounds and okara waste biomass by engineered
Bacillus subtilis. Biomass Conv. Bioref. 10: 167-173.

13. Nitayavardhana, S. and S. K. Khanal (2010) Innovative biorefinery
concept for sugar-based ethanol industries: production of protein-

@ Springer

rich fungal biomass on vinasse as an aquaculture feed ingredient.
Bioresour. Technol. 101: 9078-9085.

14. Huo, Y. X., K. M. Cho, J. G. L. Rivera, E. Monte, C. R. Shen, Y.
Yan, and J. C. Liao (2011) Conversion of proteins into biofuels
by engineering nitrogen flux. Nat. Biotechnol. 29: 346-351.

15. Liu, F., W. Wu, M. B. Tran-Gyamfi, J. D. Jaryenneh, X. Zhuang,
and R. W. Davis (2017) Bioconversion of distillers’ grains
hydrolysates to advanced biofuels by an Escherichia coli co-
culture. Microb. Cell Fact. 16: 192.

16. Matsuoka, Y. and K. Shimizu (2013) Catabolite regulation
analysis of Escherichia coli for acetate overflow mechanism and
co-consumption of multiple sugars based on systems biology
approach using computer simulation. J. Biotechnol. 168: 155-173.

17. Martinez-Oro, D., 1. Parraga-Aguado, J. I. Querejeta, J. Alvarez-
Rogel, and H. M. Conesa (2019) Nutrient limitation determines
the suitability of a municipal organic waste for phytomanaging
metal(loid) enriched mine tailings with a pine-grass co-culture.
Chemosphere. 214: 436-444.

18. Wang, R., S. Zhao, Z. Wang, and M. A. Koftfas (2020) Recent
advances in modular co-culture engineering for synthesis of
natural products. Curr. Opin. Biotechnol. 62: 65-71.

19. Zhang, H. and G. Stephanopoulos (2016) Co-culture engineering
for microbial biosynthesis of 3-amino-benzoic acid in Escherichia
coli. Biotechnol. J. 11: 981-987.

20. Zhang, H., Z. Li, B. Pereira, and G. Stephanopoulos (2015)
Engineering £. coli-E. coli cocultures for production of muconic
acid from glycerol. Microbial Cell Fact. 14: 134.

21. Ham, K., B. S. Kim, and K. Y. Choi (2018) Enhanced ammonium
removal efficiency by ion exchange process of synthetic zeolite
after Na* and heat pretreatment. Water Sci. Technol. 78: 1417-
1425.

22. Choi, K. Y. (2015) Non-enzymatic PLP-dependent oxidative
deamination of amino acids induces higher alcohol synthesis.
Biotechnol. Bioprocess Eng. 20: 988-994.

23. Bhatia, S. K., R. Gurav, T. R. Choi, Y. H. Han, Y. L. Park, J. Y.
Park, H. R. Jung, S. Y. Yang, H. S. Song, S. H. Kim, K. Y. Choi,
and Y. H. Yang (2019) Bioconversion of barley straw lignin into
biodiesel using Rhodococcus sp. YHYOL. Bioresour. Technol.
289: 121704.

24. Bhatia, S. K., R. Gurav, T. R. Choi, H. R. Jung, S.'Y. Yang, Y. M.
Moon, H. S. Song, J. M. Jeon, K. Y. Choi, and Y. H. Yang (2019)
Bioconversion of plant biomass hydrolysate into bioplastic
(polyhydroxyalkanoates) using Ralstonia eutropha 5119. Bioresour:
Technol. 271: 306-315.

25. Sudheer, P. D. V. N,, D. Seo, E. J. Kim, S. Chauhan, J. R.
Chunawala, and K. Y. Choi (2018) Production of (Z)-11-
(heptanoyloxy)undec-9-enoic acid from ricinoleic acid by
utilizing crude glycerol as sole carbon source in engineered
Escherichia coli expressing BVMO-ADH-Fadl.. Enzyme Microb.
Technol. 119: 45-51.

26. Ruan, Z., W. Hollinshead, C. Isaguirre, Y. J. Tang, W. Liao, and
Y. Liu (2015) Effects of inhibitory compounds in lignocellulosic
hydrolysates on Mortierella isabellina growth and carbon utilization.
Bioresour. Technol. 183: 18-24.

27. Albishri, H. M., O. A. Almaghrabi, and T. A. A. Moussa (2013)
Characterization and chemical composition of fatty acids content of
watermelon and muskmelon cultivars in Saudi Arabia using gas
chromatography/mass spectroscopy. Pharmacogn. Mag. 9: 58-66.

28. Mushtaq, M., B. Sultana, H. N. Bhatti, and M. Asghar (2015)
RSM based optimized enzyme-assisted extraction of antioxidant
phenolics from underutilized watermelon (Citrullus lanatus
Thunb.) rind. J. Food Sci. Technol. 52: 5048-5056.

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




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


