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Open burning of agricultural residues causes numerous complications including particulate

matter pollution in the air, soil degradation, global warming and many more. Since they possess
bio-conversion potential, agro-industrial residues including sugarcane bagasse (SCB), rice straw
(RS), corncob (CC) and sweet sorghum bagasse (SSB) were chosen for the study. Yeast strains,
Candida tropicalis, C. shehatae, Saccharomyces cerevisiae, and Kluyveromyces marxianus var.
marxianus were compared for their production potential of bioethanol and phenylacetylcarbinol
(PAC), an intermediate in the manufacture of crucial pharmaceuticals, namely, ephedrine, and
pseudoephedrine. Among the substrates and yeasts evaluated, RS cultivated with C. tropicalis
produced significantly (p <0.05) higher ethanol concentration at 15.3 g L™ after 24 h cultivation. The
product per substrate yield (Y..,;) was 0.38 g g* with the volumetric productivity (Q,) of 0.64 g L™*h™*
and fermentation efficiency of 73.6% based on a theoretical yield of 0.51 g ethanol/g glucose. C.
tropicalis grown in RS medium produced 0.303 U mL™? pyruvate decarboxylase (PDC), a key enzyme
that catalyzes the production of PAC, with a specific activity of 0.400 U mg! protein after 24 h
cultivation. This present study also compared the whole cells biomass of C. tropicalis with its partially
purified PDC preparation for PAC biotransformation. The whole cells C. tropicalis PDC at 1.29 U mL™
produced an overall concentration of 62.3 mM PAC, which was 68.4% higher when compared to
partially purified enzyme preparation. The results suggest that the valorization of lignocellulosic
residues into bioethanol and PAC will not only aid in mitigating the environmental challenge posed by
their surroundings but also has the potential to improve the bioeconomy.
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Abbreviations
PM Particulate matter
PAC Phenylacetylcarbinol
PDC  Pyruvate decarboxylase
YPD Yeast extract-Peptone-Dextrose
Yeis Yield of ethanol produced over total sugars consumed
Y.cess Yield of acetic acid produced over total sugars consumed
is Yield of dried biomass produced over total sugars consumed
Q, Volumetric productivity of ethanol per litre per hour; y, specific growth rate (h™)
s Tot Specific total sugars consumption rate (g total sugars consumed g! biomass h™*)
HPLC High Performance Liquid Chromatography
MOPS  3-(N-Morpholino) propanesulfonic acid

As a consequence of the global population that is speculated to attain more than 9 billion by 2050 and 11 billion
by 2100, the adequate food supply is in question for the near future. To conquer this, scientific community has
been exploiting various strategies on prevention of food spoilage*® and extending their shelf-life** while seeking
to identify useful microbes for food industry®. Regarding Sustainable Development Goal 2 (Zero Hunger), there
has been a remarkable advancement in poultry, livestock and crop production, which additionally contribute to
the evolution of food and agricultural wastes’. Food wastes can be recycled into commercially viable products,
for instance, they are utilized as raw materials for the manufacture of bio-plastics and bio-fuels in addition to
the extraction of value added components®. Food waste is also employed in industrial processes for the pro-
duction of biofuels or biopolymers”!. On the other hand, agro-industrial residues can be used for biomass to
energy, mushroom production, cardboard/paper production, and other off-farm applications''. Although, they
can be recycled for the manufacture of valuable items like chipboard, particleboard, bio-composites'? or other
construction materials'®, the volume of residues that these alternatives can currently use are a fraction of what
is actually produced!!. Thus, in many countries, in the absence of proper management and utilization practices
for this huge quantity of residues, they are currently burnt or buried beneath the soil which leads to air and water
pollution and global warming'®. Open-air burning of residues contributes a fine particulate matter (PM) pol-
lution, an important health risk factor that significantly contributes to mortality in several regions of the world
including Southeast Asia. In 2019, a Global Burden of Disease (GBD) study classified PM2.5 exposure as the 6th
global mortality risk factor'®. The extent of agricultural waste burning and its catastrophic consequences on air
quality is categorized to be the 7th leading mortality risk factor'>-'7 in Thailand, a major agricultural producer
in Southeast Asia. This improper management has spawned an intense requirement to figure out strategies for
timely utilization and valorization of agricultural residues for sustainability and food and health security!.

Since crop residues and agro-industrial wastes are lignocellulosic biomass composed of cellulose, lignin
and hemicellulose, they can be used in the production of green energy and value-added products'® instead of
burning. A biorefinery approach is a coherent and viable substitute to synthesize diverse bioproducts from lig-
nocellulosic biomass. They are predominantly composed of cellulose, hemicellulose, and lignin'® which can be
hydrolyzed either chemically or enzymatically to yield fermentable sugars, glucose and xylose, respectively, as
well as L-arabinose?®?!. In the concept of biorefinery, using anaerobic digestion, fermentation, and composting,
we can convert the abundant waste biomass into biorefinery products such as biofuels, biofertilizers, bioplastics,
enzymes, organic acids and other value-added chemicals**~**. Sugarcane bagasse, rice straw, corncobs and sweet
sorghum bagasse which are the most common waste biomass generated by the agro-industries in large quantities
annually are suitable materials for biorefinery conversion into value added products.

In the current scenario, the scientific community is working extensively to seek alternative, sustainable, and
environment-friendly energy sources for combatting high energy demand. Bioethanol is one of the most suitable
renewable, alternative energy sources to replace fossil fuels. Thus, researchers are active in producing bioethanol
through microbial fermentation from inexpensive wastes such as lignocellulose?* for not only they are abundant
but also do not compete with food production, thereby not affecting food security. In this regard, a biorefinery
can be operated systematically to achieve zero waste production?” by manufacturing high-value-added chemicals
in addition to bioethanol as it will also increase the profitability of bioprocess.

Pyruvate decarboxylase (PDC) is a key enzyme involved in bioethanol production by catalyzing pyruvate
into acetaldehyde and carbon dioxide through a decarboxylation reaction®. PDC, in addition to decarboxyla-
tion, also carries out carboligation reaction wherein it bridges a carbon bond from benzaldehyde into the active
acetaldehyde resulting in the production of R-phenylacetylcarbinol (PAC), a major precursor involved in the
manufacture of pharmaceuticals, namely, ephedrine and pseudoephedrine. Ephedrine and pseudoephedrine
are used to prevent or relieve wheezing associated with asthma®, to relieve low blood pressure during spinal or
epidural anaesthesia®, in the management and treatment of clinically significant hypotension®!, act as a decon-
gestant which reduces nasal congestion®?. From the literature, it is also clear that ephedrine is a pharmaceutical
drug to exhibit several adrenaline actions and it is used in the preparation of obesity management and sport
medicine®. Many researchers in recent times have also reported that the drug ephedrine could be a clinical
neuroprotective candidate for treatment of cerebral ischemic stroke** and brain injury®®. Also, ephedrine could
exhibit protective effects against chronic obstructive pulmonary disease®® and one of the standard choices of
vasopressor agents to offset the consequences of life-threatening illnesses such as infection, heart failure, and
anaphylaxis during surgical procedures®”*%. Owing to its significant impact in medical field, the drug ephedrine
is being listed under the WHO?s 21st edition of model list of essential medicines®. Such recent developments in
medical field reveal that ephedrine has potential applications in the pharmaceutical sector and its global market
is anticipated to rise at a considerable rate and will continue to play a significant role in the pharmaceutical
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industry and public and primary health care in the future. In this regard, being the precursor of ephedrine, the
commercial production of PAC, which is valued at 146 USD/kg", is done through decarboxylation of pyruvate
followed by carboligation of benzaldehyde* by transferring enzyme-bound “active acetaldehyde” onto benzal-
dehyde via a nucleophilic addition**.

Different species of yeasts, fungi and bacteria have been utilized for the above biotransformation process by
several researchers®~*. In a study conducted by Rosche et al.”’, 105 yeast strains were screened for PAC produc-
tion and three species of Candida sp. were identified as the most interesting candidates as they produced higher
PAC with low inactivation by benzaldehyde and acetaldehyde. The same authors in another study reported
Rhizopus javanicus as a potential producer of PAC among 14 ethanol producing fungi based on higher yield
and rapid growth*. Similarly, in our previous research, 50 microbial strains were screened for the production of
ethanol and PAC and the results indicated that C. tropicalis was shown to be superior among other strains*. In
another study reported by Miguez et al.**, Kluyveromyces marxianus, Saccharomyces cerevisiae and S. pastorianus
were selected as best producers for PAC production. As far as the production of ethanol and PAC in an integrated
process is concerned, the selection of appropriate microbial strains for PAC production not only depends on
higher yield and tolerance against benzaldehyde toxicity, but also on its ability to utilize carbon sources available
in the agro-industrial residues, able to produce appreciable amount of ethanol and biomass. Thus, in the present
investigation, four yeast strains, C. tropicalis TISTR 5306, C. shehatae TISTR 5843, S. cerevisiae TISTR 5606 and
K. marxianus var. marxianus TISTR 5057 were considered for the detailed study. The rationale for selecting C.
tropicalis TISTR 5306 and S. cerevisiae TISTR 5606 was these strains performed well in producing ethanol and
PAC in our previous studies®®®'. C. shehatae TISTR 5843 and K. marxianus var. marxianus TISTR 5057 were
included in this study for their abilities to consume pentose sugars.

Although several research data have been reported earlier on the production of ethanol from agro-industrial
residues, this is the first study of its kind to evaluate different agro-industrial residues on simultaneous production
of bioethanol and PDC enzyme. The study also investigated the influence of whole cells biomass and partially
purified PDC enzyme on PAC production in a double-layer biotransformation system. This biorefinery approach
will utilize the sugars present in the raw materials as carbon source for ethanol and PDC containing biomass
generated in the fermentation could be used for the synthesis of PAC. Integrating the production of PAC and
bioethanol will improve the overall profitability and productivity of both products. Therefore, in the present
study, experiments were designed to select suitable raw material and yeast strain for optimal ethanol and PDC
production as well as biotransformation studies for the assessment of PAC synthesis.

Materials and methods

Materials. Agricultural and agro-industrial waste materials including corncobs (CC) and rice straw (RS)
obtained from Chiang Mai Provincial Livestock Office, sugarcane bagasse (SCB) from Kaset Thai International
Sugar Corporation, and sweet sorghum bagasse (SSB) from a local farm in Saraphi District were washed with
running tap water twice and sun-dried for 24 h. All agricultural materials except CC were chopped into small
segments (about 1-3 cm length) while CC was attrited into small grits (about 0.3-0.5 cm diameter) with storage
in dry condition at 25 °C. Cellulase from Trichoderma reesei was purchased from Vland Biotech Group Co. Ltd,
China. The cellulase activity was determined by the method described by Ghose®? where the initial volumetric
enzyme activity was 103+ 3 FPU mL™! prior to the study. R-PAC (based on Fischer Projection—an absolute con-
figuration, which is equivalent to L-PAC) standard was procured from Toronto Research Chemicals, Toronto,
Canada. All other standard chemicals and sugars were purchased from Sigma-Aldrich/Merck, Burlington, MA,
USA. Reagents and solvents used in this study were analytical grades.

Microorganisms. Ethanol producing yeasts procured from Thailand Institute of Scientific and Technologi-
cal Research (TISTR), Bangkok, Thailand, were namely, C. tropicalis TISTR 5306, C. shehatae TISTR 5843, S.
cerevisiae TISTR 5606 and K. marxianus var. marxianus TISTR 5057. The stock was maintained in 80% (v/v)
glycerol at — 20 °C*. Yeasts were cultured on Yeast extract Peptone Dextrose (YPD) agar (yeast extract 10 g L™,
peptone 10 g L™, agar 20 g L™! and glucose 20 g L") and subsequently grown in YPD broth at 30 °C, 250 rpm for
24 h and assessed for cells viability. Yeast cells count was performed with a haemocytometer (Count Chamber,
Model: PM MFR 650030, Haryana, India) by staining with 0.1% (w/v) methylene blue to distinguish live and
death cells as described by Borzani and Vario®. All yeast strains had viable cells count of > 95% and were used as
starter culture with 10% (v/v) inoculation®.

Pretreatment and enzymatic saccharification. Raw materials were pretreated by suspending at 6.20%
(w/v) in either distilled water or calcium hydroxide solution (1.84% w/v) and incubated at 100 °C for 4 h. The
selection of calcium hydroxide for pretreatment was based on the results of our previous research that compared
pretreatment strategies between calcium hydroxide, sulfuric acid, sodium hydroxide, and hydrogen peroxide
with the optimal results in terms of overall sugars concentration, yield, and production cost (unpublished data).
In addition, the advantages of calcium hydroxide pretreatment have been pointed out and successfully applied
to other study from our group®. The pretreatment with distilled water was taken as control for comparison.
The pretreated materials recovered by filtration was washed in water and suspended with sodium acetate buffer
(50 mM, pH 4.8) at a 1: 5 (solid: liquid) ratio. A preliminary experiment consisting of different solid to liquid
ratios were compared for the yield of sugars during pretreatment method and the solid to liquid ratio of 1:5 was
found to be ideal resulting in higher sugars being released (unpublished data). Enzymatic hydrolysis of pre-
treated materials was performed by the addition of cellulase enzyme (10% v/v) at 50 °C for 48 h under shaking
condition at 200 rpm as described by Wattanapanom et al.*®. The hydrolysate was filtered using a double layered
muslin cloth to remove coarse insoluble matter. The possible interference of insoluble fine particles matter that
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escaped muslin cloth filtration process at the beginning of microbial cultivation on determination of dried bio-
mass concentration at specific time course could be removed by offset calculation of determined values relative
to that at time zeroth. The type and concentration of sugars in the hydrolysate after enzymatic hydrolysis were
analyzed by HPLC. The top three substrates with highest total sugars yield were chosen for the next experiment.

Selection of suitable substrate for ethanol and yeast biomass production. As CC was shown to
have a relatively lower level of total sugars from previous section of pretreatment and enzymatic saccharification,
it was eliminated during selection process. The experiment was set up to evaluate the influence of substrates
(SCB, RS and SSB) on microbial growth and ethanol production utilizing C. tropicalis. The cultivation condi-
tions were similar to those described previously by Nunta et al.>'. Briefly, a 10 mL seed inoculum from glycerol
stock was grown in 250 mL Erlenmeyer flask with 90 mL hydrolysate supplemented with ammonium sulphate
(8.52 g L") as a nitrogen source, at 250 rpm, 30 °C and sampling intervals at 0, 24, and 48 h in triplicate. The
score ranking methodology was adapted from Nunta et al.>! and Tangtua et al.* to evaluate the most suitable
substrate for further experiments. The highest value of raw data considering all replicates for each criterion such
as initial total sugars, ethanol and dried biomass concentration was assigned to a score of 100 and the other
subsequent values were then converted proportionately to the same scale.

Selection of suitable yeast for ethanol, biomass and PDC activity. In this experiment, the yeasts,
C. tropicalis, C. shehatae, S. cerevisiae and K. marxianus were evaluated for the production of biomass, ethanol
and PDC activity on the selected substrate from above section. Seed inoculum was prepared by inoculating
yeasts into 50 mL of yeast culture medium in 250 mL Erlenmeyer flasks and incubated at 250 rpm for 24 h
at 301 °C. The cultivation medium of 450 mL of hydrolysate with added ammonium sulphate (8.52 g L™)
as nitrogen source was transferred with seed inoculum at 10% (v/v) in 1 L Erlenmeyer flask and incubated at
250 rpm for 48 h at 30+ 1 °C*. As observed in our previous research®, this cultivation conditions provide initial
aerobic environment sufficient to produce enough cells biomass and to initiate partial aerobic condition for
subsequent ethanol production and PDC activity. The experiments were done in triplicate and the samples were
drawn at 0, 24, and 48 h to evaluate sugars consumption as well as production of ethanol, dried biomass, and
PDC activity. The related kinetic parameters were also determined during two intervals of 0-24 and 24-48 h.
The score ranking strategy was used to assess the suitable yeast with selected substrate for subsequent biotrans-
formation studies.

Biotransformation process for the production of PAC in a two-layer liquid system. Biotrans-
formation studies were carried out as described by Leksawasdi et al.”” and Gunawan et al.* with slight modifica-
tions. The pre-frozen wet biomass of C. tropicalis at a whole cells concentration of 12.24 g L™! was prepared with
initial volumetric PDC activity of 1.29+0.12 U mL™. The partially purified PDC (0.32+0.04 U mL™") was also
prepared and extracted from 12.24 g L™! wet biomass based on previously published strategy®. The wet biomass
or partially purified PDC as biocatalysts were added to the biphasic system comprised of an aqueous phase
consisting of 125 mL 1 M phosphate buffer (pH 6.4/1 M H;PO,), pyruvate (240 mM), thiamine pyrophosphate
(1 mM) and magnesium heptahydrate (1 mM) and an organic phase consisting of 125 mL of vegetable oil with
benzaldehyde (200 mM)*. Biotransformation was initiated by stirring the mixture to form an emulsion of oil
droplets in the aqueous phase at 10 °C for 6 h. The biotransformation process was carried out in aerobic condi-
tion, but it should be noted that the oxygen was not involved in PAC production process which relied upon
decarboxylation and carboligation at active site of PDC. In addition, the biocatalysts used in current study were
not live whole cells in growing or cultivation stage. Samples from oil and aqueous phases were withdrawn at 0,
5, 30, 60, 120, 180, 240, 300 and 360 min in quintuplicate and trichloroacetic acid (10% (w/v)) was added before
centrifugation at 2822 x g for 5 min to separate the phases for further analyses.

Analytical methods. For dried biomass estimation, the dried weight of the insoluble matter in the hydro-
lysate before inoculation was first measured by drying in a hot air oven (Daihan Lab Co., Ltd., Gangwon, Korea)
at 105 °C until a constant weight was obtained. After inoculation, samples collected at intervals (0, 24 and 48 h)
were centrifuged (Nuve, Model No. NF 200, Ankara, Turkey) at 2822 x g for 15 min to separate supernatant and
pellet. The pellet was then washed with distilled water and analyzed for total dried weight which includes insolu-
ble matter and biomass weight. The initial insoluble matter dried weight was subtracted from this total dried
weight value to determine actual dried biomass weight®’. The supernatant was analyzed for pH, total soluble
solids (TSS), sugars (cellobiose, glucose, xylose, arabinose), ethanol, and acetic acid concentration. The pH was
measured with a digital pH meter (Eutech Instruments, Model pH 510, Nijkirk, Japan) and the TSS (°Brix) was
determined by a hand-held refractometer (Atago, Model No. N-1a, Tokyo, Japan). Sugars, ethanol and acetic
acid concentration were analyzed using HPLC (Agilent Technologies, Santa Clara, California) as described by
Khemacheewakul et al.% with the following conditions: 5 mM sulphuric acid in distilled water as mobile phase
with Aminex ® HPX-87H Ion Exclusive column and refractive index detector (RID) at 0.75 mL min~! flow rate.
The temperature of the column oven was set at 40 °C. Kinetic parameters like volumetric productivity of ethanol
(Qp), specific total sugars consumption rate (qs,q) specific growth rate (), yield of ethanol produced over total
sugars consumed (Y.q,,), yield of acetic acid produced over total sugars consumed (Y,), and yield of dried
biomass produced over total sugars consumed (Y,,) were calculated based on previously published work®">.
Similarly, the fermentation efficiency (FE%) was calculated using the established formula based on glucose® and
shown in supplementary section.

For preparation of partial purified PDC, a portion of yeast wet biomass (12.24 g) recovered from the above
cultivation at 48 h at 1 L basis was used as described by Tangtua et al.®*. Briefly, the biomass was added to citrate
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buffer (200 mM, pH 6.0) with glass beads (425-600 pum) at a 1: 1 ratio (w/w) to yeast cells and vortexed for 1 min
to rupture the cells with intermittent cooling on ice for 1 min. Vortexing was repeated thrice and the resultant
slurry was centrifuged at 2822 x g at 4 °C for 15 min to remove the pellet. The supernatant obtained was added
with precooled (- 20 °C) acetone at 30% and left at 4 °C for overnight to precipitate the enzyme. Later, the acetone
fraction was centrifuged at 12,122 x g at 4 °C for 15 min to collect the precipitate and the supernatant was added
with acetone at 40% (v/v) and left at 4 °C overnight. The precipitation-centrifugation cycle was repeated with 50
and 60% acetone and the precipitates were pooled together and redissolved in citrate buffer (200 mM), stored
at 4 °C for 4 h to evaporate any residual acetone. The resultant solution was assessed for PDC enzyme activity”!
and protein concentration® and utilized for the biotransformation process. PDC activity was measured as a
formation of PAC in 20 min at 25 °C from 80 mM benzaldehyde and 200 mM pyruvate in carboligase buffer®.
One-unit carboligase activity was defined as the amount of enzyme that could produce 1 pmol PAC from pyru-
vate and benzaldehyde per min at pH 6.4 and 25 °C as specified by Rosche et al.*’. The protein concentration
was determined according to Bradford assay, with bovine serum albumin as a protein standard®® and specific
carboligase activity was expressed as a unit of enzyme per milligram protein (U mg™). PAC, benzaldehyde,
benzoic acid and pyruvate were determined by HPLC***° (Agilent Technologies) at 283 nm using 32% (v/v) of
acetonitrile and 0.5% (v/v) of acetic acid in distilled water as mobile phase and Altima™ C8 column with diode
array detector (DAD). The flow rate was set at 1.0 mL min' and the temperature of the detector was set at 28 °C.

Statistical analysis. The results were expressed as mean + standard error and analyses were performed with
Statistical Packages for the Social Sciences (SPSS, version 17.0) using one-way analyses of variance (ANOVA).
Statistical differences among means were determined using Duncan’s multiple comparisons and considered sig-
nificant at p <0.05%%6!,

Results and discussion

Selection of substrate for bioethanol production. The raw materials such as CC, SCB, SSB and RS
used in the present study were the major agricultural and agro-industrial wastes in Thailand and classified as
important lignocellulosic materials. The initial pretreatment was required to release the sugars from the raw
materials to be used as a carbon source by yeasts®.

It was found that the raw materials upon pretreatment released varying concentrations of sugars as shown
in Table 1. Pretreatment with 1.84% (w/v) calcium hydroxide followed by enzymatic digestion yielded signifi-
cantly (p<0.05) higher sugars concentration compared to water treatment with enzymatic digestion. RS was
found to release the highest sugars concentration with 68.9+0.63 g L™! followed by SSB (51.8 £0.45 g L™!), SCB
(48.4+0.17 gL™") and CC (38.9+0.44 g L ™). It was found that pretreatment with calcium hydroxide followed by
enzymatic treatment released 23% (w/w) sugars from RS which was 44—64% higher when compared to other
substrates subjected for similar treatment. Calcium hydroxide pretreatment followed by the enzymatic treatment
of CC released the least quantity of sugars into hydrolysate when compared to any other substrate. In contrast to
the present results, Sumphanwanich et al.*” compared CC, SCB and RS in the release of sugars upon dilute acid
treatment, and found that CC yielded higher sugars than other lignocellulosic materials compared. The high
hemicellulose and lignin contents of CC when compared to other materials might have hindered the action of
cellulase during enzymatic treatment, thus decreased the efficiency of hydrolysis to release fermentable sugars.
Therefore, CC was excluded from further experiments.

Further, C. tropicalis, a yeast capable of producing ethanol and PAC was utilized to screen suitable substrate
among SCB, RS and SSB. A submerged cultivation was carried out and samples were analyzed at 0, 24, and 48 h
intervals. In the present study, C. tropicalis grown in RS resulted in a significant (p <0.05) increase of 22% and
19% in dried biomass yields at the end of 48 h when compared to SCB or SSB used as substrates respectively
(Fig. 1 and Supplementary Table S1). In addition, a significant (p<0.05) drop in pH was observed in all substrates
at the end of 48 h when compared to their initial counterparts. Similarly, a significant (p <0.05) reduction of 40%,
49%, and 52% in total soluble solids were also observed at the end of 48 h for SCB, RS and SSB, respectively, when

Sugar concentration (g L") Total sugars
released (g g™ of
Substrate | Pre-treatment Cellobiose | Glucose Xylose Arabinose Total sugars | raw material)
sCB H,0 + Cellulase 1.0264£0.01 |10.05£0.49 |5.11°+0.20 1.528+0.02 17.7+£0.70 | 0.077°F+£0.003
Ca(OH), + Cellulase | 8.76*+0.05 |28.0°+0.09 |10.9°+0.17 0.795F+0.026 48.4°+0.17 0.137°+ <0.001
SSB H,0 + Cellulase 2.458+0.02 13.25+£0.04 |2.54%+<0.01 |2.07°+<0.001 |20.3F+0.03 0.069" + <0.001
Ca(OH), + Cellulase | 5.12¢+0.04 30.85+0.29 13.28+0.18 2.718+0.02 51.88+0.45 0.155°+0.001
RS H,0 + Cellulase 1.23F+0.19 16.0P+1.16 |2.785+0.15 1.85P+0.02 21.95+1.44 0.083E+0.005
Ca(OH), + Cellulase | 7.50°+0.18 |44.5+0.37 | 13.3%+0.12 3.604+0.03 68.94+£0.63 | 0.231+0.002
cc H,0 + Cellulase 0.357+0.05 | 0.00 0.00 0.00 0.35+0.05 0.002°+ <0.001
Ca(OH), + Cellulase | 3.59°+0.03 |18.4°+0.29 |14.94+0.12 2.00°+0.02 38.9P+0.44 0.164% +0.002

Table 1. Sugar content of raw materials after chemical and enzymatic pretreatment. Numbers with the same
uppercase alphabet indicated no significant difference (p>0.05) for comparison of the same column. Bold data
indicated the best average value(s) within each column. SCB, sugarcane bagasse; SSB, sweet sorghum bagasse;
RS, rice straw; CC, corncob.
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Figure 1. Kinetic profiles of total sugars, individual sugars (cellobiose, glucose, xylose and arabinose), ethanol,
acetic acid and dried biomass concentration levels during cultivation of C. tropicalis TISTR 5306 on different
substrates, sugarcane bagasse (SCB); rice straw (RS); sweet sorghum bagasse (SSB). The standard error in all
cases were either within the sensitivity limit of detection procedures or less than 10%.

compared to their initial counterparts (Supplementary Table S1). This reduction in soluble solids is correlated
with the utilization of carbon sources to synthesize energy while nitrogen was used in the syntheses of enzymes,
proteins, deoxyribonucleic acid (DNA), and ribonucleic acid (RNA)®.

As shown in Fig. 1, the initial total sugar concentration was 47.9+0.3, 63.1+3.1 and 47.0+1.0 g L™! and during
cultivation the sugars consumed were by 92%, 79% and 84% after 24 h and 94%, 79%, and 95% at the end of 48 h,
respectively, for SCB, RS and SSB. The maximum ethanol production occurred at 24 h for SCB and RS whereas
it was 48 h for SSB with 17.7+0.2, 18.6+0.2, and 14.7 0.5 g L™ respectively. Other kinetic parameters such as
Qp th Gstov Yettss Yacer and Yy were presented in Supplementary Table S2. The Q, was found to be 0.74, 0.78 and
0.31 g L' h™! for SCB, RS and SSB respectively. From the results, it can be noted that the Y, during cultivation
of C. tropicalis in different substrates were between 0.33 and 0.40 g ethanol produced g sugars consumed for
the initial 0-24 h of cultivation and 0.33 and 0.37 during 0-48 h. The highest Y.y, was obtained with SCB and
RS with no significant difference (p >0.05) in the yield.

From the score ranking analysis (Table 2), RS was found to be superior in terms of ethanol and biomass
production and selected for further studies. In contrast to the results, Sumphanwanich et al.%’ stated that the
ethanol production by S. cerevisiae on RS hydrolysate was lower when compared to bagasse and CC. However,
their results were corresponding to the initial sugar content of substrates. In the present study, RS was found to
have the highest initial sugar content compared to other substrates to yield higher ethanol.

Selection of yeast for bioethanol and PDC production. The yeasts, C. tropicalis, C. shehatae, S. cer-
evisiae and K. marxianus, were assessed in this study as there is a possibility that the PDC enzymes from different
ethanol-producing yeasts will have different enzyme activity. S. cerevisiae is the most popular and superior yeast
strain used to produce ethanol as it can withstand high ethanol concentrations compared to many other yeasts®.
Despite this, the yeasts C. tropicalis, C. shehatae and K. marxianus were included in the study as they can utilize
pentose sugars (xylose and arabinose), which S. cerevisiae cannot utilize, in addition to hexose sugars (sucrose
and glucose). Moreover, the yeast C. tropicalis is resistant to lignin-derived degradative substances which have an

(A) (B) ©) (D)

Total sugars

after enzymatic Total sugars Ethanol Dried biomass

treatment released (g g~' raw | concentration concentration Score for (A) | Score for (B) | Score for (C) | Score for (D) | Total Score
Substrate | (gL™") material) (gL™) (gL™) (100 points) (100 points) (100 points) (100 points) (400 points)
SCB 48.4°+0.17 0.137¢+ <0.001 16.6+0.26 2.025+0.06 69.3°+0.2 58.6°+0.2 93.74+1.5 82.05+2.5 3048 +2
RS 68.94+0.63 0.2314+£0.002 17.24+0.24 2.46*+0.01 98.74+0.9 98.74+0.9 97.34+1.4 99.54+0.5 3944+ <1
SSB 51.8%+0.45 0.155+£0.001 14.78+0.50 2.065+0.06 74.3%+0.6 66.15+0.6 83.15+2.8 83.3%+24 3078 +2

Table 2. Score ranking analysis to select suitable substrate for cultivation. Numbers with the same uppercase
alphabet indicated no significant difference (p >0.05) for comparison of the same column. Bold data indicated
the best average value(s) within each column. Score ranking was calculated taking account of all the replicates
of each criterion in Microsoft Excel spreadsheet. SCB, sugarcane bagasse; RS, rice straw; SSB, sweet sorghum
bagasse.
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inhibitory effect on yeast growth’°-7. Thus, the above four yeasts were evaluated for their potential by ferment-
ing RS substrate and the changes in parameters that occurred during cultivation are presented in Fig. 2 and Sup-
plementary Table S3. The data for pH and TSS is presented with Supplementary Table S3. There was a significant
(p<0.05) decrease observed in pH during cultivation from 0 to 24 h and further a slight decrease between 24
and 48 h. The initial soluble solid content was between 12.5+0.3 and 12.7 +0.07°Brix among the yeasts studied.
C. tropicalis showed maximum utilization of solids after 48 h of cultivation when compared to other yeasts and
this is evident from the analysis of total sugars consumption after 48 h. There was no significant (p >0.05) differ-
ence observed in dried biomass concentration between C. tropicalis, C. shehatae and S. cerevisiae while a lower
biomass production was seen with K. marxianus compared to other yeasts after 48 h of cultivation. While other
yeasts produced Y, in the range of 0.05+0.01 to 0.08+0.01 g g”!, K. marxianus produced only 0.03+0.01 g
biomass produced g! sugars consumed.

The initial total sugar concentration before cultivation was found to be 61.6+0.6, 62.4+ 1.4, 62.2+0.3 and
61.6+0.7 g L! for C. tropicalis, C. shehatae, S. cerevisiae and K. marxianus respectively. It was observed that C.
tropicalis and S. cerevisiae consumed 66.0% and 65.0% of total sugars to produce maximum ethanol after 24 h
of cultivation with the concentration levels of 15.2+0.3 and 14.5+0.08 g L™! ethanol, respectively. However, C.
shehatae and K. marxianus produced maximum ethanol concentration only after 48 h of cultivation with the
consumption of 50.6% and 63.2% total sugars to 11.1+0.27 and 11.8 £0.17 g L™" ethanol, respectively.

The comparison of kinetics is presented in Supplementary Table S4. The Q, was found to be 0.64, 0.23, 0.61
and 0.25 g L' h™! for C. tropicalis, C. shehatae, S. cerevisiae and K. marxianus respectively. The Y.y, obtained with
C. tropicalis were found to be 8.6, 5.5 and 31.0% higher than that of C. shehatae, S. cerevisiae and K. marxianus,
respectively. after 24 h of cultivation. The FE from this experiment was calculated to be 74.5%, 70.6%, 68.6%,
and 58.8%, respectively for C. tropicalis, S. cerevisiae, C. shehatae, and K. marxianus based on a theoretical yield
0f 0.511 g ethanol g! glucose”. The higher ethanol yield with C. tropicalis over other yeasts is attributed to the
tolerability of former yeast against temperature, ethanol, and lignin-like toxic polyphenols, moreover the ability
to utilize pentose sugars presented in hemicellulose of agro-industrial products”.

With C. tropicalis and S. cerevisiae, the concentration of ethanol declined further at 48 h of cultivation with
the depletion of glucose in the medium. This might be due to when glucose becomes scarce, ethanol produced
during cultivation is used as a carbon source, requiring a shift to respiration as an adaptation which results in
massive reprogramming of gene expression’®. This might have resulted in the formation of acetic acid after 24 h
of cultivation. The acetic acid yield (Y,,) was although higher for S. cerevisiae at the end of cultivation, it was not
significantly different among the yeasts except C. shehatae (Supplementary Table S4). C. tropicalis and S. cerevisiae
when grown in glucose deficient medium might have converted acetaldehyde generated from ethanol to acetic
acid by the action of aldehyde dehydrogenase’. In future, reducing byproducts formation especially the acetic
acid is a special concern in developing a competitive bioprocess in deciding the overall thrift of the process”.

There was only a negligible reduction in xylose observed in C. tropicalis during 0-24 h cultivation indicating
that pentose-fermenting yeasts especially Candida sp. preferentially utilize glucose in mixtures of pentose and
hexose sugars because of severe repression of pentose sugars catabolism’®. Once glucose has been consumed,
enzymes for pentose sugars catabolism are synthesized as evident in the present study where 30% (w/v) xylose
was utilized during 24-48 h (Fig. 2). However, the rest of the yeasts failed to consume xylose as they prefer other
hexose sugars or pentose sugars rather than xylose for their growth”. Similarly, none of the yeast used in the
study could utilize cellobiose efficiently as they lack both a cellobiose transporter and a B-glucosidase capable
of hydrolyzing cellobiose into glucose®’. However, Zheng et al.®' demonstrated that C. molishiana was able to
utilize cellobiose in addition to glucose and produce ethanol. The accumulation of cellobiose in the present study
might be due to the inhibitory action of glucose by a strong product feedback inhibition. For instance, both
endoglucanase and §3-glucosidase activities are required to break down cellulose into cellobiose and cellobiose
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Figure 2. Kinetic profiles of total sugars, individual sugars (cellobiose, glucose and xylose), ethanol, acetic acid
and dried biomass concentration levels during cultivation of different yeasts namely C. tropicalis TISTR 5306, C.
shehatae TISTR 5843, S. cerevisiae TISTR 5606 and K. marxianus var. marxianus TISTR 5057 with rice straw as
substrate. The standard errors in all cases were either within the sensitivity limit of detection procedures or less
than 10%.
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into glucose, respectively. However, accumulation of glucose can inhibit 3-glucosidase and cellobiose can inhibit
endoglucanase activity®. Thus, usage of a synergic ratio of endoglucanase and B-glucosidase can yield a high
amount of glucose and thereby ethanol. This will also overcome glucose scarcity in the medium and improve
ethanol to acetic acid ratio.

The yeasts recovered from the cultivation broth by centrifugation were lysed and analyzed for PDC activity.
Figure 3 and Supplementary Table S5 show the enzyme and specific activity of PDC in the biomass of C. tropicalis,
C. shehatae, S. cerevisiae and K. marxianus. The enzyme concentration was found to be higher during the initial
stage of cultivation (up to 24 h) with a further decrease seen after 48 h cultivation. Among the yeasts, a higher
concentration was observed in C. tropicalis with 0.303 £0.020 U mL™ and specific activity of 0.469+0.053 U mg™!
of protein after 24 h cultivation. In contrast, C. shehatae possessed the least volumetric enzyme activity with
0.053+0.004 U mL™! which was 6-folds lesser when compared to C. tropicalis after 24 h of cultivation.

From the score ranking analysis as shown in Table 3, C. tropicalis was found to be superior for ethanol, bio-
mass production and PDC enzyme activity with a total score of 368 +7 out of 400 followed by C. shehatae, K.
marxianus and S. cerevisiae. Thus, C. tropicalis was subjected to further biotransformation studies to synthesize
PAC from the precursors, pyruvate and benzaldehyde.

Biotransformation process to produce PAC using whole cells biomass and partially purified
enzyme as biocatalysts. Biotransformation studies were conducted in a two-layer liquid system with
either whole cells biomass of yeast C. tropicalis or its partially purified enzyme. The reason to have biotrans-
formation in a double-layer system is that the precursor, benzaldehyde, soluble only in the organic phase will
prevent its interaction with PDC presents in the aqueous phase, thereby preserving the stability of the enzyme®’.
There are several solvents including octanol, heptanol, hexanol, butanol and many that can be used as organic
phase system for the biotransformation process®. However, due to their higher costs, a vegetable oil was used
as an organic phase in the present study to cut down the production cost. Although MOPS buffer used in the
aqueous phase might help maintain the stability of the PDC enzyme, its relatively high cost will hinder its appli-
cation in an industrial scale-up. Thus, the phosphate buffer used in the present study could be a suitable low-cost
replacement for the MOPS buffer®.

From the results, it was observed that the biomass of C. tropicalis (12.24 g L™!) equivalent to 1.29+0.12 U mL™!
was able to produce PAC with an overall concentration of 32.6+ 1.6 mM at 60 min and the concentration
increased with the reaction time to reach twofold at the end of 6 h (Fig. 4a and Supplementary Table S6). In the
other words, the whole cells C. tropicalis PDC at 1.29 U/mL produced a volumetric production of 1.56 g PAC
L' h™! at 10 °C with the specific productivity of 3.05 g g™! biomass h™!. The organic phase accounted for signifi-
cantly (p<0.05) higher PAC formation when compared to the aqueous phase as corroborating with the results of
Rosche et al.* who reported 687 mM PAC concentration in the organic octanol phase while the aqueous phase
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Figure 3. Intracellular pyruvate decarboxylase (PDC) activity of yeasts during cultivation with rice straw as
substrate (a) Volumetric PDC enzyme activity of cells lysate; (b) Specific PDC enzyme activity of cells lysate.
Error bars indicate the standard error from the mean (n=3). Means with different uppercase alphabets indicated
a significant difference (p <0.05) between time intervals of the same yeast species. Means with different
lowercase alphabets indicated a significant difference (p <0.05) between respective time points among yeast
species.
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(A) (B) ©) (D)
Specific activity

Ethanol Dry biomass PDC enzyme values of the

concentration concentration activity value PDC enzyme Score for (A) | Score for (B) | Score for (C) | Score for (D) | Total Score
Yeast (gL (gL (UmL™) (U mg! protein) | (100 points) (100 points) (100 points) (100 points) (400 points)
C. tropicalis 12.74+0.23 2.38440.15 0.2574+0.008 0.415%£0.041 97.42+1.8 88.84+5.6 96.44+2.9 85.44£8.5 3682+7
C. shehatae 11.1°£0.27 2.504+0.12 0.045 +0.003 0.2528+0.026 85.2¢+2.1 93.34+4.7 17.0°+ 1.0 51.98+54 2478 +12
S. cerevisiae 9.22°+0.13 2.374£0.19 0.115+0.009 0.121€+0.012 71.0° £ 1.0 88.3416.9 43.1¢+322 25.06£2.5 227¢£10
K. marxianus 11.85+0.17 1.29%+0.02 0.203%+0.024 0.117€+0.008 91.0°+1.3 48.05+0.7 76.3+8.8 24.0°£1.7 239%C+10

Table 3. Score ranking analysis to select suitable yeast for cultivation. Numbers with the same capital alphabet
indicated no significant difference (p >0.05) for comparison of the same column. Bold data indicated the
best average value(s) within each column. PDC: pyruvate decarboxylase. Score ranking was calculated taking
account of all the replicates of each criterion in Microsoft Excel spreadsheet. For example: the highest value
for raw data of column A (ethanol concentration) was 12.99 g L™! among all the yeasts (the tabulated value of
12.7 g L™! was an average value from three raw data which also included the highest value of 12.99 g L™!). All
other values were then divided by maximum value of 12.99 and multiplied by 100 to get the respective score.
Three replicate values of ethanol concentration for S. cerevisiae were 9.10, 9.08 and 9.47 g L™'. The score is
calculated as (9.10/12.99*100) =70.0, (9.08/12.99*100) =69.9 and (9.47/12.99*100) =72.9 for each replicate
respectively. The scores of each replicate of the same yeast were added before calculating an average score.
Therefore, for S. cerevisiae the average score (71.0) was calculated by (70.0+69.9+72.9)/3=71.0.
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Figure 4. Biotransformation of phenylacetylcarbinol (PAC) in a two-layer system. (a) PAC concentration when
whole cells biomass of C. tropicalis was used as biocatalyst; (b) PAC concentration when partially purified PDC
was used as a biocatalyst. Error bars indicate the standard error from the mean (n=3). Means with different
uppercase alphabets indicated a significant difference (p <0.05) between aqueous, oil phase and overall, of

the same reaction time. Means with different lowercase alphabets indicated a significant difference (p<0.05)
between time intervals of the respective layer.
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had only 86.7 mM. Similarly, Agustina et al.** found that in the organic layer, the concentration of PAC was as
high as 19.6 mM, while the buffer layer had only 1.76 mM.

In addition to the whole biomass of C. tropicalis, the PDC enzyme derived from its biomass was also utilized
for the biotransformation process. The results showed that the overall highest PAC concentration was found
to be 19.7 £2.2 mM at 60 min and decreased further as the reaction time increased to 6 h (Fig. 4b and Sup-
plementary Table S7). It was observed that no significant (p >0.05) difference in PAC concentration between
the aqueous layer and organic layer of the biotransformation system. In contrast to the present study, Sandford
et al.* found that PAC production in a two-liquid system with partially purified PDC enzymes from C. utilis
produced PAC up to 937 mM in the organic layer and 127 mM in the aqueous layer. It was also noted that in
the present study, the biotransformation involved partially purified enzyme yielded less PAC when compared to
the whole cells biomass of C. tropicalis. The higher PAC production achieved with whole cells PDC compared
to partially purified PDC might be related to higher enzyme stability in the whole cells preparation®. This is
due to the phospholipids as a cells component that acts as the barrier of the cells envelope and gives physical
protection to enzymes inside cells®®. Moreover, the cells-free enzyme preparation can result in PDC deactivation
by the substrate benzaldehyde®. This is evident from a study conducted by Satianegara et al.** who reported an
86% loss in the half-life of partially purified PDC compared to only 62% for whole cells preparation at 4 °C in
the presence of 50 mM benzaldehyde.

In the present study, either whole cells biomass (12.24 g L'!) with initial volumetric PDC activity of 1.29+0.12
U mL™! or partially purified enzyme isolated from 12.24 g biomass with 0.32+0.04 U mL™! activity was used
as biocatalysts. Although the initial PDC activity between the catalysts was unequal, it can be rationalized that
enzyme purification process could incur higher cost and relatively high overall losses of enzyme activity to result
in the equivalent quantity of enzyme. Thus, the intention of the study is to assess the catalysts for higher PAC
production without incurring any additional costs. Moreover, utilization of whole cells has advantage over par-
tially purified PDC as the former might offer higher catalyst stability than the enzymatic counterpart as partially
purified PDC is more prone to deactivation effect by benzaldehyde*. In the case of both whole cells biomass and
partially purified enzyme biocatalyst system, there was no formation of acetoin and benzyl alcohol as by-products
when vegetable oil was used as an organic phase system. This is following Satianegara et al.* who evaluated the
pre-frozen whole cells biomass and partially purified enzyme of C. utilis and reported no formation of benzyl
alcohol. However, in other studies which utilized immobilized whole cells®, the production of benzyl alcohol was
witnessed. This might be due to the PAC formed within the first hour inhibited the formation of benzyl alcohol
as it can inhibit the activity of alcohol dehydrogenase® or there might be decrease in alcohol dehydrogenase
activity due to the pre-frozen process®. From the comparison of whole cells and partially purified PDC in the
PAC biotransformation, it is evident that utilization of whole cells as biocatalysts has considerable potential for
cost reduction in term of appreciably higher PAC concentrations.

Conclusion

The research explored the utilization of agro-based raw materials, SCB, SSB, CC and RS, for the production of
ethanol and biotransformation of PAC. For this, different ethanol producing yeasts, C. tropicalis, C. shehatae, S.
cerevisiae and K. marxianus, were evaluated for their potential. The study also compared the biotransformation
process involving whole cells biomass with the process involving its partially purified enzyme for PAC produc-
tion. In a nutshell, RS substrate fermented with C. tropicalis yielded higher ethanol (12.7+0.23 g L™!) and specific
PDC activity (0.351+0.076 U mg™! protein). Further, higher PAC formation (62.3 +4.4 mM) could be possible
when the biotransformation process was carried out in a two-layer system with the whole cells biomass of C.
tropicalis as a biocatalyst. Therefore, this study revealed that bioconversion of agro-industrial products would
prove efficient in terms of alleviating waste disposal problems with the concomitant production of ethanol
and phenylacetylcarbinol. The spent residue of the agro-materials after the enzymatic treatment remains to be
evaluated for its compositional analysis and could be used as an animal feed supplement to generate zero waste
from the process.

Data availability
The data sets generated during and/or analysed during the current study are available from the corresponding
authors on reasonable request.

Received: 12 October 2022; Accepted: 2 January 2023
Published online: 13 January 2023

References

1. Mehrotra, S., Lewis, L., Orloff, M. & Olberding, B. Greater Than Parts: A metropolitan opportunity, Washington, DC: World Bank
(2020).

2. Rachtanapun, P. et al. Characterization of chitosan film incorporated with curcumin extract. Polymers 13, 963 (2021).

3. Ogunnupebi, T. A. et al. Promising natural products in crop protection and food preservation: Basis, advances, and future prospects.
Int. J. Agron. 2020, 125 (2020).

4. Homsaard, N. et al. Efficacy of cassava starch blending with gelling agents and palm oil coating in improving egg shelf life. Int. J.
Food Sci. Technol. 56, 3655-3661 (2021).

5. Schmidt, M., Zannini, E., Lynch, K. M. & Arendt, E. K. Novel approaches for chemical and microbiological shelf life extension of
cereal crops. Crit. Rev. Food Sci. Nutr. 59, 3395-3419 (2019).

6. Zhang, N. et al. Cell permeability and nuclear DNA staining by propidium iodide in basidiomycetous yeasts. Appl. Microbiol.
Biotechnol. 102, 4183-4191 (2018).

7. Tripathi, A. D., Mishra, R., Maurya, K. K., Singh, R. B. & Wilson, D. W. In The Role of Functional Food Security in Global Health
3-24 (Elsevier, 2019).

Scientific Reports |

(2023)13:727 | https://doi.org/10.1038/s41598-023-27451-4 nature portfolio



www.nature.com/scientificreports/

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

. Girotto, E, Alibardi, L. & Cossu, R. Food waste generation and industrial uses: A review. Waste Manage. 45, 32-41 (2015).
. Abdeshahian, P. et al. Valorization of lignocellulosic biomass and agri-food processing wastes for production of glucan polymer.

Waste Biomass Valoriz. 12,2915-2931 (2021).

. Rachtanapun, P. et al. Carboxymethyl bacterial cellulose from nata de coco: Effects of NaOH. Polymers 13, 348 (2021).
. Naresh, R. et al. Alternative uses, in and off-field managements to reduce adverse impact of crop residue burning on environment:

A review. Int. J. Env. Clim. Change 11, 100-118 (2021).

. Mohite, A. S., Jagtap, A. R, Avhad, M. S. & More, A. P. Recycling of major agriculture crop residues and its application in polymer

industry: A Review in the context of waste to energy nexus. Energy Nexus 7, 100134 (2022).

. Maraveas, C. Production of sustainable construction materials using agro-wastes. Materials 13, 262 (2020).
. Koul, B, Yakoob, M. & Shah, M. P. Agricultural waste management strategies for environmental sustainability. Environ. Res. 206,

112285 (2022).

Murray, C. J. et al. Global burden of 87 risk factors in 204 countries and territories, 1990-2019: A systematic analysis for the Global
Burden of Disease Study 2019. The Lancet 396, 1223-1249 (2020).

Kumar, I., Bandaru, V., Yampracha, S., Sun, L. & Fungtammasan, B. Limiting rice and sugarcane residue burning in Thailand:
Current status, challenges and strategies. J. Environ. Manage. 276, 111228 (2020).

Johnston, H. J. et al. How harmful is particulate matter emitted from biomass burning? A Thailand perspective. Curr. Pollut. Rep.
5,353-377 (2019).

Souto, B. A, Souza, V. L., Perazzini, M. T. B. & Perazzini, H. Valorization of acai bio-residue as biomass for bioenergy: Determina-
tion of effective thermal conductivity by experimental approach, empirical correlations and artificial neural networks. J. Clean.
Prod. 279, 123484 (2021).

Okolie, J. A., Nanda, S., Dalai, A. K. & Kozinski, J. A. Chemistry and specialty industrial applications of lignocellulosic biomass.
Waste Biomass Valoriz. 12, 2145-2169 (2021).

Singhvi, M. S. & Gokhale, D. V. Lignocellulosic biomass: Hurdles and challenges in its valorization. Appl. Microbiol. Biotechnol.
103, 9305-9320 (2019).

Seesuriyachan, P. et al. Improvement in efficiency of lignin degradation by Fenton reaction using synergistic catalytic action. Ecol.
Eng. 85, 283-287 (2015).

Kover, A., Kralji¢, D., Marinaro, R. & Rene, E. R. Processes for the valorization of food and agricultural wastes to value-added
products: Recent practices and perspectives. Syst. Microbiol. Biomanufact. 2021, 1-17 (2021).

Nayak, A. & Bhushan, B. An overview of the recent trends on the waste valorization techniques for food wastes. J. Environ. Manage.
233,352-370(2019).

O’Connor, J. et al. A review on the valorisation of food waste as a nutrient source and soil amendment. Environ. Pollut. 272, 115985
(2021).

Kumar, A., Kaushal, S., Saraf, S. A. & Singh, J. S. Microbial bio-fuels: A solution to carbon emissions and energy crisis. Front.
Biosci.-Land. 23, 1789-1802 (2018).

Olsson, L. & Hahn-Hégerdal, B. Fermentation of lignocellulosic hydrolysates for ethanol production. Enzyme Microb. Technol. 18,
312-331 (1996).

Mitra, M. & Mishra, S. Multiproduct biorefinery from Arthrospira spp. towards zero waste: Current status and future trends.
Bioresour. Technol. 291, 121928 (2019).

Nichols, N. N., Dien, B. S. & Bothast, R. J. Engineering lactic acid bacteria with pyruvate decarboxylase and alcohol dehydrogenase
genes for ethanol production from Zymomonas mobilis. J. Ind. Microbiol. Biotechnol. 30, 315-321 (2003).

Dousari, A. S., Satarzadeh, N., Amirheidari, B. & Forootanfar, H. Medicinal and therapeutic properties of ephedra. Rev. Bras.
Farmacogn. 2022, 1-17 (2022).

. Collis, R. Anaesthesia for caesarean section: Basic principles. Obstetr. Anaesthesia 2020, 273 (2020).

. Statler, A. K., Maani, C. V. & Kohli, A. StatPearls [Internet] (StatPearls Publishing, 2022).

. Van Schoor, J. Managing symptoms of the common cold in adults. SA Pharmacist’s Assist. 19, 6-8 (2019).

. Gad, M. Z., Azab, S. S., Khattab, A. R. & Farag, M. A. Over a century since ephedrine discovery: An updated revisit to its pharma-

cological aspects, functionality and toxicity in comparison to its herbal extracts. Food Funct. 12, 9563-9582 (2021).

. Shi, C, Li, J. & Li, J. Ephedrine attenuates cerebral ischemia/reperfusion injury in rats through NF-kB signaling pathway. Hum.

Exp. Toxicol. 40, 994-1002 (2021).

Huang, L. et al. Ephedrine alleviates middle cerebral artery occlusion-induced neurological deficits and hippocampal neuronal
damage in rats by activating PI3K/AKT signaling pathway. Bioengineered 12, 4136-4149 (2021).

Wang, H.-L., Chen, E-Q. & Wu, L.-J. Ephedrine ameliorates chronic obstructive pulmonary disease (COPD) through restraining
endoplasmic reticulum (ER) stress in vitro and in vivo. Int. Immunopharmacol. 103, 107842 (2022).

Muneer, K., Khurshid, H. & Venkatesh, H. Comparison of Phenylephrine and ephedrine in the treatment of hypotension and its
effects on the foetus after subarachnoid block for caesarean section. J. Evol. Med. Dent. Sci. 10, 3775-3781 (2021).

Koch, K. U. et al. Cerebral macro-and microcirculation during ephedrine versus phenylephrine treatment in anesthetized brain
tumor patients: A randomized clinical trial using magnetic resonance imaging. Anesthesiology 135, 788-803 (2021).

WHO. In World Health Organization Model List of Essential Medicines: 21st list 2019. Report No. No: WHO-MVP-EMP-IAU-2019.06
(World Health Organization, 2019).

Leksawasdi, N. et al. Asian Berries 123-148 (CRC Press, 2020).

Rosche, B., Breuer, M., Hauer, B. & Rogers, P. L. Cells of Candida utilis for in vitro (R)-phenylacetylcarbinol production in an
aqueous/octanol two-phase reactor. Biotech. Lett. 27, 575-581 (2005).

Rosche, B., Sandford, V., Breuer, M., Hauer, B. & Rogers, P. L. Enhanced production of R-phenylacetylcarbinol (R-PAC) through
enzymatic biotransformation. J. Mol. Catal. B Enzym. 19, 109-115 (2002).

Rosche, B. et al. Enzymatic (R)-phenylacetylcarbinol production in benzaldehyde emulsions. Appl. Microbiol. Biotechnol. 60,
94-100 (2002).

Gunawan, C. ef al. Yeast pyruvate decarboxylases: Variation in biocatalytic characteristics for (R)-phenylacetylcarbinol production.
FEMS Yeast Res. 7, 33-39 (2007).

Miguez, M. et al. Selection of yeasts for the production of L-phenyl-acetil-carbinol bybiotransformation in shake flasks. Chem.
Eng. 27,5 (2012).

Andreu, C. & del Olmo, M. Potential of some yeast strains in the stereoselective synthesis of (R)-(-)-phenylacetylcarbinol and
(S)-(+)-phenylacetylcarbinol and their reduced 1, 2-dialcohol derivatives. Appl. Microbiol. Biotechnol. 98, 5901-5913 (2014).
Rosche, B., Breuer, M., Hauer, B. & Rogers, P. L. Screening of yeasts for cell-free production of (R)-phenylacetylcarbinol. Biotech.
Lett. 25, 841-845 (2003).

Rosche, B., Sandford, V., Breuer, M., Hauer, B. & Rogers, P. Biotransformation of benzaldehyde into (R)-phenylacetylcarbinol by
filamentous fungi or their extracts. Appl. Microbiol. Biotechnol. 57, 309-315 (2001).

Tangtua, J. et al. Screening of 50 microbial strains for production of ethanol and (R)-phenylacetylcarbinol. Chiang Mai J. Sci. 40,
299-304 (2013).

Agustina, A. et al. Screening of ethanol producing yeasts and bacteria in dried longan extract for the synthesis of R-phenylacetyl-
carbinol. Asian J. Food Agro-Industry 2, 505-520 (2009).

Scientific Reports | (2023) 13:727

https://doi.org/10.1038/s41598-023-27451-4 nature portfolio



www.nature.com/scientificreports/

51.

52.
53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.
87.

88.

89.

90.

Nunta, R. et al. Ethanol and phenylacetylcarbinol production processes of Candida tropicalis TISTR 5306 and Saccharomyces
cerevisiae TISTR 5606 in fresh juices from longan fruit of various sizes. J. Food Process. Preserv. 42, 13815 (2018).

Ghose, T. Measurement of cellulase activities. Pure Appl. Chem. 59, 257-268 (1987).

Nunta, R. et al. Batch and continuous cultivation processes of Candida tropicalis TISTR 5306 for ethanol and pyruvate decarboxy-
lase production in fresh longan juice with optimal carbon to nitrogen molar ratio. J. Food Process Eng. 42, 13227 (2019).
Borzani, W. & Vairo, M. L. Quantitative adsorption of methylene blue by dead yeast cells. J. Bacteriol. 76, 251-255 (1958).
Khemacheewakul, J. et al. Validation of mathematical model with phosphate activation effect by batch ®-phenylacetylcarbinol
biotransformation process utilizing Candida tropicalis pyruvate decarboxylase in phosphate buffer. Sci. Rep. 11, 1-11 (2021).
Wattanapanom, S. et al. Kinetic parameters of Candida tropicalis TISTR 5306 for ethanol production process using an optimal
enzymatic digestion strategy of assorted grade longan solid waste powder. Chiang Mai J. Sci. 46, 1036-1054 (2019).

Leksawasdi, N., Rogers, P. L. & Rosche, B. Improved enzymatic two-phase biotransformation for °-phenylacetylcarbinol: Effect of
dipropylene glycol and modes of pH control. Biocatal. Biotransform. 23, 445-451 (2005).

Gunawan, C., Breuer, M., Hauer, B., Rogers, P. L. & Rosche, B. Improved °-phenylacetylcarbinol production with Candida utilis
pyruvate decarboxylase at decreased organic to aqueous phase volume ratios. Biotech. Lett. 30, 281-286 (2008).

Leksawasdi, N. et al. Kinetic analysis and modelling of enzymatic °-phenylacetylcarbinol batch biotransformation process. J.
Biotechnol. 111, 179-189 (2004).

Mahakuntha, C., Reungsang, A., Nunta, R. & Leksawasdi, N. Kinetics of whole cells and ethanol production from Candida tropicalis
TISTR 5306 cultivation in batch and fed-batch modes using assorted grade fresh longan juice. Ana. Acad. Brasil. Ciénc. 2021, 93
(2021).

Khemacheewakul, J. et al. Development of mathematical model for pyruvate decarboxylase deactivation kinetics by benzaldehyde
with inorganic phosphate activation effect. Chiang Mai J. Sci. 45, 1426-1438 (2018).

Sharma, S. K., Kalra, K. L. & Kocher, G. S. Fermentation of enzymatic hydrolysate of sunflower hulls for ethanol production and
its scale-up. Biomass Bioenerg. 27, 399-402 (2004).

Tangtua, J. et al. Partial purification and comparison of precipitation techniques of pyruvate decarboxylase enzyme. Chiang Mai
J. Sci. 44, 184-192 (2017).

Tangtua, J. et al. Evaluation of cell disruption for partial isolation of intracellular pyruvate decarboxylase enzyme by silver nano-
particles method. Acta Aliment. 44, 436-442 (2015).

Bradford, M. M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 72, 248-254 (1976).

Balat, M. Production of bioethanol from lignocellulosic materials via the biochemical pathway: A review. Energy Convers. Manage.
52, 858-875 (2011).

Sumphanwanich, J., Leepipatpiboon, N., Srinorakutara, T. & Akaracharanya, A. Evaluation of dilute-acid pretreated bagasse, corn
cob and rice straw for ethanol fermentation by Saccharomyces cerevisiae. Ann. Microbiol. 58, 219-225 (2008).

Rughoonundun, H., Mohee, R. & Holtzapple, M. T. Influence of carbon-to-nitrogen ratio on the mixed-acid fermentation of
wastewater sludge and pretreated bagasse. Bioresorc. Technol. 112, 91-97 (2012).

Snoek, T., Verstrepen, K. J. & Voordeckers, K. How do yeast cells become tolerant to high ethanol concentrations?. Curr. Genet.
62, 475-480 (2016).

Jamai, L. et al. Physiological difference during ethanol fermentation between calcium alginate-immobilized Candida tropicalis and
Saccharomyces cerevisiae. FEMS Microbiol. Lett. 204, 375-379 (2001).

Oberoi, H. S., Vadlani, P. V., Brijwani, K., Bhargav, V. K. & Patil, R. T. Enhanced ethanol production via fermentation of rice straw
with hydrolysate-adapted Candida tropicalis ATCC 13803. Process Biochem. 45, 1299-1306 (2010).

Bideaux, C., Montheard, J., Cameleyre, X., Molina-Jouve, C. & Alfenore, S. Metabolic flux analysis model for optimizing xylose
conversion into ethanol by the natural C5-fermenting yeast Candida shehatae. Appl. Microbiol. Biotechnol. 100, 1489-1499 (2016).
Signori, L., Passolunghi, S., Ruohonen, L., Porro, D. & Branduardi, P. Effect of oxygenation and temperature on glucose-xylose
fermentation in Kluyveromyces marxianus CBS712 strain. Microb. Cell Fact. 13, 1-13 (2014).

Parmar, I. & Rupasinghe, H. V. Bio-conversion of apple pomace into ethanol and acetic acid: Enzymatic hydrolysis and fermenta-
tion. Bioresourc. Technol. 130, 613-620 (2013).

DeRisi, J. L., Iyer, V. R. & Brown, P. O. Exploring the metabolic and genetic control of gene expression on a genomic scale. Science
278, 680-686 (1997).

Rao, K. K,, Sahu, U. & Rangarajan, P. N. Function and regulation of an aldehyde dehydrogenase essential for ethanol and methanol
metabolism of the yeast, Komagataella phaffii. bioRxiv 251, 3016 (2020).

Bideaux, C. et al. Minimization of glycerol production during the high-performance fed-batch ethanolic fermentation process in
Saccharomyces cerevisiae, using a metabolic model as a prediction tool. Appl. Environ. Microbiol. 72, 2134-2140 (2006).
Schirmer-Michel, A. C., Fléres, S. H., Hertz, P. E, Matos, G. S. & Ayub, M. A. Z. Production of ethanol from soybean hull hydro-
lysate by osmotolerant Candida guilliermondii NRRL Y-2075. Bioresour. Technol. 99, 2898-2904 (2008).

Ruchala, J. & Sibirny, A. A. Pentose metabolism and conversion to biofuels and high-value chemicals in yeasts. FEMS Microbiol.
Rev. 45, fuaa069 (2021).

Ha, S.-J. et al. Engineered Saccharomyces cerevisiae capable of simultaneous cellobiose and xylose fermentation. Proc. Natl. Acad.
Sci. 108, 504-509 (2011).

Zheng, ]., Negi, A., Khomlaem, C. & Kim, B. S. Comparison of bioethanol production by Candida molischiana and Saccharomyces
cerevisiae from glucose, cellobiose, and cellulose. J. Microbiol. Biotechnol. 29, 6 (2019).

Sun, Y. & Cheng, J. Hydrolysis of lignocellulosic materials for ethanol production: A review. Bioresour. Technol. 83, 1-11 (2002).
Rosche, B., Breuer, M., Hauer, B. & Rogers, P. L. Biphasic aqueous/organic biotransformation of acetaldehyde and benzaldehyde
by Zymomonas mobilis pyruvate decarboxylase. Biotechnol. Bioeng. 86, 788-794 (2004).

Sandford, V., Breuer, M., Hauer, B., Rogers, P. & Rosche, B. (R)-phenylacetylcarbinol production in aqueous/organic two-phase
systems using partially purified pyruvate decarboxylase from Candida utilis. Biotechnol. Bioeng. 91, 190-198 (2005).
Satianegara, G., Rogers, P. L. & Rosche, B. Comparative studies on enzyme preparations and role of cell components for (R)-
phenylacetylcarbinol production in a two-phase biotransformation. Biotechnol. Bioeng. 94, 1189-1195 (2006).

Stratford, M. Another brick in the wall? Recent developments concerning the yeast cell envelope. Yeast 10, 1741-1752 (1994).
Leksawasdi, N., Breuer, M., Hauer, B., Rosche, B. & Rogers, P. L. Kinetics of pyruvate decarboxylase deactivation by benzaldehyde.
Biocatal. Biotransform. 21, 315-320 (2003).

Satianegara, G., Breuer, M., Hauer, B., Rogers, P. L. & Rosche, B. Enzymatic (R)-phenylacetylcarbinol production in a benzaldehyde
emulsion system with Candida utilis cells. Appl. Microbiol. Biotechnol. 70, 170-175 (2006).

Nikolova, P. & Ward, O. P. Effect of support matrix on ratio of product to by-product formation in L-phenylacetyl carbinol synthesis.
Biotech. Lett. 16, 7-10 (1994).

Mochizuki, N. et al. Improved conditions for the production and characterization of 1-arylpropane-1, 2-diols and related com-
pounds. Biosci. Biotechnol. Biochem. 59, 2282-2291 (1995).

Scientific Reports | (2023) 13:727

https://doi.org/10.1038/s41598-023-27451-4 nature portfolio



www.nature.com/scientificreports/

Acknowledgements

The authors would like to thank funding supports of this research project from Fundamental Fund 2022, Chiang
Mai University (Grant Number: FRB650031/0162), TRF Senior Research Scholar (Grant Number: RTA6280001),
Chiang Mai University (CMU), Faculty of Science (CoE65-P001)—CMU, Cluster of Agro Bio-Circular-Green
Industry (Agro-BCG) (CoE65-P001), Office of Research Administration (ORA), Faculty of Agro—Industry,
Bioprocess Research Cluster (BRC), CMU, and Sino-Thai-NRCT (NRCT(O)(KKT)-19/2561). N. Leksawasdi
would like to express his sincere gratitude to Faculty of Agro—Industry, CMU for funding / in kinds support. K.
Anbarasu is grateful for supports of Postdoctoral Fellowship (Reinventing University), Chiang Mai University.
TISTR is also thanked for microbial strain support.

Author contributions

Conceptualization, R.N. and N.L.; methodology, R.N.; validation, N.L. and C.T.; data curation, R.N,, SS., C.M,,
K.P. and A K; writing—original draft preparation, R.N.; writing—review and editing, R.N., AK,,N.L,,C.T., S.S,,
C.M, K.P,YP, PR, K], WP, WW, X.Z, W.Q. and A R,; project administration, N.L.; funding acquisition, N.L.
All authors have read and agreed to the published version of the manuscript.

Fundin

(1) Fundagmental Fund (Grant Number: FRB650031/0162), (2) TRF Senior Research Scholar (Grant Number:
RTA6280001), (3) Chiang Mai University, Faculty of Science (CoE65-P001)—CMU, (4) Cluster of Agro Bio-
Circular-Green Industry (Agro-BCG) (CoE65-P001), (5) Sino-Thai-NRCT (NRCT(O)(KKT)-19/2561), and (6)
Chiang Mai University—Postdoctoral Fellowship (Reinventing University).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-023-27451-4.

Correspondence and requests for materials should be addressed to A.K. or N.L.
Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium 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/.

© The Author(s) 2023

Scientific Reports |

(2023)13:727 | https://doi.org/10.1038/s41598-023-27451-4 nature portfolio


https://doi.org/10.1038/s41598-023-27451-4
https://doi.org/10.1038/s41598-023-27451-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Valorization of rice straw, sugarcane bagasse and sweet sorghum bagasse for the production of bioethanol and phenylacetylcarbinol
	Materials and methods
	Materials. 
	Microorganisms. 
	Pretreatment and enzymatic saccharification. 
	Selection of suitable substrate for ethanol and yeast biomass production. 
	Selection of suitable yeast for ethanol, biomass and PDC activity. 
	Biotransformation process for the production of PAC in a two-layer liquid system. 
	Analytical methods. 
	Statistical analysis. 

	Results and discussion
	Selection of substrate for bioethanol production. 
	Selection of yeast for bioethanol and PDC production. 
	Biotransformation process to produce PAC using whole cells biomass and partially purified enzyme as biocatalysts. 

	Conclusion
	References
	Acknowledgements


