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Abstract: Sustainable economy drives increasing demand for raw biomass-decomposing enzymes. 

Microbial expression platforms exploited as cellular factories of such biocatalysts meet requirements 

of large-volume production. Previously, we developed Yarrowia lipolytica recombinant strains able 

to grow on raw starch of different plant origin. In the present study, we used the most efficient 

amylolytic strain as a microbial cell factory of raw-starch-digesting (RSD) amylolytic preparation 

composed of two enzymes. The RSD-preparation was produced in fed-batch bioreactor cultures. 

Concentrated and partly purified preparation was then tested in simultaneous saccharification and 

fermentation (SSF) processes with thermotolerant Kluyveromyces marxianus for ethanol production 

and Lactobacillus plantarum for production of lactic acid. These processes were conducted as a proof-

of-concept that application of the novel RSD-preparation supports sufficient starch hydrolysis 

enabling microbial growth and production of targeted molecules, as the selected strains were 

confirmed to lack amylolytic activity. Doses of the preparation and thermal conditions were 

individually adjusted for the two processes. Additionally, ethanol production was tested under 

different aeration strategies; and lactic acid production process was tested in thermally pre-treated 

substrate, as well. Conducted studies demonstrated that the novel RSD-preparation provides 

satisfactory starch hydrolyzing activity for ethanol and lactic acid production from starch by non-

amylolytic microorganisms. 

Keywords: raw starch; Yarrowia lipolytica; heterologous protein production; protein expression 

platform; raw starch digesting enzymes; lactic acid; ethanol; Kluyveromyces marxianus; Lactobacillus 

plantarum 

 

1. Introduction 

Starch is one of the most abundant carbohydrates, second only to cellulose, found in higher plant 

biomass. This homopolysaccharide is composed solely of glucose, and as such can be completely 

hydrolyzed to fermentable sugars without toxic by-products formation. Owing to its abundance, the 

desirable composition and high carbon content, starch is commonly used as a feedstock in 

biotechnological production of valued biomolecules, such as ethanol or lactic acid [1–3]. Valorization 

of starch-containing waste streams produced in massive amounts from confectionery manufacturing 

and bakeries, as well as discarded, damaged, or out of date products that return on site, were recently 
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indicated as a largely ignored trend, with a huge potential for bioprocessing [2,4]. Up to date, these 

waste streams have been valorized through composting, as animal feed or disposed in landfills, and 

could be used as sustainable resource in microbial production of high-value added products. 

Typical starch-based bioprocesses consist of two main steps: i) starch liquefaction and 

saccharification, followed by ii) conversion of glucose released from biopolymer to a target product. 

At first, the starch-containing feedstock is gelatinized by thermal treatment and then liquefied by 

thermostable α-amylase at 105 °C, and after cooling down to 60 °C, liquefied starch is saccharified to 

fermentable sugars by glucoamylase [5], which can be further converted to desired biomolecules. 

This initial thermal treatment generates high energy consumption, largely increasing the overall 

process cost and market price of the final product [6–8]. It has been estimated that energy demand of 

the pre-cooking step is equivalent to 30–40% of total process costs [9]. Hence, reducing the energy 

consumption is needed to make the starch-based processes more economically feasible. To this end, 

novel biocatalysts capable of digesting raw, non-pre-treated starch at lower temperatures are being 

sought [10]. 

The application of raw starch degrading enzymes (RSDE) able to hydrolyze granular non-pre-

treated starch below the liquefaction temperature can bring significant reduction in the energy 

consumption compared with the conventional processes [10,11]. As evidenced by Robertson et al. 

[11], exploitation of RSDE in ethanol production from starch reduces the energy input equivalent to 

10–20% of the fuel value. RSDE exploitation is a pre-requisite for conducting starch-based 

bioprocesses according to simultaneous saccharification and fermentation (SSF) strategy, relying on 

provision of both RSDE and thermotolerant microorganisms to the same fermentation vessel at the 

same time. Upon the SSF both catalysts act concurrently, which brings many advantages, like 

improved efficiency of saccharification by avoiding end-product inhibition, decreased investment 

cost and number of unit operations, and reduced cooling costs, as the whole process is carried out at 

a temperature between 30 and 50 °C [12–14]. 

Typical RSDE preparations are composed of α-amylase and glucoamylase working 

synergistically to rapidly and completely hydrolyze raw starch into the fermentable sugars. The 

amylases having RSD activity can be found in many organisms, including plants, animals and 

microorganisms, however only the latter can be reasonably exploited in RSDE production [10,15]. 

Currently, the RSDE available on the market are mainly produced by fungal species, such as 

Aspergillus sp., Penicillium sp. and Rhizopus sp. [16]. As the demand for RSDE is increasing, new RSDE 

with high enzymatic activity, desired substrate specificity and characteristics are being sought.  

Apart from the native, fungal producers mentioned above, efforts are being pursued towards 

development of microbial cell factories being able to produce RSDE of desired characteristics [17–19]. 

Heterologous production of proteins offers several key advantages, like controlled synthesis without 

the necessity of starch as an inducer, high overexpression enhanced by engineered regulatory 

elements, less accompanying proteins from engineered microbial host, easier purification of the 

target enzymes or ease of manipulation in scaled-up processes, just to name a few. Amongst a variety 

of microbial expression platforms, those with efficient secretory pathway are particularly suited for 

production of extracellular proteins, frequently requiring complete maturation and post-translational 

modifications. While Komagataella phaffi (Pichia pastoris) is the most popular yeast workhorse in this 

regard, increasing evidence shows that Yarrowia lipolytica is a highly attractive alternative. Suitability 

of Y. lipolytica to be an industrial workhorse is repeatedly proved [20–22]. Recently, it has been 

elegantly demonstrated that upon direct comparison, Y. lipolytica outperforms P. pastoris in terms of 

heterologous secretory protein production [23]. Its ability to grow to high-cell density [24], resistance 

to environmental stresses encountered in the industrial context [25], and highly efficient secretory 

pathway [26] account for Y. lipolytica high performance in the heterologous secretory protein 

production. 

Therefore, in this study we exploited Y. lipolytica expression platform for heterologous 

production of amylolytic preparation composed of two enzymes produced simultaneously. To this 

end, we cloned and expressed RSD α-amylase from rice weevil (Sitophilus oryzae) (SoAMY) and 

glucoamylase from fungi Thermomyces lanuginosus (TlGAMY) in Y. lipolytica fed-batch bioreactor 



Microorganisms 2020, 8, 717 3 of 24 

 

cultivations. A simple procedure was used to formulate ready-to-use amylolytic preparation, and its 

yield was analyzed. Finally, the obtained preparation was tested in two proof-of-concept SSF 

processes: i) production of ethanol by thermotolerant yeast Kluyveromyces marxianus and ii) synthesis 

of lactic acid by Lactobacillus plantarum. Both these strains lack native ability to hydrolyze starch, 

which was used as the main carbon source; so, the processes completely relied on action of the 

amylolytic preparation. The target molecules and proof-of-concept processes were selected based on 

high market demand for the two compounds. Bioethanol is commonly used as an alternative fuel and 

is thus in high continuous demand. Lactic acid is mainly applied in cosmetics industry and as a 

platform for the production of green solvents, fuel precursors and biodegradable plastic PLA 

(polylactic acid) [3,27]. 

2. Materials and Methods  

2.1. Strains and Basic Culturing Media 

The genes encoding heterologous alpha-amylase and glucoamylase were cloned in Y. lipolytica 

Po1h strain (MatA, ura3-302, xpr2-322, axp1-2), according to previously described methodology [28]. 

Both genes were cloned under a strong, growth phase-dependent promoter p4UASpTEF, in a double 

transcription units-bearing expression cassette, assembled via Golden Gate strategy [29] with 

TlGAMY gene in the first transcription unit and SoAMY gene in the second transcription unit. Then, 

both genes were transcriptionally fused to a signal peptide of YALI0E22374g [30] at 5’ end (previous 

denomination SP3), and to 6His-Tag at 3’ end, to facilitate the protein purification. The resultant 

recombinant strain GGY215 was used as the production platform in this study. The strain was stored 

as glycerol stock in 15% glycerol at -80°C. Prior to each culture run, the strain was streaked on YPD 

agar plate ((g/L): YE (BIOCORP), 10, Peptone (BIOCORP), 20, glucose (POCh), 20, agar (BTL), 15) and 

incubated at 30 °C for 48 h. 

Kluyveromyces marxianus DSMZ 5422 was purchased from DSMZ (German Collection of 

Microorganisms and Cell Cultures). The strain was used in a proof-of-concept process of ethanol 

production from raw starch. The strain was confirmed to be unable to decompose starch through 

iodine drop test (agar plate, (g/L): rich broth, 15 (Biomaxima, Lublin, Poland), agar, 20, starch, 10), as 

described previously [31]. The strain was maintained as glycerol stock in 15% glycerol at -80 °C. Prior 

to each culture run, the strain was streaked on a YPD agar plate and incubated at 30 °C for 48 h. 

Lactobacillus plantarum strain is an own isolate, deposited in the Collection of Department of 

Biotechnology and Food Microbiology, Poznan University of Life Sciences, Poland. The strain was 

used in a proof-of-concept process of lactic acid production from starch. The strain was confirmed to 

be unable to decompose starch through iodine drop test, as described above for K. marxianus. The 

strain was maintained as glycerol stock in 15% glycerol at -80 °C. Prior to each culture run, the strain 

was streaked on a MRS agar plate ((g/L): ready mix, 62; Oxoid) and incubated at 30 °C for 48 h. 

2.2. Fed-Batch Bioreactor Cultivations 

The production strain Y. lipolytica GGY215 was transferred from fresh YPD agar plate into 200 

mL of YPG20 medium ((g/L): YE, 10, Pepton, 20, glycerol (POCh), 20) and cultured over 22 h at 30 °C 

with shaking 250 rpm (BIOSAN, ES-20, Riga, Latvia). Such a pre-culture was used for inoculation of 

1.8 L YPG100 production medium ((g/L): YE, 10, Pepton, 20, glycerol, 100) in Biostat B plus bioreactor 

(Sartorius Stedim, Goettingen, Germany), with a total volume of 5 L and a working volume of 2 L 

(after inoculation)–2.5 L (after feeding). The bioreactor was equipped with two Rushton turbines 

attached to a stirrer shaft, and the pH, temperature and dissolved oxygen probes. Temperature, pH, 

vvm and pO2 were maintained through the culturing time at 28 °C, 5.5, 2, 20%, respectively. pO2 was 

stabilized by activating cascade pO2-stirring and manual control of air flow. When the initial portion 

of glycerol was consumed (at ~ 24 h), 0.5 L of 5-fold concentrated YPG100 medium was fed into the 

culture. The cultures were continued for 72 h. Samples were collected in time intervals, centrifuged 

for 5 min at 12,045×g (Eppendorf, MiniSpin, Hamburg, Germany), and biomass and supernatant were 

stored separately at -20 °C, until analyzed. Samples were analyzed for concentration of dry biomass 
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(gravimetric method), substrate and metabolites (HPLC) and amylolytic activity in the supernatant 

(microSIT). The production cultures were run in 4 independent batches. 

2.3. Formulation of SoAMY-TlGAMY Preparation 

The total post-culturing suspension (approx. 2.5 L) was centrifuged for 1 h at 5,063×g in +4 °C 

(Hettich, Rotanta, Tuttlingen, Germany). The biomass was discarded, and the supernatant was 

subjected to protein precipitation with ammonium sulfate. Ammonium sulfate (POCh) was added in 

portions to reach the final saturation of 80%. The solution was slowly mixed overnight at +10 °C. 

Then, the solution was centrifuged for 2 h at 5,063×g in +4 °C (Hettich, Rotanta, Tuttlingen, Germany). 

Samples of the supernatant were stored at -20 °C for analysis. The deposit was resuspended in sterile 

0.1 M acetate buffer pH 5.5 and filtered through 0.45 µm low protein retention filter (Millex, Millipore, 

Burlington, MA, USA). Subsequent batches of such SoAMY-TlGAMY preparation were standardized 

based on determination of amylolytic activity through microSIT assay. Such crude preparation was 

used in the proof-of-concept processes. 

2.4. Purification of SoAMY-TlGAMY and Analysis 

To analyze the process of SoAMY-TlGAMY preparation formulation in terms of the enzymes 

yield and losses, the heterologous enzymes were purified from a control culture to apparent 

homogeneity, using affinity chromatography, according to a procedure described previously [32]. 

Briefly, the ammonium sulfate-precipitated proteins were resuspended in a binding buffer 

(phosphate buffer, 20 mM, pH 7.4; NaCl, 0.5 M; imidazole, 20 mM), filtered through 0.45 µm syringe 

filter (Millex, Millipore, Burlington, MA, USA), and loaded onto the ÄKTA FPLC system (ÄKTA 

Pharmacia GE FPLC; Chicago, IL, USA) equipped with an IMAC HisTrap HP column (5 mL, GE 

Healthcare). Increasing gradient of the elution buffer (phosphate buffer, 20 mM, pH 7.4; NaCl, 0.5 M; 

imidazole, 0.5 M) was applied at the flow rate of 5 mL/min. Fractions flow-through (F-T), wash-

unbound (W-U) and elution fractions (F1, F2), showing increased signal at 280 nm wavelength, were 

subjected to concentration and buffer exchange using Amicon columns with 3 kDa cut-off point 

(Millipore, Burlington, MA, USA). These fractions, together with the supernatant and resuspended 

deposit after the ammonium sulfate precipitation, and the culture supernatant, were subsequently 

subjected to: i) SDS-PAGE according to a standard Laemmli method [33]; the proteins were resolved 

in 15% denaturing polyacrylamide gel (BioRad system, Hercules, CA, USA); ii) microBCA for 

determination of protein concentration (SigmaAldrich kit, St. Louis, MO, USA); iii) microSIT assay 

for determination of amylolytic activity, according to [34]. 

2.5. Proof-of-Concept Process 1: EtOH Production by K. marxianus in SSF Process with SoAMY-TlGAMY 

Crude Preparation 

2.5.1. Shake-Flask Production Cultures 

K. marxianus DSMZ 5422 was transferred from a fresh YPD agar plate into 25 mL of premedium 

((g/L): YE, 3, malt extract (ME; bioMérieux Poland, Warsaw, Poland), 3, Peptone, 5, glucose, 10) and 

cultured over 22 h at 30 °C with shaking 250 rpm. In total, 40 mL of production medium in 100 mL 

SIMAX bottles ((g/L): native raw starch, 40, YE, 3, ME, 3, KH2PO4 (POCH), 1, CaCl2 (POCH), 0,26, 

chloramphenicol, 35 µg; pH 5.5) were inoculated at 10% with the preculture. Native rice starch was 

added to sterilized medium, directly before inoculation, to avoid starch gelatinization. The crude 

preparation was added into the medium in two dose variants: at 20 and 25 AU per gram of starch, at 

the moment of inoculation. The SSF process was conducted in a rotary shaker-incubator with shaking 

at 250 rpm and temperature of 32, 36 and 40 °C for 54 h. Control runs with native starch and the 

enzymatic preparation, but without the strain, were conducted under corresponding conditions 

(temperature and doses) in biological triplicate. Samples were collected in time intervals and stored 

at -20 °C. Ethanol and residual glucose concentrations was monitored throughout the experiment 

through the HPLC technique. The cultures were carried out in three biological replicates. 
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2.5.2. Bioreactor Production Cultures 

The SSF cultures were conducted in Minifors 2 bioreactors (Infors HT, Bottmingen-Basel, 

Switzerland) with a total volume of 2.6 L and a working volume of 0.5 L. The bioreactor was equipped 

with two Rushton turbines attached to a stirrer shaft, pH, temperature and dissolved oxygen probes. 

Temperature, pH and stirring were maintained through the culturing time at 36 °C, 5.5 and 200 rpm 

respectively. Three different aeration strategies were tested; IS–air provided through a sparger 

immersed in the culture, air flow of 0.04 vvm throughout the culture, HS–air provided from a 

headspace, air flow of 0.04 vvm throughout the culture, IS21 – air provided through a sparger 

immersed in the culture, air flow of 0.5 vvm only for the first 21 h of culturing. Raw starch was added 

to the medium after bioreactor sterilization to avoid gelatinization. The crude amylolytic preparation 

was added at the amount of 20 AU per gram of starch at the moment of inoculation (at 5% with 

preculture developed as indicated in 2.5.1). 

To assess efficiency of SoAMY-TlGAMY crude preparations, three control cultures were 

conducted: i) with glucose instead of starch as a substrate, ii) with application of commercial RSDE 

preparation STARGEN 002 at the same dose of 20 AU per gram of starch, iii) SHF (separate hydrolysis 

and fermentation) process: starch hydrolysis for 6 h at 40 °C preceding the inoculation. The control 

processes were conducted under HS aeration strategy. All the processes were carried out for 72 h. 

Samples were collected in time intervals and stored at -20 °C. Ethanol and residual glucose 

concentration was monitored throughout the experiment through the HPLC technique. Microbial 

growth was assessed through determination of viable counts. 

2.6. Proof-of-Concept Process 2: LA Production by Lb. Plantarum in SSF Process with SoAMY-TlGAMY 

Crude Preparation 

2.6.1. Shake-Flask Production Cultures 

Lb. plantarum precultures were developed from glycerol stocks by twice subculturing the strain 

and increasing volume of MRS liquid medium (MRS mixture (Oxoid, Hampshire, United Kingdom), 

52 (g/L)) for 18-20 h at 30 °C without shaking. The flask production cultures were conducted in 40 

mL of the production medium in 100 mL SIMAX bottles ((g/L): native raw starch, 20, YE, 10, 

ammonium citrate (Sigma-Aldrich, St. Louis, MO, USA), 2, K2HPO4 (POCH), 2, sodium acetate 

(Chempur, Piekary Slaskie, Poland), 5, MgSO4 x 7 H2O, 0,2, MnSO4 x 4 H2O (Enola, Riga, Latvia), 

0,05). The starch was added either prior to sterilization (cooked starch variants) or prior to inoculation 

(raw starch variants). The media with cooked starch were mixed directly after sterilization on a 

magnetic stirrer to avoid solidification of medium for at least 1 h. The production cultures were 

inoculated with 2% of the preculture. The SoAMY-TlGAMY crude preparation (60 AU per gram of 

starch) was added into the medium at the moment of inoculation. The SSF processes were carried out 

for 72 h at 30 °C without shaking. Control runs with raw starch and the enzymatic preparation, but 

without the strain were conducted under corresponding conditions (temperature and dose) in 

biological triplicate. Samples were collected in time intervals and stored at -20 °C. Lactic acid and 

residual glucose concentration was monitored throughout the experiment through the HPLC 

technique. The cultures were carried out in three biological replicates. 

2.6.2. Bioreactor Production Cultures 

The SSF cultures were conducted in Minifors 2 bioreactors with a total volume of 2.6 L and a 

working volume of 0.5 L. The bioreactor was equipped with two Rushton turbines attached to a stirrer 

shaft, pH and temperature probes. Temperature, pH and stirring were maintained through the 

culturing time at 30 °C, 6.5 and 50 rpm respectively. pH level was established, based on previous 

literature reports [35,36]. The production medium composition was described in point 2.6.1. In the 

case of the cooked starch variants, after sterilization, the medium was stirred in a bioreactor at 500 

rpm overnight. The SoAMY-TlGAMY crude preparation was added at the dose of 60 AU per gram 

of starch. The bioreactor was inoculated at 5% with preculture developed as indicated in 2.6.1. The 
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processes were carried out for 72 h. Samples were collected in time intervals and stored at -20 °C. 

Lactic acid and residual glucose concentration was monitored throughout the experiment through 

the HPLC technique. The microbial growth was assessed through determination of viable counts. 

2.7. Analytical Methods 

2.7.1. Amylolytic Activity Assay (microSIT) 

Amylolytic activity of the SoAMY-TlGAMY preparations was analyzed using microSIT 

procedure, described earlier [34]. Rice starch solution (2 mg/mL) in acetate buffer (100 mM, pH 5.0) 

was used as a substrate. The reaction was initiated by adding equal volume of the enzyme-containing 

samples, and continued by incubation at 40 °C. The reactions were stopped by adding 0.5 volume of 

1 M HCl and stained with iodine solution (5 mM I2 in 5 mM KI) added at equal amount. The 

amylolytic activity was determined based on absorbance at 580 nm in MTP(microtiter plate)-reader 

(TECAN, Infinite M200 automatic plate reader; Tecan Group Ltd., Männedorf, Switzerland). One AU 

was defined as the amount of an enzyme that contributes to decrease in starch-iodine staining value 

equivalent to 1 mg of starch during 1 min. 

2.7.2. Protein Concentration Assay (microBCA) 

Concentration of total proteins contained in the samples was measured using BCA protein assay 

kit (Sigma Aldrich, St. Louis, MO, USA), in a miniaturized form. Standard curve was prepared with 

a standard BSA solution, ranging from 400 to 1000 µg per mL. All the analyzed samples were first 

subjected to buffer exchange (20 mM phosphate buffer), to remove interference with incompatible 

compounds, and diluted to fit within the standard curve range. The reactions were conducted 

according to the manufacturer’s specifications in technical triplicate. 

2.7.3. Determination of Compounds Concentration – HPLC 

2.7.3.1. Glycerol and Metabolites Concentration 

Concentration of glycerol, erythritol, mannitol, citric acid, alpha-ketoglutarate, ethanol and lactic 

acid was determined using the following HPLC methodology. Samples withdrawn from the cultures 

were centrifuged (3 min, 24,652×g), 5x diluted in distilled water and passed through a 0.45 µm filter 

(Millex, Millipore, Burlington, MA, USA). An Agilent Technologies 1200 series chromatograph, 

equipped with Rezex ROA 300x7,80 mm (Phenomenex), autosampler (G1329B), double pump 

(G1312B), refractic index detector (G1362A) and diode array detector (G1315C), was used for the 

analyses. Also, 0.005N H2SO4 was used as the eluent at 0.6 mL/min, under isocratic conditions. The 

analysis was conducted at 40 °C. In total, 10 µL of the samples were loaded onto the column. 

Quantitative and qualitative identification of the compounds was carried out using external 

standards and the peak height (automatic determination and integration using ChemStation for LC 

3D systems, Agilent, Santa Clara, CA, USA). 

2.7.3.2. Starch-Decomposition Products Concentration (dp1-dp7) 

Concentration of saccharides of polymerization degree from dp1 to dp7 was determined using 

the following HPLC methodology. Samples withdrawn from the cultures were centrifuged (3 min, 

24,652×g) and passed through a 0.45 µm filter (Millex, Millipore, Burlington, MA, USA). Agilent 

Technologies 1200 series chromatograph, equipped with Rezex RSO-Oligosaccharide Ag + 200 × 10 

mm (Phenomenex) column, autosampler (G1329B), double pump (G1312B), and refractic index 

detector (G1362A) was used for the analyses. H2O was used as the eluent at 0.3 mL/min, under 

isocratic conditions. The analysis was conducted at 80 °C. Then, 10 µL of the samples was loaded 

onto the column. Quantitative and qualitative identification of the compounds was carried out using 

external standards and the peak height (automatic determination and integration using ChemStation 

for LC 3D systems, Agilent, Santa Clara, CA, USA).  



Microorganisms 2020, 8, 717 7 of 24 

 

2.7.4. Microbial Growth Analysis 

2.7.4.1. Gravimetric Method - Dry Cellular Biomass Determination 

Where indicated, the biomass concentration in the culture samples was determined according 

to a standard gravimetric method. The biomass samples were first defrosted, washed twice in 

distilled water and dried at 105 °C until stable weight readout (typically 24–48 h). 

2.7.4.2. Spectrophotometric Measurement at 600 nm Wavelength (OD600) 

Where indicated, the biomass concentration in the culture samples was determined using 

spectrophotometric measurements of absorbance at 600 nm wavelength. The biomass samples were 

prepared as described in point 2.7.4.1. Measurements were conducted using Analytik Jena 

Spectrophotometer (Analytik Jena, Jena, Germany), WinASPEKT Software and compatible, standard 

1.5 mL PS cuvettes (Starstedt, Nümbrecht, Germany). 

2.7.4.3. Viable Counts 

Where indicated, microbial growth was analyzed through determination of viable counts per 

culture volume unit. This technique was used for starch-containing samples, where neither dry 

cellular weight assessment nor spectrophotometric measurement were useful due to the substrate 

properties. Upon sampling, culture samples were immediately subjected to decimal dilutions in 

sterile saline solution. Samples were then surface plated on an agar-solidified medium (YPD or MRS, 

for K. marxianus or Lb. plantarum, respectively), and the plates were incubated at 30 °C or 37 °C for 24 

or 48 h. Viable counts were expressed as cfu/mL of the culture sample. 

2.8. Statistical Analysis and Data Managment 

Obtained results were expressed as mean ± standard deviation (±SD) of the replicates described 

above and indicated in figure captions. Statistical importance of the differences between compared 

sets of data was analyzed using one-way analysis of variance (ANOVA) and Tukey’s multiple 

comparison tests (Statistica; Statsoft Poland Inc., Cracow, Poland). The levels of significance were set 

at p < 0.05 or p < 0.001 (indicated). Graphical presentation of the obtained data was done using 

Microsoft Excel 2013 software. Due to difficulties in determination of residual raw starch 

concentration in the samples from K. marxianus and Lb. plantarum cultivations, yield of ethanol and 

lactic acid were expressed as gram of the target molecule per gram of the substrate provided at the 

beginning of the culture, according to methodology and equation 3.69.a.b, page 102 provided in [37]. 

3. Results 

3.1. Production and Purification of SoAMY-TlGAMY Enzymatic Preparation 

Production of the SoAMY-TlGAMY enzymatic preparation was conducted in fed-batch 

bioreactor cultures of the Y. lipolytica GGY215 recombinant strain. The strain expresses the two 

heterologous genes under control of a strong promoter p4UASpTEF. Under the adopted 

experimental conditions, accumulation of SoAMY-TlGAMY-derived amylolytic activity in the 

culture supernatant reached 0.327 ±0.025 AU/mL (Figure 1). Production of the target polypeptides 

was accompanied by high biomass growth (59.03 ± 7.67 g/L) and synthesis of small molecular weight 

metabolites typical for Y. lipolytica cultures under adopted conditions. Erythritol (ERY) and citric acid 

(CA) were the two dominant metabolites, reaching peak concentration of 31.68 ± 7.51 and 32.46 ± 1.78 

g/L, respectively. The following decrease in ERY concentration is typical under carbon source 

limitation for Y. lipolytica cultures.  
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Figure 1. Time-course of SoAMY-TlGAMY proteins production, utilization of glycerol and synthesis 

of metabolites in fed-batch production cultures of Y. lipolytica GGY215. Letter codes: GLY, glycerol; 

CA, citric acid; ERY, erythritol; MAN, mannitol; A-KG, alpha-ketoglutarate; DCW, dry cellular 

biomass; AU, amylolytic activity in supernatant assayed by microSIT assay. Values indicate means 

±SD from four independent runs. 

To formulate the crude SoAMY-TlGAMY preparation, the proteins contained in the post-

culturing medium were subjected to the ammonium sulfate precipitation. To assess efficiency of such 

approach and to evaluate the degree of potential losses in SoAMY-TlGAMY, the consecutive protein 

fractions were analyzed for total protein concentration (microBCA), the protein profile through SDS-

PAGE, and for total amylolytic activity (Figure 2, Table 1). Additionally, a control run followed by 

purification of SoAMY and TlGAMY proteins through the affinity chromatography was conducted. 

As shown in Figure 2, the two heterologous proteins were successfully expressed and secreted to the 

culture medium. The adopted ammonium sulfate precipitation procedure allowed to concentrate the 

proteins in the pellet, as they could be later recovered from the precipitate during the affinity 

chromatography. 

 

Figure 2. Electrophoretic separation of the protein fractions. Proteins were separated in 15% SDS-

PAGE. M: PageRuler™ Prestained Protein Ladder (ThermoScientific, Waltham, MA, USA), 1, 8, 10: 
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supernatant after ammonium sulfate precipitation, 2, 9, 11: resuspended protein after ammonium 

sulfate precipitation (crude preparation), 3: F-T, 4: W-U, 5: Fraction 1 (F1) with increased Abs280 

during affinity chromatography, 6: F2 with increased Abs280 during affinity chromatography, 7: F3 

with increased Abs280 during affinity chromatography, 12, 13: culture medium supernatant. 

Table 1. Amylolytic activity, total protein concentration and specific amylolytic activity of protein 

fractions: supernatant after the ammonium sulfate precipitation and centrifugation (AS supernatant), 

resuspended protein pellet after the ammonium sulfate precipitation and centrifugation (AS pellet), 

fractions obtained during the affinity chromatography: flow-through (F-T), wash-unbound (W-U), 

first and second fraction with increased Abs280 nm absorbance (F1, F2). Presented values give means 

from technical triplicate ±SD for a single control fed-batch run. * ±SD from technical triplicate 

conducted for four independent fed-batch culture runs. 

Protein Fraction 
Activity 

[AU/mL] 
Total Protein [mg/mL] Specific ACT [AU/mg] 

 AU/mL ±SD mg/mL ±SD AU/mg ±SD 

AS supernatant 0.18 0.16* 4.12 1.31* 0.06 0.05* 

AS pellet 317.83 21.57* 40.22 4.83* 8.01 1.40* 

F-T 64.05 0.92 26.67 3.41 2.40 0.03 

W-U 328.94 14.62 4.08 0.17 80.65 3.58 

F1 366.19 10.50 0.74 0.47 493.30 14.14 

F2 5609.29 199.70 0.43 0.01 13159.51 468.49 

Purification factor F2 vs AS pellet [fold]   1642.97x 

According to data presented in Table 1, the adopted precipitation procedure was efficient in 

concentrating extracellular proteins in the ammonium sulfate-deposited pellet (10-fold). Importantly, 

this AS pellet fraction was enriched in SoAMY-TlGAMY proteins, as shown by the total amylolytic 

activity values (317.83 ± 21.57 vs 0.18 ± 0.16 [AU/mL]) and the specific activity (8.01 ± 1.4 vs 0.06 ± 0.05 

(AU/mg)). Further purification by the affinity chromatography was on one hand coupled with high 

losses of SoAMY-TlGAMY polypeptides in F-T and W-U fractions, as evidenced by the amylolytic 

activity detected in these fractions (64.05 ± 0.92 and 328.94 ± 14.62 (AU/mL)) and the specific activity 

values (2.4 ± 0.03 and 80.65 ± 3.58 (AU/mg)); but on the other, led to highly concentrated F2 fraction 

of high total and specific activity (5609.29 ± 199.7 (AU/mL) and 13159.51 ± 468.49 (AU/mg)). As shown 

in Figure 2, this fraction contained SoAMY and TlGAMY as the only detectable polypeptides. The 

high losses, especially in W-U fraction, preclude exploitation of affinity chromatography in the 

current format as the down-stream purification operation. Since the ammonium sulfate precipitation 

was efficient in terms of SoAMY-TlGAMY concentration, and the bulk proteins did not inhibit 

amylolytic activity, further studies were conducted with the crude preparation-resuspended protein 

pellet after ammonium sulfate precipitation. Subsequent batches of the crude preparation were 

normalized with respect to their total activity (AU/mL), to provide desired amounts of AU per gram 

of starch provided to the process. 

3.2. Proof-of-Concept Process 1: Ethanol Production by K. marxianus in SSF Process with SoAMY-

TlGAMY 

3.2.1. Flask SSF Cultures 

The SoAMY-TlGAMY preparation was tested in a proof-of-concept process of bioethanol 

production from raw starch by K. marxianus strain. Initial SSF cultures were conducted in flasks at 32, 

36 and 40 °C, with the preparation doses of 20 and 25 AU per gram of starch, to select optimal 

conditions. Additionally, the profile and time-course of (oligo)saccharides released from raw starch 

under these conditions was analyzed, within the range dp1-dp7 (Figure 3A). Action of the SoAMY-

TlGAMY preparation on native rice starch led to decomposition of the biopolymer and only 

monosugar dp1 (glucose) was detected in the following HPLC analysis (within the range dp1-dp7). 

Saccharides from dp2 to dp7 were not detected in the analyzed samples. The results of ethanol 

production are shown in Figure 3B, and residual concentration of glucose is shown in Figure 3C. 
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(C) 

Figure 3. Time course of (A) dp1 release from raw rice starch by SoAMY-TlGAMY crude preparation 

at different doses and temperatures (control run without the strain). Time course of ethanol 

production (B) and residual glucose concentration (C) in K. marxianus DSMZ 5422 SSF process with 

two doses: 20 and 25 AU per gram of starch and at three temperatures: 32, 36 and 40 °C. Letter codes: 

EtOH, ethanol; GLU, glucose. Values indicate means ±SD from three independent runs. 

As demonstrated in Figure 3A, both increase in the preparation dose by 5 AU (20 to 25 AU per 

gram of starch) as well as in the temperature of hydrolysis by 4 °C (from 32 to 36 °C) brought 

statistically significant improvement in dp1 release form starch (p < 0.001). The difference in 

monosugar release between 36 °C and 40 °C was not statistically significant (at p < 0.05). Based on the 

data presented in Figure 3B, it can be observed that at 40 °C the SSF process was more rapid than 

those conducted at 32 and 36 °C, as seen from nearly complete consumption of released dp1 and the 

highest ethanol titer (~5.17 ± 0.44 vs 2.28 ± 0.19 g/L for 36 °C) at the early time-point (6 h). 

Nevertheless, the peak ethanol concentration was observed at 24 h of the cultures conducted at 36 °C 

reaching 7.09 ± 0.29 and 7.73 ± 0.29 g/L with ethanol yield of 0.177 vs 0.193 g/g, respectively for 20 

and 25 AU dose, which was concomitant with complete of glucose, initially released from starch (6 

g/L; Figure 3C, Table 2). Further release of dp1 from raw starch was lower than its utilization rate by 

K. marxianus, as no residual glucose was detected. Decrease in ethanol concentration in terminal time-

points depicted in Figure 3B results from its evaporation from the culture. Additionally, Figure 3C in 

6 h time-point shows that at 32 °C dp1 release from starch is not well balanced with its consumption 

by microbial cells (more is released than consumed), which further indicates that this temperature is 

not suitable for the SSF process with K. marxianus as the ethanol producer, as it limits the microbe 

growth. 

3.2.2. Bioreactor SSF Cultures 

The initial bioreactor processes of ethanol production from raw starch in the SSF with the 

SoAMY-TlGAMY and the K. marxianus were focused on adjustment of the aeration strategy. To this 

end, the air was provided either through i) a sparger immersed in the culture medium (IS), ii) through 

its provision into head-space of the culture (HS), or iii) through an immersed sparger, but only for 

the first 21 h of culturing (IS21; to promote biomass growth). Conducted statistical analysis confirmed 

that aeration strategy had a significant impact on ethanol production (p < 0.001). The ethanol yield 

(calculated for 24 h of culturing) ranged from 0.144 to 0.192 g/g (for IS and HS respectively), 
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depending on aeration strategy (Table 2). As shown in Figure 4A, in all tested variants, the maximum 

production of ethanol was observed at 70 h of the process (vs peak at 24 h in shake flask). During the 

first 48 h of culturing, the ethanol production in IS21 and HS processes was highly corresponding, 

and no statistically significant difference was observed between these processes (p < 0.001). Only at 

the terminal time-points, the IS21 process turned out to be more efficient (10.02 ± 0.19 vs 12.11 ± 0.26 

g/L; p < 0.001). On the other hand, IS process was less efficient (p < 0.001) in terms of ethanol 

production than HS and IS21 in earlier (48 h) and terminal (72 h) time-points, reaching maximally 

7.35 ± 0.07 g/L. The most rapid growth of the cells was observed for IS21 cultures, equal to 107 cfu/mL 

at 24 h, which was reached in IS processes at 48 h. The viable counts decreased in the following time-

points, together with increasing ethanol concentration and limited oxygen provision in all the 

culturing variants. 

Table 2. Yield and concentration of ethanol and lactic acid in flask and bioreactor SSF (simultaneous 

saccharification and fermentation) cultivations of K. marxianus and Lb. plantarum on raw (or cooked 

for Lb. plantarum) starch with SoAMY-TlGAMY preparation. Due to difficulties in assessing residual 

starch concentration in raw starch cultures, the yield values were expressed as a gram of product 

produced per gram of the substrate provided at the beginning of culturing, according to [37]. All the 

values were calculated for 24 h time-point of the cultures. Abbreviations: IS: air provision by 

immersed sparger, HS: air provision to headspace, IS21: air provision by immersed sparger, for the 

first 21 h, control G: control with glucose as a substrate, STARGEN: control with commercial 

preparation, SHF: separate hydrolysis and fermentation. 

Culturing Variant Yield [g/g of Provided substrate] at 24 h Product Concentration (g/L) at 24 h 

EtOH Production by K. marxianus in SSF 

Flask 

32°C 20 AU 0.179 7.18 

32°C 25 AU 0.196 7.86 

36°C 20 AU 0.177 7.09 

36°C 25 AU 0.193 7.73 

40°C 20 AU 0.158 6.34 

40°C 25 AU 0.191 7.66 

Bioreactor 

IS 0.144 5.76 

HS 0.192 7.68 

IS21 0.173 6.91 

control G 0.340 13.59 

STARGEN 0.515 20.59 

SHF 0.164 6.561 

Lactic acid production by Lb. plantarum in SSF 

Flask 

30° 60 AU raw starch 0.228 4.570 

30° 60 AU cooked starch 0.654 13.079 

Bioreactor 

30° 60 AU cooked starch 0.465 9.301 

To assess competitiveness of a process with the SoAMY-TlGAMY preparation, comparative 

cultures were conducted using the same major operation conditions (36°C, HS aeration, K. marxianus, 

raw rice starch, SoAMY-TlGAMY; individually exchanged where indicated), but differing in: i) the 

substrate – glucose instead of starch (“control G”), ii) the type of preparation – commercial RSDE 

instead of SoAMY-TlGAMY (“STARGEN”), iii) the mode of operation – SHF instead of SSF (SHF) 

(Figure 4B). Importantly, all the implemented modifications had a statistically significant impact on 

the obtained ethanol concentration (p < 0.001). When glucose was used as the sole carbon source, the 

peak ethanol concentration reached 13.59 ± 0.27 vs 7.68 ± 0.05 for control G and SSF SoAMY-TlGAMY 

variants, respectively, at 22 h, but the final ethanol concentration at 72 h was not statistically different 

between these two variants (at p < 0.05). The process with the SoAMY-TlGAMY preparation was 

importantly less efficient in terms of ethanol production than the process conducted with commercial 
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enzymatic preparation STARGEN (p < 0.001). The use of commercial RSDE brought the highest 

ethanol concentration of all tested variants (21.22 ± 1.95 g/L). Concomitantly, the initial glucose 

concentration released from starch by STARGEN preparation was 7-fold higher than by SoAMY-

TlGAMY (35.07 ± 1.47 vs 5.28 ± 0.28 g/L); and in this regard, was similar to control G variant; which 

was also reflected by ethanol yields reaching 0.515, 0.340 and 0.173 g/g (at 24 h; for STARGEN, control 

G and SoAMY-TlGAMY, respectively; Table 2). High glucose utilization during the first 24 h of 

culturing in control G and STARGEN processes brought the highest cell growth, reaching slightly 

above 108 cfu/mL. SHF process, preceded by 6 h hydrolysis of starch by SoAMY-TlGAMY preparation 

prior to inoculation, showed slightly higher initial glucose concentration compared to SSF SoAMY-

TlGAMY process (7.27 ± 0.35 vs 5.28 ± 0.28 g/L); but the final ethanol titer was not significantly higher 

in this culturing variant (7.06 ± 0.10 vs 10.02 ± 0.19 g/L; not significant at p < 0.05). 
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(B) 

Figure 4. Time course of ethanol production and residual glucose concentration in K. marxianus DSMZ 

5422 SSF processes. (A) Adjustment of aeration strategy: IS - air provided through a sparger immersed 

in the culture, HS - air provided from a headspace, IS21 - air provided through a sparger immersed 

in the culture only for the first 21 h of culturing. (A) Comparison of SSF SoAMY-TlGAMY with control 

processes: using glucose as the carbon source (control G), using commercial STARGEN RSDE (raw 

starch digesting enzyme) at 20 AU per gram of starch, adopting SHF (separate hydrolysis and 

fermentation; two-step process with separate stage of 6 h hydrolysis of starch). Letter codes: EtOH, 

ethanol; GLU, glucose; VC - viable count. Values indicate means ±SD from two independent runs. 

3.4. Proof-of-Concept Process 2: Lactic Acid Production by Lb. plantarum in SSF Process with SoAMY-

TlGAMY 

3.4.1. Flask SSF Cultures 

The second exemplary process implementing the SoAMY-TlGAMY preparation was oriented on 

lactic acid production by Lb. plantarum own isolate strain. Prior to the SSF processes, the optimal 

temperature for Lb. plantarum growth and lactic acid production was determined. The results 

presented in Figure 5. show that the temperature above 32 °C limited the bacteria growth. Growth 

was the highest and comparable at the temperatures 28, 30 and 32 °C (p < 0.05), with its top at 30 °C. 

Correspondingly, the most rapid lactic acid production was observed at 30°C reaching 13.31 g/L in 

24 h (vs 12.4 at 32 °C and 13.11 at 28 °C, in 24 h). Within this temperature range, residual glucose level 

was comparable, without significant differences (at p < 0.05). 
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Figure 5. (A) Lactic acid production, residual glucose concentration and biomass growth in Lb. 

plantarum cultures conducted on glucose at different temperatures in two time-points (24 h and 48 h). 

Letter codes: LA, lactic acid; GLU, glucose. (B) difference in growth characteristics. 

 

(A) 

0

1

2

3

4

5

6

7

8

0 10 20 30 40 50

co
n

ce
n

tr
at

io
n

 o
f 

d
p

1
 [

g/
L]

Time [h]

30oC 30 AU 30oC 45 AU 30oC 60 AU

0

2

4

6

8

10

12

14

16

18

26 28 30 32 36 38

co
n

ce
n

tr
at

io
n

: 
G

LU
, L

A
 [

g/
L]

O
D

6
0

0

Temperature [oC]

GLU, 24h GLU, 48h LA, 24h LA, 48h OD600, 24h OD600, 48h



Microorganisms 2020, 8, 717 16 of 24 

 

 

(B) 

Figure 6. Time course of (A) dp1 release at 30 °C by three different doses of SoAMY-TlGAMY 

preparation; 30, 45 and 60 AU per gram of starch. Time course of (B) lactic acid production and 

utilization of generated glucose by Lb. plantarum in SSF process conducted on raw starch and cooked 

starch supplemented with 60 AU per gram of starch. Letter codes: LA, lactic acid; GLU, glucose. 

Values indicate means ±SD from three independent runs. 

To determine the amount of assimilable sugar released by the SoAMY-TlGAMY crude 

preparation from the native rice starch under thermal conditions facilitating growth and lactic acid 

production by Lb. plantarum, three doses of the preparation were tested (30, 45, 60 AU per gram of 

starch) at 30 °C. As presented in (Figure 6A), at this temperature, an increase in preparation dose 

from 30 / 45 to 60 AU per gram of starch triggered statistically significant growth in release of 

assimilable dp1 (p < 0.001), reaching 5.15 ± 0.089 g/L at 24 h of hydrolysis for 60 AU per gram of starch. 

Based on the initial presumptions, the second proof-of-concept process exploited bacterial 

strains for the production of lactic acid. The principal difficulty found with these processes was 

exploitation of raw substrate and inability to apply antibiotic protection against undesired microbiota 

(as it was the case in processes with K. marxianus). Therefore, apart from the typical SSF conducted 

without thermal pre-treatment of starch, a completely sterilized medium was included in these 

experiments (“cooked starch” variants). Comparison of the SSF processes conducted with raw starch 

and cooked starch with Lb. plantarum and SoAMY-TlGAMY preparation (60 AU per gram of starch) 

is presented in Figure 6B. Expectedly, the process with cooked starch was characterized by 

significantly higher efficiency in terms of lactic acid production (15.58 ± 0.51 vs 5.60 ± 0.10 g/L at 72 

h; p < 0.01), which resulted from better accessibility of the cooked biopolymer for SoAMY-TlGAMY 

enzymes and higher provision of the assimilable carbon (peak 9.54 ± 0.65 vs 1.43 ± 0.58 g/L at 4 h). 

Lactic acid production from cooked starch was the most rapid during approximately the first 32 hours 

of culturing, reaching a value of 15.32 ± 0,79 g/L and high lactic acid yield 0.654 g/g at 24 hours (Table 

2). Afterwards, the process entered stationary phase, probably due to exhaustion of carbon source 

(starting starch concentration 20 g/L). 
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3.4.2. Bioreactor SSF Cultures 

While the trials of lactic acid production by Lb. plantarum from raw starch in bioreactor SSF 

processes were conducted, recurring microbial contaminations directed further efforts towards 

processes with cooked starch as the main carbon source. Results on lactic acid production and 

microbial growth in SSF processes with cooked starch, SoAMY-TlGAMY preparation (dose 60 AU 

per gram of starch) and Lb. plantarum are shown in Figure 7. 

 

Figure 7. Time course of lactic acid production, residual glucose concentration and viable counts in 

SSF process on cooked starch with Lb. plantarum. Letter codes: LA, lactic acid; GLU, glucose; VC – 

viable counts. Values indicate means ±SD from two independent runs. 

The lactic acid production rapidly rose during the first 24 hours of culturing up to 9.30 ± 0.27 g/L 

and yield of 0.465 g/g (Table 2), reaching plateau afterwards. The production of lactic acid was 

corresponding to the cell growth which was also the highest during the first 24 hours (109 cfu/mL) 

and ceased in the following time-points. Glucose consumption rate was higher than its release from 

starch, as its level was maintained close to zero throughout the process, while starch concentration 

decreased. 

4. Discussion 

In our previous studies, after cloning and expression of an insect-derived gene encoding alpha-

amylase in Y. lipolytica [31,32], we evidenced its RSD-capacity, highly desired in starch-based 

bioprocesses. The production process was scaled-up [38] and the obtained enzyme, supplemented 

with commercial glucoamylase activity, was applied in an SSF processes with raw starch [39]. To 

further improve the enzyme’s production by Y. lipolytica, synthetic fusions with different signal 

peptides (SP) were constructed [30]; the best fusions were determined and used in the following 

studies. Recently, we constructed a panel of Y. lipolytica strains expressing the two heterologous genes 

encoding complementary amylolytic activities alpha-amylase SoAMY and glucoamylase TlGAMY 

from filamentous fungi [28]. In that previous research, we studied the impact of the expression 

cassette design and the type of SP on the resultant strain’s amylolytic phenotype. Importantly, the 

recombinant strains expressing the two genes acquired amylolytic activity, sufficient to support 

growth in media containing starch of different plant origin (rice, corn and potato) in raw and 

thermally pre-treated form. Medium used for those studies was largely limited in nutrients from 

complex components (yeast extract and peptone; 10-fold vs typical composition) to reliably study 

growth on starch as the main carbon source. While this strategy was useful for reliable examination 

of the starch hydrolyzing activity and potential usefulness of the obtained strains as consolidated 

biocatalysts, it definitely limited the production of the heterologous enzymes. 
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In the present study, we used the most efficient amylolytic strain from that previous set of the 

SoAMY-TlGAMY-producing strains, with the aim to use it as a microbial cell factory of RSD 

amylolytic preparation composed of two enzymes. The strain GGY215 (SP3-G1TG2S) was cultivated 

in fed-batch bioreactor cultivations in rich medium, to promote production of the enzymes. The 

cultivation protocol largely relied on our previous experience with single protein-producing strains 

[25,38] in terms of medium composition and cultivation parameters, however, this time we followed 

one-step feeding strategy by [24], which is much simpler, but at the same time operable and efficient. 

The proteins were then precipitated and partly purified. The adopted procedure enabled 10-fold 

purification factor (based on specific activities of the extracellular SoAMY-TlGAMY proteins in the 

crude preparation and the post-culturing medium), which is satisfactory and comparable to previous 

reports. The same purification factor was obtained after size-exclusion chromatography conducted 

without prior precipitation [40]. Slightly lower value, of 7-fold purification, was achieved after 

ethanol precipitation of RSDE [16]. Purification to apparent homogeneity, through the applied here 

affinity chromatography, was facilitated by affinity tags transcriptionally fused to both amylases at 

C-termini. While it indeed greatly improved the purification factor of the preparation (to over 1500-

fold based on specific activities in F2 and AS pellet fractions), it was accompanied by high losses of 

the enzymes, and thus was not continued. 

The concentrated and partly purified preparation SoAMY-TlGAMY was then tested in the SSF 

processes carried out in the media with starch as the main carbon source with the thermotolerant K. 

marxianus DSMZ 5422 strain for the production of ethanol, and with the Lb. plantarum own isolate for 

the production of lactic acid. These processes were conducted as a proof-of-concept that application 

of the SoAMY-TlGAMY crude preparation supports sufficient starch hydrolysis enabling the 

microbial growth and production of the targeted molecules as the selected strains were confirmed to 

lack amylolytic activity. The crude preparation was also tested for the profile of oligosaccharides 

released from starch after treatment. Notably, saccharides from dp1 to dp7 were tested, however, 

only dp1 (glucose) (out of the analyzed range) was present at detectable level in the post-reaction 

mixtures. Such an outcome was expected, as previously determined dp profile for SoAMY amylase 

solely was also dominated by glucose [39]. It cannot, however, be excluded that oligosaccharides of 

higher polymerization degree were present in the post-hydrolysis mixture, but were not analyzed in 

this and the previous study.  

Compromising thermal optima for enzymatic and microbial catalysts action is the key, initial 

challenge in developing a new SSF process. As previously shown, the SoAMY alpha-amylase 

contained in the preparation exhibits maximum activity at 40 °C [32]. The glucoamylase component, 

TlGAMY was previously reported to have its thermal optimum at 60°C or higher [41]. However, our 

own tests with Y. lipolytica-produced TlGAMY [30] indicated lack of significant difference in its 

activity between 40 and 60 °C (not shown). For K. marxianus, the cultivation temperatures (32, 36 and 

40 °C) were chosen based on literature data, suggesting a range between 30 and 40 °C [42], or 40 °C 

as optimum for ethanol production in SSF process [43–45]. Here, obtained data indicated that the 

ethanol production in the SSF process was the highest at 36 °C (Figure 3B), which was in the middle 

of range previously adopted SSF temperatures starting from 34 °C [46] to 42 °C [47,48]. This 

temperature was adopted in the following bioreactor cultivations. For the second strain used in this 

study, Lb. plantarum, the reported optimal temperatures are highly variable, starting from 30 °C [49], 

through 35 °C [35] up to 45 °C [50]. Here, obtained results indicated that increasing the temperature 

above 32 °C triggers undesired decrease in the growth and lactic acid synthesis by the used Lb. 

plantarum strain. As shown in Figure 5, the type of microbial growth in liquid medium was changed 

between 30 °C and >32 °C from turbid, cloudy to sediment. Since at 30 °C, the lactic acid production 

was the most rapid (peak in 24 h), this temperature was chosen for further studies; in correspondence 

to previous results obtained by [49]. 

Simultaneously with the investigation into the optimal growth temperature for the two strains 

to be used in the proof-of-concept processes, different doses of the crude SoAMY-TlGAMY 

preparation were tested. Starting doses were established based on previous reports on the SoAMY 

and TlGAMY [32,41] compared with the total amylolytic activity of here obtained crude preparation. 



Microorganisms 2020, 8, 717 19 of 24 

 

Since the K. marxianus can grow at higher temperatures, close to the optimum for the enzymes (40 

°C), lower doses were tested in this temperature range (20 and 25 AU per gram of starch). Due to 

growth limitation of Lb. plantarum at >32 °C, the cultivations had to be conducted at 30 °C, and thus 

higher doses of the preparation were tested in these temperatures (30, 45 and 60 AU per gram of 

starch). Expectedly, for the K. marxianus processes, higher doses of the enzymatic preparation gave 

higher concentration of produced ethanol by generating higher levels of fermentable sugars (Figure 

3A), but those differences were not statistically significant. As such, a lower dose of 20 AU per gram 

of starch was considered as reasonable for efficient ethanol production. Correspondingly, for the 

process with Lb. plantarum conducted at 30 °C, an increase in the preparation dose to 60 AU brought 

significant improvement in released dp1 (p < 0.05). Since in this process further manipulation with 

cultivation temperature, enabling lowering the preparation doses, was not possible, a higher dose of 

the preparation was chosen for Lb. plantarum cultivations on starch. 

During the Lb. plantarum SSF process development, recurring contaminations with undesired 

microbiota from raw-starch, and inability to provide antibiotics protection, made it reasonable to 

conduct trials with sterilized substrate. Improved accessibility of autoclaved starch to the amylase’s 

activity significantly improved efficiency of the process (15.58 ± 0.50 vs 5.59 ± 0.10 g/L lactic acid) and 

prevented contaminations (routinely checked by microscopic observations). Notably, studies on SSF 

with Lactobacilli spp. are conducted on heat-pre-treated (autoclaved) soluble starch rather than raw 

substrate e.g. [35,51–53]. Here obtained lactic acid concentration by the Lb. plantarum in the presence 

of the SoAMY-TlGAMY was close to the results reported for Lb. plantarum grown on cassava starch 

(9.67 and 10.34 g/L, respectively) [50]. The other reports on Lactobacilli spp. exploitation in the SSF 

processes were conducted at higher substrate load, up to 150 g/L of starch [54], which gave higher 

LA yield (0.867 g/g). 

SSF processes with the K. marxianus and the SoAMY-TlGAMY preparation (36 °C, 20 AU per 

gram of starch) could be conducted with raw, non-thermally pre-treated starch, and thus - fully 

exploit potential of the SoAMY-TlGAMY RSD preparation. Upon developing the proof-of-concept 

process we much focused on establishing appropriate aeration strategy. It is known that under 

aerobic conditions, ethanol synthesis is blocked, but also K. marxianus synthesizes large amounts of 

volatile compounds, namely ethyl acetate, resulting in losses of ethanol yield [55,56]. In the present 

study, the ethyl acetate concentration was tracked during cultivations, however, each time it was 

detected at trace amounts (results not shown), suggesting that oxygen provision was not too high. 

Silveira et al. [57] analyzed the ethanol production by K. marxianus under three aeration condition 

(aerobic, hypoxic and anoxic) and showed that maximum ethanol yield was obtained under anoxia, 

followed by hypoxia. In contrast, Kuloyo et al. [43] showed that in the oxygen-limited cultures, the 

ethanol productivity was almost double that obtained in the non-aerated cultures, evidencing that 

small level of oxygen is necessary to promote the yeast cell growth and by this, increase titer of 

ethanol. Similar conclusions could be withdrawn from our data, where either IS21 or HS aeration 

strategy enabled higher production of ethanol by the K. marxianus strain. The maximum ethanol 

concentration in the K. marxianus SSF cultures on raw starch reached 12.11 ± 0.26 g/L (Figure 4A). 

When compared with the other literature reports using comparable substrate load (< 10%), here 

obtained titers are comparable to 14 g/L achieved under oxygen-limited conditions in [43], but is also 

2-fold lower than the ethanol concentrations reported in [58,59]. In the other studies, when a higher 

load of the substrate was implemented, the ethanol concentration reached 49 g/L [44], 80 g/L [57] or 

even 110 g/L, obtained in our previous studies [8]. The highly increased substrate load and different 

processing conditions were used in those studies, which makes direct comparison not fully reliable. 

However, the solutions proposed in those studies should be considered in further optimization of 

processes implementing the SoAMY-TlGAMY preparation. 

Finally, efficiency of the K. marxianus SSF process in raw starch with the SoAMY-TlGAMY 

preparation was evaluated in comparison to three reference cultures (Figure 4B). When compared 

with the control culture conducted on glucose as the main carbon source, the maximum ethanol titer 

reached 77% of the control (10.02 ± 0.19 to 13.59 ± 0.27 g/L in SSF SoAMY-TlGAMY and control G, 

respectively). This observation suggests that indeed application of the SoAMY-TlGAMY preparation 
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gives satisfactory starch hydrolyzing activity for the ethanol production from raw starch. In contrast, 

the reference culture conducted with commercial RSD preparation STRAGEN gave 2-fold higher 

ethanol titer than the one obtained with SoAMY-TlGAMY (21.22 ± 1.95 vs 10.02 ± 0.19 g/L). The 

previous studies on comparison of the commercial STARGEN preparation and the SoAMY-

containing amylolytic preparation supplemented with commercial glucoamylase (to reach the same 

amylolytic AU per gram of starch) indicated lack of significant differences in the cultures 

performance in terms of ethanol production [39]. Comparison of these two outcomes suggests low 

efficiency of TlGAMY as the glucoamylase component in the SoAMY-TlGAMY preparation; since 

when TlGAMY was substituted with a commercial glucoamylase, the preparation performed equally 

well as the commercial RSDE. However, it has to be stated that specific, individual contribution of 

the alpha-amylase and the glucoamylase activity in the novel preparation was not evaluated, but only 

total amylolytic activity. Hence, such conclusion is unsupported by the current data, and further 

insight in this issue is needed. Notably, the reference culture with the commercial preparation 

conducted on raw starch, resulted in higher ethanol titer than that obtained in the control culture on 

glucose, despite similar glucose utilization and cell growth profiles. It is presumed that the STARGEN 

preparation continued to release the fermentable sugars from the raw starch throughout the culturing 

time, so ultimately provided more carbon source for the cell growth and the ethanol production. This 

was missed in the HPLC analysis, as the cells continued to utilize any glucose immediately upon its 

release. Due to favorable conditions, the assimilable carbon was completely transformed into ethanol, 

as the biomass growth curve were corresponding for these two culture variants. Finally, as expected 

comparison of SSF and SHF processes showed that higher ethanol titer could be reached in the SSF 

process, as evidenced in the other studies [43,44,60,61], demonstrating superiority of the SSF process 

over the SHF process. 

5. Conclusions 

In summary, this study falls into a general trend of exploiting microorganisms as cellular 

factories providing the market with desired biomolecules. Here we used Y. lipolytica as a heterologous 

protein expression platform to produce the RSD-amylolytic preparation composed of two enzymatic 

activities: alpha-amylase SoAMY and glucoamylase TlGAMY. The partly purified preparation was 

then used in the two proof-of-concept processes operated according to the SSF strategy, exploiting 

microbial biocatalysts devoid of amylolytic activities in their native form. The thermotolerant K. 

marxianus was used for the production of ethanol, while the Lb. plantarum strain was used for the 

lactic acid formation. Depending on the used microorganisms, the two SSF processes were subjected 

to different limitations and bottlenecks, and thus the optimization studies were focused on different 

aspects. The principal limitation encountered with Lb. plantarum was inability to operate with raw, 

non-sterilized substrate, which caused recurring contaminations. Additionally, the thermal growth 

optima for the LAB strain was low in relation to the thermal optimum of the RSD-preparation activity. 

Altogether, these factors forced application of large quantities of the preparation and operation in 

thermally pre-treated starch, which was not desired. On the other hand, the thermotolerance of K. 

marxianus and possibility of implementing antibiotic protection, to eliminate undesired microbiota, 

allowed to fully exploit the RSD potential of the new preparation in the ethanol production process. 

After insight into oxygen control strategy, the process with the novel RSD-preparation was compared 

with the process conducted with commercial preparation, full availability of assimilable sugars and 

the SHF process. Comparisons with the SHF process and the control run conducted on glucose 

showed that the SSF with SoAMY-TlGAMY preparation on raw starch holds promise of efficient 

process, after further optimization. Nevertheless, as evidenced by a process conducted with the 

commercial preparation, further insightful studies are needed. 

Author Contributions: Conceptualization: EC, WB; Methodology: EC MB WB AG PK; Investigation: MB, AG, 

PK, EC; Writing: AG, EC; Project Administration: EC; Funding Acquisition, EC.  All authors have read and 

agreed to the published version of the manuscript. 

Funding:  This research was funded by the Ministry of Science and Higher Education in Poland, grant number 

IP2015 011074. And The APC was funded by the Ministry of Science and Higher Education in Poland. 



Microorganisms 2020, 8, 717 21 of 24 

 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Cardona, C.A.; Sánchez, Ó.J. Fuel ethanol production: Process design trends and integration opportunities. 

Bioresour. Technol. 2007, 98, 2415–2457, doi:10.1016/j.biortech.2007.01.002. 

2. Tsakona, S.; Kopsahelis, N.; Chatzifragkou, A.; Papanikolaou, S.; Kookos, I.K.; Koutinas, A.A. Formulation 

of fermentation media from flour-rich waste streams for microbial lipid production by Lipomyces starkeyi. 

J. Biotechnol. 2014, 189, 36–45, doi:10.1016/j.jbiotec.2014.08.011. 

3. Smerilli, M.; Neureiter, M.; Wurz, S.; Haas, C.; Frühauf, S.; Fuchs, W. Direct fermentation of potato starch 

and potato residues to lactic acid by Geobacillus stearothermophilus under non-sterile conditions. J. Chem. 

Technol. Biotechnol. 2015, 90, 648–657, doi:10.1002/jctb.4627. 

4. Tsakona, S.; Papadaki, A.; Kopsahelis, N.; Kachrimanidou, V.; Papanikolaou, S.; Koutinas, A. Development 

of a circular oriented bioprocess for microbial oil production using diversified mixed confectionery side-

streams. Foods 2019, 8, doi:10.3390/foods8080300. 

5. Singh, H.; Soni, S.K. Production of starch-gel digesting amyloglucosidase by Aspergillus oryzae HS-3 in solid 

state fermentation. Process Biochem. 2001, 37, 453–459, doi:10.1016/S0032-9592(01)00238-2. 

6. Olofsson, K.; Bertilsson, M.; Lidén, G. A short review on SSF—An interesting process option for ethanol 

production from lignocellulosic feedstocks. Biotechnol. Biofuels 2008, 1, 7, doi:10.1186/1754-6834-1-7. 

7. Białas, W.; Szymanowska, D.; Grajek, W. Fuel ethanol production from granular corn starch using 

Saccharomyces cerevisiae in a long term repeated SSF process with full stillage recycling. Bioresour. Technol. 

2010, 101, 3126–3131, doi:10.1016/j.biortech.2009.12.090. 

8. Białas, W.; Czerniak, A.; Szymanowska-Powałowska, D. Kinetic modeling of simultaneous saccharification 

and fermentation of corn starch for ethanol production. Acta Biochim. Pol. 2014, 61, 153–162. 

9. Hoshino, K.; Taniguchi, M.; Marumoto, H.; Shimizu, K.; Fujii, M. Continuous lactic acid production from 

raw starch in a fermentation system using a reversibly soluble-autoprecipitatipg amylase and immobilized 

cells of Lactobacillus casei. Agric. Biol. Chem. 1991, 55, 479–485, doi:10.1080/00021369.1991.10870615. 

10. Sun, H.; Zhao, P.; Ge, X.; Xia, Y.; Hao, Z.; Liu, J.; Peng, M. Recent advances in microbial raw starch 

degrading enzymes. Appl. Biochem. Biotechnol. 2010, 160, 988–1003, doi:10.1007/s12010-009-8579-y. 

11. Robertson, G.H.; Wong, D.W.S.; Lee, C.C.; Wagschal, K.; Smith, M.R.; Orts, W.J. Native or raw starch 

digestion: A key step in energy efficient biorefining of grain. J. Agric. Food Chem. 2006, 54, 353–365, 

doi:10.1021/jf051883m. 

12. Lee, C.G.; Kim, C.H.; Rhee, S.K. A kinetic model and simulation of starch saccharification and simultaneous 

ethanol fermentation by amyloglucosidase and Zymomonas mobilis. Bioprocess Eng. 1992, 7, 335–341, 

doi:10.1007/BF00369488. 

13. Nwobi, A.; Cybulska, I.; Tesfai, W.; Shatilla, Y.; Rodríguez, J.; Thomsen, M.H. Simultaneous saccharification 

and fermentation of solid household waste following mild pretreatment using a mix of hydrolytic enzymes 

in combination with Saccharomyces cerevisiae. Appl. Microbiol. Biotechnol. 2015, 99, 929–938, 

doi:10.1007/s00253-014-5977-z. 

14. Choudhary, J.; Singh, S.; Nain, L. Thermotolerant fermenting yeasts for simultaneous saccharification 

fermentation of lignocellulosic biomass. Electron. J. Biotechnol. 2016, 21, 82–92, doi:10.1016/j.ejbt.2016.02.007. 

15. Gupta, R.; Gigras, P.; Mohapatra, H.; Goswami, V.K.; Chauhan, B. Microbial α-amylases: A 

biotechnological perspective. Process Biochem. 2003, 38, 1599–1616, doi:10.1016/S0032-9592(03)00053-0. 

16. Xu, Q.S.; Yan, Y.S.; Feng, J.X. Efficient hydrolysis of raw starch and ethanol fermentation: A novel raw 

starch-digesting glucoamylase from Penicillium oxalicum. Biotechnol. Biofuels 2016, 9, 1–18, 

doi:10.1186/s13068-016-0636-5. 

17. Ngernyuang, N.; Kobayashi, I.; Promboon, A.; Ratanapo, S.; Tamura, T.; Ngernsiri, L. Cloning and 

expression analysis of the Bombyx mori α-amylase gene (Amy) from the indigenous Thai silkworm strain, 

Nanglai. J. Insect Sci. 2011, 11, 1–16, doi:10.1673/031.011.0138. 

18. Van Zyl, W.H.; Bloom, M.; Viktor, M.J. Engineering yeasts for raw starch conversion. Appl. Microbiol. 

Biotechnol. 2012, 95, 1377–1388, doi:10.1007/s00253-012-4248-0. 

19. Celińska, E.; Olkowicz, M.; Grajek, W. L-Phenylalanine catabolism and 2-phenylethano synthesis in 

Yarrowia lipolytica-mapping molecular identities through whole-proteome quantitative mass spectrometry 

analysis. FEMS Yeast Res. 2015, 15, doi:10.1093/femsyr/fov041. 

20. Nicaud, J.M.; Madzak, C.; van den Broek, P.; Gysler, C.; Duboc, P.; Niederberger, P.; Gaillardin, C. Protein 



Microorganisms 2020, 8, 717 22 of 24 

 

expression and secretion in the yeast Yarrowia lipolytica. FEMS Yeast Res. 2002, 2, 371–379, 

doi:10.1016/S1567-1356(02)00082-X. 

21. Groenewald, M.; Boekhout, T.; Neuvéglise, C.; Gaillardin, C.; Van Dijck, P.W.M.; Wyss, M. Yarrowia 

lipolytica: Safety assessment of an oleaginous yeast with a great industrial potential. Crit. Rev. Microbiol. 

2014, 40, 187–206, doi:10.3109/1040841X.2013.770386. 

22. Madzak, C. Engineering Yarrowia lipolytica for use in biotechnological applications: A review of major 

achievements and recent innovations. Mol. Biotechnol. 2018, 60, 621–635, doi:10.1007/s12033-018-0093-4. 

23. Theron, C.W.; Vandermies, M.; Telek, S.; Steels, S.; Fickers, P. Comprehensive comparison of Yarrowia 

lipolytica and Pichia pastoris for production of Candida antarctica lipase B. Sci. Rep. 2020, 10, 1–9, 

doi:10.1038/s41598-020-58683-3. 

24. Kim, J.W.; Park, T.J.; Ryu, D.D.Y.; Kim, J.Y. High cell density culture of Yarrowia lipolytica using a one-step 

feeding process. Biotechnol. Prog. 2000, 16, 657–660, doi:10.1021/bp000037n. 

25. Kubiak, M.; Borkowska, M.; Bialas, W.; Korpys, P.; Celinska, E. Feeding strategy impacts heterologous 

protein production in Yarrowia lipolytica fed-batch cultures-Insight into the role of osmolarity. Yeast 2019, 

36, 305–318, doi:10.1002/yea.3384. 

26. Celińska, E.; Nicaud, J.M. Filamentous fungi-like secretory pathway strayed in a yeast system: Peculiarities 

of Yarrowia lipolytica secretory pathway underlying its extraordinary performance. Appl. Microbiol. 

Biotechnol. 2019, 103, 39–52, doi:10.1007/s00253-018-9450-2. 

27. Balat, M.; Balat, H.; Öz, C. Progress in bioethanol processing. Prog. Energy Combust. Sci. 2008, 34, 551–573, 

doi:10.1016/j.pecs.2007.11.001. 

28. Celińska, E.; Borkowska, M.; Korpys-Woźniak, P.; Kubiak, M.; Nicaud, J.; Kubiak, P.; Gorczyca, M.; Białas, 

W. Optimization of Yarrowia lipolytica-based consolidated biocatalyst through synthetic biology approach: 

Transcription units and signal peptides shuffling. Appl. Microbiol. Biotechnol. 2020, doi:10.1007/s00253-020-

10644-6. 

29. Celińska, E.; Ledesma-Amaro, R.; Larroude, M.; Rossignol, T.; Pauthenier, C.; Nicaud, J.M. Golden Gate 

Assembly system dedicated to complex pathway manipulation in Yarrowia lipolytica. Microb. Biotechnol. 

2017, 10, 450–455, doi:10.1111/1751-7915.12605. 

30. Celińska, E.; Borkowska, M.; Białas, W.; Korpys, P.; Nicaud, J.M. Robust signal peptides for protein 

secretion in Yarrowia lipolytica: Identification and characterization of novel secretory tags. Appl. Microbiol. 

Biotechnol. 2018, 102, 5221–5233, doi:10.1007/s00253-018-8966-9. 

31. Celińska, E.; Borkowska, M.; Białas, W. Evaluation of heterologous α-amylase production in two expression 

platforms dedicated for Yarrowia lipolytica: Commercial Po1g-pYLSC (php4d) and custom-made A18-

pYLTEF (pTEF). Yeast 2016, 33, 165–181, doi:10.1002/yea.3149. 

32. Celińska, E.; Białas, W.; Borkowska, M.; Grajek, W. Cloning, expression, and purification of insect 

(Sitophilus oryzae) alpha-amylase, able to digest granular starch, in Yarrowia lipolytica host. Appl. Microbiol. 

Biotechnol. 2015, 99, 2727–2739, doi:10.1007/s00253-014-6314-2. 

33. Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 

1970, 227, 680–685, doi:10.1038/227680a0. 

34. Borkowska, M.; Białas, W.; Kubiak, M.; Celińska, E. Rapid micro-assays for amylolytic activities 

determination: Customization and validation of the tests. Appl. Microbiol. Biotechnol. 2019, 1–13, 

doi:10.1007/s00253-018-09610-0. 

35. Guyot, J.P.; Calderon, M.; Morlon-Guyot, J. Effect of pH control on lactic acid fermentation of starch by 

Lactobacillus manihotivorans LMG 18010(T). J. Appl. Microbiol. 2000, 88, 176–182, doi:10.1046/j.1365-

2672.2000.00953.x. 

36. Bujang, K.; Sujang, S.; Salwani, D.; Adeni, A. Effects of calcium carbonate in fermentation of L-lactic acid 

from hydrolyzed sago starch. IC Biotech 2004, 26, 637–643. 

37. Liu, S. An overview of chemical reaction analysis. In Bioprocess Engineering, 2nd ed.; Liu, S., Ed.; Elsevier: 

Amsterdam, The Netherlands, 2017; Chapter 3, pp. 81–137, ISBN 978-0-444-63783-3. 

38. Celińska, E.; Borkowska, M.; Białas, W. Enhanced production of insect raw-starch-digesting alpha-amylase 

accompanied by high erythritol synthesis in recombinant Yarrowia lipolytica fed-batch cultures at high-cell-

densities. Process Biochem. 2017, 52, 78–85, doi:10.1016/j.procbio.2016.10.022. 

39. Celińska, E.; Borkowska, M.; Białas, W. Evaluation of a recombinant insect-derived amylase performance 

in simultaneous saccharification and fermentation process with industrial yeasts. Appl. Microbiol. Biotechnol. 

2016, 100, 2693–2707, doi:10.1007/s00253-015-7098-8. 



Microorganisms 2020, 8, 717 23 of 24 

 

40. Yang, C.H.; Huang, Y.C.; Chen, C.Y.; Wen, C.Y. Heterologous expression of Thermobifida fusca thermostable 

alpha-amylase in Yarrowia lipolytica and its application in boiling stable resistant sago starch preparation. 

J. Ind. Microbiol. Biotechnol. 2010, 37, 953–960, doi:10.1007/s10295-010-0745-2. 

41. Thorsen, T.S.; Johnsen, A.H.; Josefsen, K.; Jensen, B. Identification and characterization of glucoamylase 

from the fungus Thermomyces lanuginosus. Biochim. Biophys. Acta Proteins Proteom. 2006, 1764, 671–676, 

doi:10.1016/j.bbapap.2006.01.009. 

42. Raimondi, S.; Zanni, E.; Amaretti, A.; Palleschi, C.; Uccelletti, D.; Rossi, M. Thermal adaptability of 

Kluyveromyces marxianus in recombinant protein production. Microb. Cell Fact. 2013, 12, doi:10.1186/1475-

2859-12-34. 

43. Kuloyo, O.O.; du Preez, J.C.; del García-Aparicio, M.P.; Kilian, S.G.; Steyn, L.; Görgens, J. Opuntia ficus-

indica cladodes as feedstock for ethanol production by Kluyveromyces marxianus and Saccharomyces 

cerevisiae. World J. Microbiol. Biotechnol. 2014, 30, 3173–3183, doi:10.1007/s11274-014-1745-6. 

44. Wu, W.H.; Hung, W.C.; Lo, K.Y.; Chen, Y.H.; Wan, H.P.; Cheng, K.C. Bioethanol production from taro 

waste using thermo-tolerant yeast Kluyveromyces marxianus K21. Bioresour. Technol. 2016, 201, 27–32, 

doi:10.1016/j.biortech.2015.11.015. 

45. Suzuki, T.; Hoshino, T.; Matsushika, A. High-temperature ethanol production by a series of recombinant 

xylose-fermenting Kluyveromyces marxianus strains. Enzym. Microb. Technol. 2019, 129, 109359, 

doi:10.1016/j.enzmictec.2019.109359. 

46. Zafar, S.; Owais, M. Ethanol production from crude whey by Kluyveromyces marxianus. Biochem. Eng. J. 2006, 

27, 295–298, doi:10.1016/j.bej.2005.05.009. 

47. Ballesteros, M.; Oliva, J.M.; Negro, M.J.; Manzanares, P.; Ballesteros, I. Ethanol from lignocellulosic 

materials by a simultaneous saccharification and fermentation process (SFS) with Kluyveromyces marxianus 

CECT 10875. Process Biochem. 2004, 39, 1843–1848, doi:10.1016/j.procbio.2003.09.011. 

48. Yu, C.Y.; Jiang, B.H.; Duan, K.J. Production of bioethanol from carrot pomace using the thermotolerant 

yeast Kluyveromyces marxianus. Energies 2013, 6, 1794–1801, doi:10.3390/en6031794. 

49. Giraud, E.; Champailler, A.; Raimbault, M. Degradation of raw starch by a wild amylolytic strain of 

Lactobacillus plantarum. Appl. Environ. Microbiol. 1994, 60, 4319–4323, doi:10.1128/aem.60.12.4319-4323.1994. 

50. Chookietwattana, K. Lactic acid production from simultaneous saccharification and fermentation of 

cassava starch by Lactobacillus plantarum MSUL 903. APCBEE Procedia 2014, 8, 156–160, 

doi:10.1016/j.apcbee.2014.03.019. 

51. Yumoto, I.; Ikeda, K. Direct fermentation of starch to L-(+)-lactic acid using Lactobacillus amylophilus. 

Biotechnol. Lett. 1995, 17, 543–546, doi:10.1007/BF00132025. 

52. Vishnu, C.; Seenayya, G.; Reddy, G. Direct fermentation of various pure and crude starchy substrates to 

L(+) lactic acid using Lactobacillus amylophilus GV6. World J. Microbiol. Biotechnol. 2002, 18, 429–433, 

doi:10.1023/A:1015526221744. 

53. Ohkouchi, Y.; Inoue, Y. Direct production of l(+)-lactic acid from starch and food wastes using Lactobacillus 

manihotivorans LMG18011. Bioresour. Technol. 2006, 97, 1554–1562, doi:10.1016/j.biortech.2005.06.004. 

54. Adthalungrong, C.; Saechua, N.; Doungkaew, K. Lactic acid fermentation from tapioca starch by 

Lactobacillus casei TISTR 453 using simultaneous saccharification and fermentation process. KKU Res. J. 

2014, 19, 125–133. 

55. Löser, C.; Urit, T.; Nehl, F.; Bley, T. Screening of Kluyveromyces strains for the production of ethyl acetate: 

Design and evaluation of a cultivation system. Eng. Life Sci. 2011, 11, 369–381, doi:10.1002/elsc.201000178. 

56. Löser, C.; Urit, T.; Stukert, A.; Bley, T. Formation of ethyl acetate from whey by Kluyveromyces marxianus 

on a pilot scale. J. Biotechnol. 2013, 163, 17–23, doi:10.1016/j.jbiotec.2012.10.009. 

57. Silveira, W.B.; Passos, F.J.V.; Mantovani, H.C.; Passos, F.M.L. Ethanol production from cheese whey permeate 

by Kluyveromyces marxianus UFV-3: A flux analysis of oxido-reductive metabolism as a function of lactose 

concentration and oxygen levels. Enzym. Microb. Technol. 2005, 36, 930–936, doi:10.1016/j.enzmictec.2005.01.018. 

58. Masiero, S.S.; Peretti, A.; Trierweiler, L.F.; Trierweiler, J.O. Simultaneous cold hydrolysis and fermentation 

of fresh sweet potato. Biomass Bioenergy 2014, 70, 174–183, doi:10.1016/j.biombioe.2014.08.007. 

59. Sivarathnakumar, S.; Jayamuthunagai, J.; Baskar, G.; Praveenkumar, R.; Selvakumari, I.A.E.; Bharathiraja, 

B. Bioethanol production from woody stem Prosopis juliflora using thermo tolerant yeast Kluyveromyces 

marxianus and its kinetics studies. Bioresour. Technol. 2019, 293, doi:10.1016/j.biortech.2019.122060. 

 

 



Microorganisms 2020, 8, 717 24 of 24 

 

60. Mithra, M.G.; Jeeva, M.L.; Sajeev, M.S.; Padmaja, G. Comparison of ethanol yield from pretreated lignocellulo-

starch biomass under fed-batch SHF or SSF modes. Heliyon 2018, 4, e00885, doi:10.1016/j.heliyon.2018.e00885. 

61. Szambelan, K.; Nowak, J.; Szwengiel, A.; Jeleń, H.; Łukaszewski, G. Separate hydrolysis and fermentation 

and simultaneous saccharification and fermentation methods in bioethanol production and formation of 

volatile by-products from selected corn cultivars. Ind. Crop. Prod. 2018, 118, 355–361, 

doi:10.1016/j.indcrop.2018.03.059. 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


