Consolidated bioprocessing of raw starch to ethanol by Saccharomyces cerevisiae: achievements and challenges
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Abstract
Recent advances in amylolytic strain engineering for starch-to-ethanol conversion have provided a platform for the development of raw starch consolidated bioprocessing (CBP) technologies. Several proof-of-concept studies identified improved enzyme combinations, alternative feedstocks and novel host strains for evaluation and application under fermentation conditions. However, further research efforts are required before this technology can be scaled up to an industrial level. In this review, different CBP approaches are defined and discussed, also highlighting the role of auxiliary enzymes for a supplemented CBP process. Various achievements in the development of amylolytic Saccharomyces cerevisiae strains for CBP of raw starch and the remaining challenges that need to be tackled/pursued to bring yeast raw starch CBP to industrial realization, are described. Looking towards the future, it provides potential solutions to develop more cost-effective processes that include cheaper substrates, integration of the 1G and 2G economies and implementing a biorefinery concept where high-value products are also derived from starchy substrates.
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1. Introduction 

The hydrolysis and fermentation of starch into ethanol is widely employed for the production of biofuel, potable ethanol, beer, whiskey and other distilled spirits. The production of fuel ethanol from starch was first introduced in the United States at the beginning of the 20th century. Ethanol was applied as a fuel extender for cars into the 1930s, but a renewed interest in ethanol production methods only developed in the 1970s (Guo et al., 2015). Nowadays, bioethanol is the major source of renewable biofuel with about 110 billion liters (BL) produced in 2019 (Renewable Fuel Association [RFA], 2020), mainly obtained from corn starch and sugarcane.
After cellulose and hemicellulose, starch is the most abundant renewable carbon source and is more readily digestible for conversion to biofuels than cellulosic material. It is thus not surprising that the bulk of the bioethanol (59.8 BL in 2019) produced in the USA is primarily from corn starch, using about 205 operational plants (RFA, 2020). Most of these plants use dry grind mills with a four-stage process: jet-cooking the starch for a few minutes at 105°C, followed by liquefaction at 80-90°C using a thermostable α-amylase, and then saccharification with a glucoamylase at 65°C (pH 4.5) to yield sugar streams that can be fermented to ethanol (Bothast and Schlicher, 2005). As indicated in Figure 1A, the cooked starch process undergoes considerable changes in temperature (30-105°C) and requires the use of lime, caustic soda and sulfuric acid for pH control, which contribute to the high processing cost (Görgens et al., 2015). Although elevated temperatures in the initial step assist with the control of contamination, the substrate must be cooled (at high cost) to 30-37°C, the fermentation temperature for industrial yeast strains (Walker and Walker, 2018; Favaro et al., 2019a). As a result, the energy demand for this conventional (cooked) starch process represents 10-20% of the bioethanol price, which negatively affects the overall cost efficiency of bioethanol production (Robertson et al., 2006).
[bookmark: _gjdgxs]An alternative “cold” process uses uncooked raw (granular) starch and converts the milled starch directly into glucose with the addition of raw starch-degrading enzymes (RSDE) in a simultaneous saccharification and fermentation (SSF) approach (Figure 1B)(Van Zyl et al., 2012). Since the conventional cooking and liquefaction steps at high temperatures are excluded, the cold process saves on energy costs, as well as 40-50% of the total capital and operational costs (Brown et al., 2020). Since raw starch does not exhibit the high viscosity of cooked starch, increased solid loadings (up to 35% dry matter (DM)) can be used - as opposed to 20% corn mash in the conventional process. Furthermore, the sugars lost due to the Maillard reaction is minimal or absent (Sun et al., 2010; Cinelli et al., 2015; Wongsagonsup and Jane, 2017).  Since 2005, bioethanol production based on the cold process has attracted the attention of large companies that have - in association with enzyme suppliers - developed specific products for the saccharification of starch at lower temperatures. Two main players have developed novel and efficient enzymes preparations: Genencor International Inc. (now DuPont) released STARGEN™ and Novozyme released the BPX™ cold process under a license from POET LCC (Lamsal et al., 2011; Lewis and Van Hulzen, 2018).
The use of commercial RSDE remains one of the significant cost-incurring components in the starch-to-ethanol industry, contributing to approximately 5-8% of the total production costs (Stephen et al., 2012). Cost-effective conversion of raw starch to bioethanol would benefit from extracellular RSDE production by a fermenting yeast to achieve liquefaction, hydrolysis and fermentation by a single organism (consolidated bioprocessing, CBP) (Van Zyl et al., 2007).  As shown in Figure 1C, the starch CBP concept in Saccharomyces cerevisiae is a major breakthrough as it can eliminate the addition of exogenous enzymes and streamline the process in terms of the number of operational units (Favaro et al., 2010; Van Zyl et al., 2012). However, this requires the cloning and functional expression of effective recombinant amylases in a host strain suitable for industrial applications, which often require both ethanol and temperature tolerance. Although CBP approaches for raw starch conversion to ethanol may relieve some of the heating and exogenous enzyme costs, it may still require supplementation with auxiliary enzymes that will enhance the hydrolysis of a specific low-cost starchy substrate. 
Previous reviews by Van Zyl et al. (2012) and Görgens et al. (2015) focused on the engineering of starch-converting yeast strains and a comprehensive comparison of raw starch fermentation processes, respectively. This review provides a broader analysis of cost-effective raw starch-to-biofuel CBP, with a focus on the latest progress in amylolytic strain construction and the hurdles that remain. Key discussion points include the identification of highly efficient amylases for recombinant expression in industrial/natural CBP strains, alternative (more cost-effective) feedstocks, as well as the challenges and benefits of integrating conventional bioethanol technologies from starch and sugar streams (called first-generation or 1G technologies) and advanced technologies from cellulosic feedstocks (second-generation or 2G technologies). In addition, the advantages of a bioeconomy built around the starch-to-ethanol industry and the production of value-added co-products are discussed.

2. Enzymatic hydrolysis of starch

The α-amylase and glucoamylase enzymes synergistically cooperate for the complete hydrolysis of starch into glucose units. α-Amylases (EC 3.2.1.1) are endo-acting enzymes that randomly cleave α-1, 4 glycosidic linkages inside the starch granule and rapidly degrade the whole starch structure to release non-reducing ends for glucoamylase to act upon. Glucoamylases (EC 3.2.1.3) are exo-acting enzymes that cleave both α-1,4 and α-1,6 glycosidic linkages from the non-reducing ends of starch chains to produce glucose monomers (Figure 2A). The action of the glucoamylase produces little holes (pits) running from the surface to the center of the granule that allow the α-amylase to enter the granules for further starch deconstruction (Figure 2B).
Although synergy between the two amylases is required in raw starch fermentation, α-amylases have been ascribed a more important role than glucoamylases as they may pose the rate-limiting step by converting raw starch to oligosaccharides and thus create opportunities for the exo-acting glucoamylase (Görgens et al., 2015). Since α-amylases can be inhibited by oligosaccharides, the interdependence and relative concentration of the two enzymes need to be considered (Zhang et al, 2013). For instance, when optimizing the ratio of commercial α-amylase and glucoamylase activities, glucoamylase activity was found to be the limiting factor in direct ethanol production from cassava starch (Bao et al., 2011).
Since α-amylases and glucoamylases are unable to efficiently hydrolyze branch points containing α-1,6 glycosidic linkages, complete starch hydrolysis can only be achieved in the presence of a debranching enzyme. For example, pullulanases (EC 3.2.1.41) hydrolyze α-1,6-glycosidic linkages in pullulan and starch and can act synergistically with amylases to completely and rapidly hydrolyze starch. The addition of a pullulanase could therefore achieve starch saccharification at higher substrate loadings and a lower glucoamylase dosage (Hii et al., 2012; Wang et al., 2019).  

3. Identifying efficient raw starch-hydrolyzing enzymes 

More than 80 natural starch-degrading enzymes have been reported since 1972, with many examples originating from Bacillus and Aspergillus species (Robertson et al., 2006; Sun et al., 2009). A few amylases can hydrolyze raw starch (Machovič et al. 2006), provided that the enzymes have a carbohydrate-binding module (CBM). This starch binding domain (SBD) ensures close contact between the enzyme’s catalytic site and the substrate to increase the rate of activity (Božić et al., 2017). Robertson et al. (2006) reported over 50 enzymes associated with raw starch activity and a selection of these RSDE has been cloned and expressed in S. cerevisiae strains to construct recombinant amylolytic yeast strains that can directly convert raw starch to ethanol using CBP (reviewed by Van Zyl et al., 2012; Görgens et al., 2015). Cripwell et al. (2019a) screened amylases from Aureobasidium pullulans, Neosartorya fischeri, Rhizomucor pusillus, Talaromyces emersonii, Talaromyces stipitatus and Thermomyces lanuginosus. The genes were cloned and expressed in the S. cerevisiae Y294 laboratory strain to investigate improved corn starch hydrolysis. Cripwell et al. (2019b) reported a CBP yeast strain that simultaneously expressed both amylases, i.e. the S. cerevisiae Y294[TemG_Opt-TemA] strain expressing a codon-optimized glucoamylase and native α-amylase originating from T. emersonii, demonstrating superior raw starch conversion under fermentation conditions (Table 1). The temG_Opt and temA genes were subsequently expressed in the S. cerevisiae Ethanol Red™ industrial strain in the first report of an amylolytic Ethanol Red™ strain for starch CBP, with the ER T12 transformant displaying 87% carbon conversion of raw corn starch in the absence of exogenous enzymes (Cripwell et al., 2019b). 
The continued search for novel and more efficient RSDEs is crucial for large-scale starch-to-ethanol production, as well as other biotechnological applications. While the food and beverage industries have relied heavily on amylases for many decades, these enzymes are now becoming key players in biopharmaceutical applications (Vaidya et al., 2015). Other applications that can benefit from RSDE include the treatment of food processing wastewater, the removal of starch sizer from textiles (desizing), animal feed pretreatment to improve the digestibility, as well as their use in detergents (additives in dishwashing and laundry soaps) (Aiyer, 2005; Vaidya et al., 2015).
The discovery of efficient amylolytic enzymes is not enough to ensure high saccharification rates. At least three other aspects must be considered: (i) high substrate loadings typical of the bioethanol industry, (ii) the synergistic (or antagonistic) effect of amylases and (iii) the importance of enzyme ratios. Since the industry frequently processes corn mash containing up to 30-33% w/v starch, the candidate enzymes must be tested for efficient hydrolysis of very concentrated raw starch suspensions. However, not many of the known α-amylases and glucoamylases display the high specific activities required to successfully convert high concentrations of raw starch (>25% w/v) into glucose syrups (Božić et al., 2017; Sun et al., 2010). 
The continuous development of new tools for biosynthetic pathway optimization and different approaches to genome engineering also create opportunities for their application in recombinant expression and genome editing. However, the application of these strategies requires efficient screening techniques (Lin et al., 2017). Although bioinformatics can allow for a decrease in the time required to design tailor-made enzymes (Jacques et al., 2017), a suitable high-throughput screening (HTS) system is necessary to screen multiple transformants with desired phenotypes (Sjostrom et al., 2014). For example, Huang et al. (2015) used droplet microfluidics as an HTS approach to screen for yeast with improved protein secretion; Sjostrom et al. (2014) also used this technique to identify a yeast strain with a 2-fold increase in α-amylase production. Vidal-Melgosa et al. (2015) described a semi-quantitative method that combines the multiplexing capacity of robotically produced microarrays with the specificity of monoclonal antibodies and carbohydrate-binding modules (CBMs). 

4. Constructing amylolytic CBP strains

The ideal amylolytic CBP strain should co-express at least an α-amylase and glucoamylase to ensure complete hydrolysis of the starch substrate. Since 2005, several strategies have been investigated for the construction of CBP strains that can convert starchy feedstocks to ethanol (Salehi Jouzani and Taherzadeh, 2015). Many of these have focused on the engineering of S. cerevisiae laboratory strains (Viktor et al., 2013; Sakwa et al., 2018; Cripwell et al., 2019b), which are easy to manipulate and allow for the screening of transformants without antibiotic selection. Although several industrial strains have been engineered for the expression of amylase genes for the conversion of raw starch to ethanol (Table 1), there is currently no industrial process that follows a true CBP approach using a recombinant amylolytic yeast strain (Cripwell et al., 2019b).
Several strains have been developed where only one of the amylases is expressed, resulting in so-called partial-CBP strains that require the exogenous addition of amylases to fully hydrolyze the substrate (reviewed by Favaro et al., 2019a). In some cases, the amylolytic CBP strain may require supplementation with one or both of the amylases due to the underrepresentation of the enzyme(s). For example, Cripwell et al. (2019b) showed that the STARGEN™ dosage could be decreased by 90% when an industrial amylolytic strain was used for the CBP of raw corn starch to ethanol (Table 1). This represents a supplemented CBP process, whereby exogenous amylases are added to support the recombinant enzyme production, particularly at the beginning of fermentation. Depending on the nature of the starchy substrate, auxiliary enzymes, such as cellulases and xylanases, may be required to hydrolyze the non-starchy components.
The development of a suitable CBP yeast for raw starch hydrolysis requires robust S. cerevisiae strains and consideration of the complete pathway from gene expression to protein secretion, including transcription, translation, protein folding and secretion, whilst maintaining cell viability. Although there are well-established protocols for engineering S. cerevisiae (Hong and Nielsen, 2012), a major hurdle for industrial CBP strain development is achieving high levels of enzyme production without compromising ethanol productivity.  Furthermore, an increased understanding in the events that take place during the uncoupling phase of ethanol production (ethanol production that occurs without cellular growth taking place) will contribute to increased ethanol yields (Cot et al., 2007).

4.1. Optimizing recombinant amylase production

Due to the redundancy of the genetic code, genes are not always expressed optimally in other hosts that may result in low protein levels (Chung and Lee, 2012). Codon optimization techniques alter the codon usage pattern to match S. cerevisiae’s codon preference. Although this could increase expression levels (Nevoigt, 2008), it might also compromise the tertiary conformation of the recombinant protein (Yadava and Ockenhouse, 2003). Cripwell et al. (2017) investigated two different strategies to optimize the codon usage of the genes encoding the Aspergillus tubingensis α-amylase (amyA) and glucoamylase (glaA) for expression in S. cerevisiae Y294. The codon optimization decreased the extracellular enzyme activity by 72 and 68% compared to the expression of the native amyA and glaA genes, respectively. These results suggested that there is crucial translational information within the coding sequence that controls protein folding and secretion (Cripwell et al., 2017). Furthermore, Cripwell et al. (2019a) demonstrated that codon optimization does not necessarily enhance protein production of recombinant fungal amylases in S. cerevisiae, although it resulted in a 3-fold increase in glucoamylase activity in one example. This emphasizes the need for improved methods for codon-optimized sequences and agrees with other reports suggesting that codon optimization does not always improve expression relative to the wild-type variant (Lanza et al., 2014; Mauro and Chappell, 2018). For instance, in a survey of 44 synthetic genes synthesized by Blue Heron Biotechnology, one-third of the codon-optimized variants were expressed at lower levels than the wild type (Lanza et al., 2014). An improved understanding of synonymous codon usage and protein folding is required to effectively tackle the expression of heterologous genes (native versus codon-optimized) in industrially important hosts. Since the fundamental molecular mechanisms behind these factors remain unclear, alternative strategies are required to improve codon optimization for heterologous genes, especially in eukaryotic hosts and for biotechnological applications.
[bookmark: _1fob9te]Protein engineering is a powerful alternative approach to obtain enzymes with desired and/or improved characteristics. It can be broadly classified into three different categories, namely rational design, irrational design (directed evolution, utilizing the power of natural selection) and a semi-rational approach. Davids et al. (2013) and Mohanram et al. (2013) summarized the different strategies to tailor enzymes with desired properties, for example, enhanced stability, thermostability or catalytic efficiency. The α-amylase (Ba-amy) of Bacillus acidicola was engineered with DNA fragments encoding the partial N- and C-terminal regions of the thermostable α-amylase gene originating from Geobacillus thermoleovorans (Parashar et al., 2016). The resulting Ba-Gt-amy chimeric enzyme had increased catalytic efficiency and higher thermostability than Ba-amy, making it suitable for raw starch saccharification at sub-gelatinization temperatures. Moreover, site-directed mutagenesis was used to improve the thermostability and catalytic efficiency of the Euplotes focardii (EfAmy) alkaline amylase at low temperatures (Yang et al., 2017).  The cold-active EfAmy amylase has characteristics desirable for the detergent and textile industries, and may have other potential industrial applications.
Several studies employed cell-surface display of amylases for the construction of amylolytic yeast strains, a technique aimed at engineering protein affinity, stability and enhanced enzymatic activity (reviewed by Cherf and Cochran, 2015; Tanaka and Kondo, 2015). In a repeated batch fermentation, comparable results were obtained for the strain secreting the amylase and the strain displaying the same α-amylase on the cell’s surface (the latter termed an “arming yeast”) (Khaw et al., 2006). However, successful production of recombinant proteins on the surface of S. cerevisiae cells requires fusion of the protein to a good yeast anchor protein (some examples are discussed by Tabañag et al., 2018), and a flocculent yeast is preferred since it can be recovered without centrifugation (Seong et al., 2006). Khaw et al. (2006) showed that the secretion of an α-amylase by a recombinant strain resulted in higher ethanol yields than the arming yeast equivalent, probably due to better diffusion of the secreted enzymes. Görgens et al. (2015) also commented that the secretion of amylolytic enzymes seems to support higher saccharification and fermentation yields in recombinant yeast strains than their displaying counterparts. From an industrial perspective, yeast surface display creates a whole-cell biocatalyst platform. This may offer advantages for enzyme production, other bioconversion processes or the production of fine chemicals (Yamada et al., 2010), since the whole-cell biocatalyst can be separated from the fermentation media more easily, thus enabling recycling of the yeast cells (Seong et al., 2006).
The two approaches for producing recombinant amylases under CBP conditions are either cell-surface display or the secretion of enzymes into the fermentation broth (Hasunuma and Kondo, 2012). Both strategies have advantages and disadvantages, but would result in some ethanol production during uncoupled metabolism (ethanol production during stationary phase). The first phase of ethanol production is directly coupled to energy metabolism and is characterized by a correlation between ethanol production and specific growth rate during the exponential growth phase (Cot et al., 2007). Several studies have demonstrated that recombinant amylases remain stable and active over a prolonged period and in the presence of ethanol (Kondo et al., 2002; Cripwell et al., 2015; Xu et al., 2016; Sakwa et al., 2018; Myburgh et al., 2019). Therefore, the engineered amylase(s) remain active during stationary phase, irrespective of whether the enzymes are secreted or tethered.
A more widely used cloning approach for multi-copy gene insertion into S. cerevisiae’s genome (Yamada et al., 2010; Yamakawa et al., 2012) involves delta-integration, often resulting in the simultaneous integration of an antibiotic marker (Table 1). However, Cripwell et al. (2019b) simultaneously expressed α-amylase and glucoamylase genes for secretion by two industrial S. cerevisiae strains using a marker-less system. The industrial amylolytic strains were able to ferment 200 g/L raw corn starch to ethanol in a single step with ethanol concentrations ranging from 89 to 98 g/L ethanol (Table 1). Myburgh et al. (2019) evaluated these industrial amylolytic strains on broken rice and reported up to 98 g/L ethanol. Both studies accredited the enhanced enzyme activity to higher gene copy numbers, which support the need for several integrated copies of a recombinant hydrolase gene to ensure sufficient activity levels. However, achieving high copy numbers of recombinant genes is challenging and often represents a bottleneck in industrial strain construction. From a CBP strain perspective, it may be worthwhile investigating other strategies, such as the manipulation of metabolic pathways or alternative promoters that are more suitable under (industrial) fermentation conditions (Hong and Nielsen, 2012).  
[bookmark: _3znysh7][bookmark: _Hlk36134355]Targeted gene integration using technologies such as CRISPR (clustered regularly interspaced short palindromic repeat)/Cas9 (CRISPR-associated nuclease 9) allows for the construction of both laboratory and industrial strains using a marker-less integration system. Javed et al. (2019) reviewed the role of CRISPR/Cas9 technology for biofuel production and outlined how this genome-editing approach may assist with protein engineering and inhibitor tolerance for enhanced biofuel production. Although there are currently no reports using the CRISPR/Cas9 approach for the construction of amylolytic CBP yeast, the platform has been used to construct several industrial microbes for other applications (reviewed by Donohoue et al., 2018). Examples include an industrial xylose‐fermenting, lactate‐producing industrial S. cerevisiae yeast strain (Lian et al., 2018), as well as an industrial yeast strain secreting seven lignocellulolytic enzymes for bioethanol production (Claes et al., 2020). It is therefore only a matter of time before this technology will be used for the development of amylolytic yeast strains.
[bookmark: _2et92p0]Lian et al. (2018) reviewed metabolic engineering approaches to construct efficient yeast cell factories using biosynthetic pathway optimization aimed at the basic genetic elements such as promoters, terminators, DNA and RNA levels. The control of metabolic pathways ensures that there is no burden on the yeast cell that would result in the unwanted accumulation of end products, e.g. glucose or glycerol that could result in feedback inhibition. For example, the ethanol yield could be improved by decreasing the amount of carbon channeled to by-products such as glycerol, or glycerol production could be reduced by controlling redox reactions within the yeast cells (Navarrete et al., 2014; Aili and Xun, 2008). 
Glycerol is used as an electron acceptor to balance yeast metabolism and is a major fermentation by-product, representing 4-5% of the carbon source consumption (Basso et al. 2008; Navarrete et al., 2014). Several studies investigated strategies to engineer S. cerevisiae strains for reduced glycerol production to direct more carbon towards ethanol production (Aili and Xun, 2008; Pagliardini et al., 2013; Navarrete et al., 2014). This has already been demonstrated with the TransFerm® Yield+, a commercially available glucoamylase-producing S. cerevisiae strain with reduced glycerol production to increase ethanol yields from liquefied grains (https://www.lallemandbds.com/products/transferm-yield/). To increase ethanol yields from liquefied grains, the TransFerm® Yield+ strain was also engineered for a bacterial ethanol-producing pathway with an alternative electron acceptor to glycerol, which resulted in reduced glycerol production (Guadalupe-Medina et al., 2010; 2013). 

4.2. Understanding the enzymes

Enzyme kinetics and strain robustness are two critical factors to be considered when evaluating the hydrolysis of industrial substrates (Jansen et al., 2017). Enzymes are required to meet certain criteria for industrial commercialization (Lim et al., 2007), including high activity that will result in more economical industrial processes. Amylases and more specifically the production of recombinant amylolytic enzymes need to be optimized for the conditions under which the protein will function, i.e. low-glucose and limited oxygen in the case of industrial starch fermentations. The ultimate test is to determine whether a recombinant amylase could provide sufficient activity under selected/preferred industrial conditions. This necessitates the evaluation of industrial strains on a small bioreactor-scale before scaling up to volumes used for pilot-scale evaluation. Furthermore, robust strains are required that can withstand inhibitors and increased temperatures. For example, the pH and temperature optima of glucoamylases are generally in the range of 4.5-5.0 and 40-60°C, respectively, and these enzymes are relatively stable at higher temperatures (Van Zyl et al., 2012; Viktor et al., 2013).
[bookmark: _tyjcwt]The synergistic action between α-amylases and glucoamylases has been the topic of many studies as it may be influenced by their relative concentrations (or enzyme ratios). There have been conflicting reports on the optimum amylase ratio required for complete starch hydrolysis, often depending on whether recombinant amylases (Wong et al., 2007) or commercial amylase preparations are used (Arasaratnam and Balasubramaniam, 1993; Presečki et al., 2013). In addition, the source (cereal or tuber starch) and pretreatment (soluble or raw starch) could significantly impact the rate of hydrolysis.
Co-expression of the barley α-amylase (AMY) and Lentinula edodes glucoamylase (GLA) in S. cerevisiae resulted in a 3-fold higher rate of hydrolysis of corn and wheat granules than the sum of the individual activities (Wong et al., 2007). Although increased α-amylase loadings improved the rate of hydrolysis, various ratios of the two enzymes were effective if the combined enzyme concentration remained constant. Görgens et al. (2015) also reported that efficient raw starch hydrolysis can be accomplished with varying ratios of glucoamylase and α-amylase activities, but it was dependent on the α-amylase being in excess and with sufficient activity levels of both enzymes. Other studies reported complete hydrolysis of raw starch when amylases were expressed at appropriate activity levels (Sun et al., 2010; Zhang et al., 2013; Božić et al., 2017). While these studies have shed some light, a clear understanding of the most efficient activity ratio for the two enzymes is required to optimize CBP strains for economic enzyme production.
Alternative approaches to regulate the extracellular levels of the amylases have been investigated by controlling the expression and/or secretion of the amylases. Ho et al. (2015) applied population balance and cybernetic modeling methodologies to demonstrate that a CBP yeast can grow and produce ethanol at high titers by cleverly regulating the secretion of both the α-amylase and glucoamylase. To optimize the ratio of α-amylase and glucoamylase, a glycosylphosphatidylinositol (GPI)-anchoring system was developed to facilitate the construction of stable multi-enzyme-displaying strains, tailored for efficient CBP of starchy materials. Different gene copy numbers and anchoring domain combinations of tethered Streptococcus bovis α-amylase and Rhizopus oryzae glucoamylase were displayed on the cell’s surface and provided insight into the relationship between ethanol productivity from raw starch and recombinant amylase ratios (Inokuma et al., 2015). Moreover, Cripwell et al. (2019b) reported that the most efficient raw starch fermenting yeast, S. cerevisiae ER T12, was engineered for the expression of four and seven α-amylase and glucoamylase gene copies, respectively, suggesting that glucoamylase may be required in excess for raw corn starch hydrolysis. However, further investigations are required using recombinant strains that express different ratios of amylases to identify the optimal ratio, whilst avoiding a detrimental metabolic burden on the recombinant yeast strain (Wu et al., 2016; Biz et al., 2019; Favaro et al., 2019b).  

4.3. Enzyme supplementation – if/when required

The ideal approach for cost-effective ethanol production from starchy biomass is to use an amylolytic CBP strain without the addition of exogenous enzymes.  Although several proof-of-concept examples have been discussed above, effective industrial strains are not yet available.  The best alternative is to supplement the CBP strain with commercial enzymes (supplemented-CBP) to address the shortfall. Since the amylolytic CBP yeast must first produce and secrete sufficient amounts of amylase, enzyme supplementation at the start of the fermentation would increase ethanol productivity during the initial stages and make it more comparable to SSF conditions. Sakwa et al. (2018) reported that 10% of the recommended STARGEN™ 002 dosage increased the ethanol concentration by the amylolytic S. cerevisiae Y294[AteA-GlaA] strain from 45.8 to 54.5 g/L (Table 1), which represents a 19% increase in ethanol productivity. Similarly, Cripwell et al. (2019b) increased the ethanol concentration from 89.4 to 97.2 g/L with a 10% STARGEN™ 002 supplementation of an industrial amylolytic strain (ER T12) (Table 1), with ethanol productivity increased by 9%. These results demonstrate that an amylolytic yeast strain can replace up to 90% of the enzymes required for raw starch hydrolysis and could potentially reduce the enzyme loadings required in industrial raw starch-to-ethanol processes. 
One of the daunting questions related to the use of a CBP organism, is how much of the CBP yeast is required to match the exogenous enzyme dosage? The answer is complicated by a lack of detailed information on the total amount of amylase that is added to industrial fermentations. The type of commercial preparation dictates how the enzyme dosage is reported, with purified enzymes often expressed as units and a cocktail (containing a mixture of enzymes) as weight (per volume or substrate weight). Furthermore, the units reported in literature for commercial amylase preparations do not compare to units generally used when reporting on CBP strains. For example, the recommended enzyme loading for STARGEN™ (also referred to as GSHE/RSDE, containing more than one activity) is reported in kg/MT, while Cripwell et al. (2019b) reported total amylase activity in a CBP strain in terms of U/mL. Another factor to consider, is that a CBP yeast continues to produce the enzymes throughout the fermentation, i.e. there is a constant new supply of enzyme, whereas the commercial enzyme is only added at the onset of the process. It is therefore very difficult to draw a direct comparison between the demand (commercial enzyme required) and supply (CBP enzyme production).  
To determine the efficacy of a CBP strain, researchers typically supplement the CBP yeast with decreasing concentrations of commercial enzyme to identify the “break-even” point. For example, Myburgh et al. (2019) showed that the glucose concentrations resulting from broken rice saccharification (OR hydrolysis, since we use saccharification two lines below?) by an amylolytic CBP strain were similar to the control (S. cerevisiae parental strain supplemented with 100% STARGEN™). Thus, the comparable degree of saccharification after 72 hours provides a comparison for the activity from commercial enzymes and recombinant amylases produced by a CBP strain. Similarly,  by comparing ethanol production under different fermentation conditions, it is possible to make an indirect comparison relative to a control. Cripwell et al. (2019b) reported that the ethanol yield by the S. cerevisiae ER T12 strain supplemented with 10% of the recommended STARGEN™ dosage was comparable to the parental S. cerevisiae strain and 100% of the recommended STARGEN™ loading in an SSF set-up after 48 hours.
Industrial starch-based substrates are complex and may require a mixture of different enzymes (including amylases) to achieve full substrate utilization. This typically implies tailoring recombinant enzyme cocktails for a given substrate to ensure complete conversion of the available polysaccharides to ethanol. For starch-based substrates, these auxiliary enzymes can include cellulases, xylanases and proteases (De Castro et al., 2011). For example, improved starch conversion to ethanol in barley or sorghum (with a higher β-glucan and protein content) was achieved by the addition of a protease with either an endoglucanase (for barley) or a β-glucosidase (for sorghum) (Nghiem et al., 2010; Perez-Carrillo et al., 2012). In contrast, wheat bran and potato peels often contain cellulose and hemicellulose (Favaro et al., 2015) and would therefore benefit from the addition of cellulases and hemicellulases that would further improve the release of fermentable sugars and thus enhance the ethanol yield (Hu et al., 2013). 
[bookmark: _Hlk42077713]Non-enzymatic supplementations may also be worthwhile to investigate, for example, surfactants that could reduce the level of inhibitors and enhance the saccharification rate. Vu and Kim (2009) investigated the SSF of low-value rice wine cake using different surfactants (Tween 80, Tween 20, and Triton X-100 at 0.5% (v/v); EDTA and SDS at 0.4 mM). The results showed that only the addition of Tween 20 and Tween 80 had a positive effect on the ethanol concentration. Furthermore, Mithra and Padmaja (2017) reported the improved saccharification of pretreated lignocellulose-starch biomass by reducing the dosage of enzyme cocktails (a mixture containing cellulase, xylanase and STARGEN™) in the presence of detoxification chemicals such as Tween 20, PEG 4000 and sodium borohydride. The positive effect of surfactants on cellulosic material have been reported, e.g. 2.5 g/LTween 20 increased the ethanol yield by 8% and lowered the addition of cellulases by 50% during the SSF of softwood (Alkasrawi et al., 2003), whereas 2% w/w PEG6000 benefited the enzymatic hydrolysis and fermentation of pretreated Banagrass (Pennisetum purpureum) (Kadhum et al., 2018).
As mentioned above, pullulanases are amylolytic exo-enzymes that can also serve as a supplementary enzyme for starch hydrolysis. Despite extensive studies to discover novel pullulanases, only a few candidates with desirable characteristics for industrial applications are available. To date, only three pullulanases with high catalytic efficiency at cold temperatures have been reported (Elleuche et al., 2015; Rajaei et al., 2015; Lu et al., 2018).  There are limited examples of the heterologous expression of pullulanases in S. cerevisiae that are active on soluble starch (Janse and Pretorius, 1995; Petersen et al., 1998; Kim et al., 2010), suggesting that this approach could be further investigated for the development of amylolytic CBP strains.
Recently, the auxiliary activity (AA) enzymes called lytic polysaccharide mono-oxygenases (LPMOs) have been recognized for their potential role as “synergistic enzymes” that facilitate improved substrate hydrolysis (Dixit et al., 2019). To date, six families of LPMOs have been described (AA9, AA10, AA11, AA13, AA14 and AA15) (Singh et al., 2019) and Horn et al. (2012) hinted that LPMOs (specifically GH61 (now AA9) and CBM33 (now AA10)) (Vu et al., 2014) in combination with cellulolytic enzymes may be beneficial from both a cost and process design perspective. Vu et al. (2014) reported that starch-active LPMOs (AA13) may have potential application in the starch-based biofuel industry and described the NCU08746 protein from Neurospora crassa able to oxidatively cleave amylose, amylopectin and starch. Although AA13 enzymes are not known to cleave the glycosidic bonds within starch polymers, their role in the oxidative cleavage of starch-based substrates may improve the accessibility of raw starch through degradation of non-starch polymers. Furthermore, Lo Leggio et al. (2015) reported a starch-degrading LPMO that generated aldonic acid-terminated malto-oligosaccharides from retrograded starch, which significantly enhanced its conversion to maltose through the action of a β-amylase. 

5. Facing industrial challenges – bridging the gap between laboratory and industry

Most of the advances in the development of yeast strains for the hydrolysis of starch-based feedstock described above have been obtained in a small batch or bioreactor-scale set-up to show proof-of-concept (Table 1). The scale-up of processes to an industrial level is a significant hurdle in the commercialization of these technologies and several important factors need to be addressed to successfully move from laboratory-scale experiments to pilot studies. A few of these factors are discussed in the following sections.

5.1. Stressful operating conditions

The industrial processing of starch to ethanol involves pretreatment under conditions that are far from the optimal physiological conditions for S. cerevisiae fermentation. Numerous stresses alternate during the production pipeline, including very high sugar and ethanol levels, oxidative stress, high temperatures and pH changes (Favaro et al., 2019a). In this unusual environment, an industrial yeast strain must be robust enough to withstand these stressors, without affecting the overall ethanol yield. As such, ethanol productivity, ethanol resistance and low glycerol production have been the main criteria to select yeast strains for large-scale corn-to-ethanol applications. For example, Ethanol Red™ was reported as one of the most promising industrial strains with superior ethanol tolerance, high alcohol yields and cell viability - particularly in very high-gravity fermentation settings (Walker and Walker, 2018). To date, only recombinant glucoamylases have been expressed in industrial S. cerevisiae strains marketed for the starch-to-ethanol industry (Favaro et al. 2019a), thus requiring the addition of commercial amylase cocktails to improve the rheology in high-gravity fermentations. Effective examples include ER-Xpress™ (Lesaffre) that reduced the use of exogenous glucoamylase by up to 40%, and a “superior” yeast (Lallemand Biofuels and Distilled Spirits) producing a glucoamylase that lowered the total exogenous enzyme requirement by more than 50% (Kumar and Singh, 2016). Moreover, when combining the “superior” yeast with a genetically modified corn that produces its own amylase, the enzyme requirements diminished by 80% (Kumar and Singh, 2019).
Maintaining an ideal temperature during the fermentation process is a major concern for the corn-ethanol industry as it can negatively affect the ethanol yield. High fermentation temperatures are often a result of elevated substrate loadings, additional nitrogen sources or more extensive ethanol production. Most of the heat generated during fermentation occurs within the first 30 hours when yeast growth is maximum, producing up to 30 900 kJ per ton of fermented corn (Ingledew, 2009). Yeast can usually tolerate short-term temperature changes, but operating above optimal temperatures for long periods can negatively affect the ethanol yield (Ding et al., 2009; Cripwell et al., 2019b). The optimum temperature for S. cerevisiae fermentation ranges between 32 and 35 ˚C; temperatures above 35 ˚C can depress fermentation with elevated temperatures being problematic mostly in the later stages of fermentation (Ding et al., 2009). As ethanol accumulates, the effect of temperature is more pronounced as the combined stresses impact yeast physiology. Higher temperatures also increase the yeast’s sensitivity to lactic and acetic acids, which further reduces ethanol yields (Snoek et al., 2016).  
The use of thermo-tolerant glucoamylase-producing yeast strains has been proposed as a strategy to achieve consistent performances at higher temperature. In addition to the production of a recombinant glucoamylase, some industrial strains possess other valuable traits. For instance, Novozymes released Innova® Drive, a thermotolerant strain secreting a very efficient glucoamylase capable of fermenting at 37°C, with high ethanol yields on dry solid loadings of up to 37% w/v (Walker and Walker, 2018). Lallemand launched TransFerm® Yield+, which was engineered for a bacterial ethanol-producing pathway with an alternative electron acceptor to glycerol (Guadalupe-Medina et al., 2010; 2013) that ensured a higher ethanol yield with lower glycerol production.  

5.2. Alternative host strains

There are only a limited number of effective industrial amylolytic yeast strains developed thus far (Table 1). It is therefore plausible that further improvements in starch-to-ethanol processes could benefit from exploiting the immense, and still unknown, potential of natural yeast strains (i.e. strains sourced from a natural environment). The engineering of natural yeast strains for starch hydrolysis could offer superior fermenting abilities, stress tolerance, as well as secretion/tethering capabilities required for industrial starch fermentations (Favaro et al., 2019a; Jansen et al., 2017; Walker and Walker, 2018). In the case of the starch-to-ethanol process, the use of natural yeast strains as a host for CBP engineering has shown great promise. Kim et al. (2011) reported a polyploid S. cerevisiae strain secreting both an Aspergillus awamori glucoamylase and a Debaryomyces occidentalis α-amylase, and Viktor et al. (2013) reported a semi-industrial S. cerevisiae Mnuα1 strain expressing amylases from A. tubingensis (Table 1). The M2n and MEL2 natural S. cerevisiae strains were engineered to express a T. lanuginosus glucoamylase and Saccharomycopsis fibuligera α-amylase and showed promising results with grain sorghum and triticale substrates (Favaro et al., 2015), as well as multiple starchy rice waste streams (Favaro et al., 2017) (Table 1). Furthermore, Gronchi et al. (2019) investigated natural S. cerevisiae strains (isolated from a winery) for improved ethanol production on starchy substrates, with ten novel yeast strains that outperformed the benchmark S. cerevisiae Ethanol Red™ strain.
Despite the improvements cited above, ethanol production from raw starch by engineered natural S. cerevisiae yeast strains has not yet achieved industrial standards when compared to the conventional hot process (starch gelatinization) and the latest technologies based on RSDE amylases (Görgens et al., 2015). For the latter, the combination of high ethanol concentrations with complete raw starch utilization and volumetric productivities above 1 g/L/h has not yet been realized for recombinant strains without the addition of exogenous enzymes. Once an efficient starch-CBP phenotype has been obtained in a natural strain, developing an industrial yeast still needs considerable investments in terms of time and money (Lee and Kim, 2015). This is particularly true in the case of natural strains, which could be considered more exotic than existing industrial strains and may not behave similarly during strain engineering. Therefore, choosing a natural yeast as host could be a high risk/high reward decision (Favaro et al., 2019a) where optimization of fermentation conditions, up-scaling of an uncharacterized yeast, as well as genetic or phenotypic instability at larger scale are the main drawbacks.

5.3. Microbial contamination 

Starch-to-ethanol production processes do not include sterilization steps and are prone to microbial contamination from the natural microflora in the feedstock. The proliferation of unwanted lactic acid bacteria (LAB) and wild yeast (e.g. Dekkera bruxellensis, Candida tropicalis, Pichia galeiformis) affects productivity in industrial fermentations, resulting in ethanol yield losses that can have significant economic consequences (Muthaiyan et al., 2011; Beckner et al., 2011). The LAB compete with the ethanologenic yeast for nutrients such as glucose (Skinner and Leathers, 2004) and severe LAB contamination can lead to ethanol plant shutdowns (Rasmussen et al., 2015). The high temperatures used in the conventional hot process for starch gelatinization (90 – 105°C for jet cooking and liquefaction with α-amylase) significantly reduce bacterial contamination (Rasmussen et al., 2015; Jansen et al., 2017). However, these heating steps are excluded in the cold process, making it more difficult to control unwanted bacterial growth. To reduce microbial contamination, ethanol distilleries have used antibiotics such as penicillin, erythromycin, tylosin and virginiamycin (Olmstead, 2012), as well as chemical treatments (Sekoai et al., 2019). However, the large-scale application of antibiotics leads to antibiotic-resistant bacterial strains and the FDA (USA Food and Drug Administration) has prohibited or limited sales of distillers dried grains with solubles (DDGS) that are contaminated with antibiotic residues. Moreover, since the control of wild yeast is more challenging than bacteria (Beckner et al., 2011), alternative strategies to manage yeast contamination are important for commercial applications. 
Chemical treatments have often been considered as effective agents to control both fungal and bacterial contamination (Sekoai et al., 2019). Antiseptics, including aspergillic acid, sulphur dioxide, tartaric acid and acrinol represent affordable options to prevent the growth of unwanted microorganisms (Houghton-Alico, 2019). Furthermore, more widely tested chemicals such as different acids (e.g. sulphuric acid and hydrogen peroxide) and ammonia have been employed for their ability to control or prevent contamination in yeast fermentations (Seo et al., 2020). Changing the pH of the fermentation broth may limit the impact of LAB, but studies have also shown that Saccharomyces can be resistant to the negative effects of acetic acid when the fermentation pH is between 5 and 5.5 (Beckner et al., 2011). Alternatively, these chemicals may have a sterilization purpose, for example, Basso et al. (2008) used dilute sulphuric acid to wash the yeast cells, while Broda and Grajek (2009) disinfected corn grains using an ammonia solution (1.5% ammonia solution yielded the best results). Commercially available stabilized chlorine dioxide (sold under the brand name “Fermasure”; DuPont, 2018) can also be used as a chemical treatment to selectively target LAB (Sekoai et al., 2019).
The optimization of process conditions in combination with chemicals presents an effective strategy to decrease bacterial proliferation. Albers et al. (2011) combined enhanced ethanol levels with sodium chloride to improve yeast viability and suppress bacterial growth, with 25 g/L NaCl + 40 g/L ethanol and 50 g/L NaCl + 20 g/L ethanol that performed the best during lignocellulose-based yeast fermentations. Furthermore, the increase in yeast inocula (liquid inoculum ranging from 5-8% of the mash) may provide a suitable strategy to control bacterial contamination by ensuring that the S. cerevisiae growth exceeds the proliferation of unwanted microorganisms (Houghton-Alico, 2019). Large yeast inocula would also benefit CBP processes by allowing for a more rapid production of recombinant amylase at the start of the fermentation, because of the larger biomass.
In the last decade, many ethanol plants have changed their approach towards controlling microbial contamination and investigated natural compounds as a potential substitute for antibiotics. The Institute fo619r Agriculture and Trade Policies (IATP) reported that more than 40% of ethanol plants in the USA used some form of antibiotic-free antimicrobial (IATP, 2009). Alternative strategies to control microbial contamination during bioethanol production include ozonation of uncooked corn mash (Rasmussen et al., 2015), natural compounds (e.g. chitosan and bacteriocins) or plant-derived compounds (e.g. hops) (Muthaiyan et al., 2011). Hop acids act as a natural antibacterial and can replace antibiotics during alcoholic fermentation, with LactoStab™ and IsoStab™ added with the inoculum to prevent the growth of lactobacilli and the production of lactic acid (Rückle and Senn, 2006). The control of bacterial contamination can also be accomplished through beneficial bacterial strains that produce antimicrobial compounds or proteins such as bacteriocins. Recently, Rich et al. (2018) studied the addition of beneficial bacterial strains (e.g. Lactobacillus plantarum) to the fermentation set-up as an alternative to traditional antibiotics.
[bookmark: _3dy6vkm]The use of bacteriophage endolysins represents a novel approach to reduce the occurrence of Lactobacillus fermentum during fermentation (Khatibi et al., 2014; Liu et al., 2015). Contamination with L. fermentum decreases ethanol production from corn mash and is a key contributor to stuck fermentations (Rich et al., 2018). In addition to antimicrobials, several processing strategies are routinely employed to control microbial contamination, such as lowering the pH of the mash to 4.0 or less and using large yeast inocula (≥ 2% v/v) (Narendranath and Power, 2005). 
Advanced strategies for controlling microbial contamination during starch to ethanol processes are, however, not without disadvantages. For example, antibiotic alternatives may result in pH changes, which could affect enzyme activity and thus result in lower ethanol yields, while the use of bacteriocins may be too expensive on an industrial scale (Sekoai et al., 2019).

6. Industrial ethanol production: balancing the books 

Cost-effective industrial processes must be developed to allow starch-based ethanol to compete with fossil-based fuels. This could be achieved by using more cost-effective feedstocks, integrating different technologies and/or producing more valuable products than (only) ethanol.

6.1. Evaluating alternative starch substrates

Corn starch-to-ethanol is a mature technology and the conversion of 140 MT corn yielded more than 50% (about 60 BL) of the global ethanol production in 2019 (RFA, 2020). In regions where corn production is not feasible, grains such as wheat, sorghum and triticale have been proposed as alternative raw materials (Bai et al., 2008; Favaro et al., 2015; Ramírez et al., 2016), whilst some low agrochemical-input tuber crops, such as cassava, yam, potato and sweet potato, could also serve as an alternative starch-rich feedstock (Thatoi et al., 2016; Zhang et al., 2016). The production of biofuels from starch-rich waste streams also holds remarkable potential as they are produced on a large scale (Kim and Dale, 2004) and do not compete with food or feed commodities (Muscat et al., 2019). Genetically modified (GM) crops with improved starch storage and productivity could contribute to the production of cheaper biofuels in future (Hebelstrup et al., 2015). 
Wheat bran was one of the first starchy by-products exploited for bioethanol production; it is produced in large quantities during wheat milling and accounts for up to 25% of the grain weight (Neves et al., 2006). Wheat bran is mainly composed of starch (11-33% DM), hemicellulose (20-31%) and cellulose (10-15%). Based on data from the Food and Agriculture Organization (FAO; http://www.fao.org/land-water/databases-and-software/crop-information/en/), 772 million tons of wheat was produced globally in 2017, corresponding to about 190 million tons of wheat bran that could be available for the production of ethanol and other valuable products (Apprich et al., 2014). Wheat bran was efficiently converted to ethanol following the optimization of key parameters such as pretreatment, enzymatic hydrolysis and yeast strain selection (Palmarola-Adrados et al., 2005; Favaro et al., 2013). Moreover, a CBP proof-of-concept was recently validated on wheat bran using recombinant S. cerevisiae strains co-secreting an α-amylase and glucoamylase (Cripwell et al., 2015). Supplementation with crude recombinant cellulases to hydrolyze the wheat bran cellulose further increased the ethanol production. This highlighted the importance of tailoring recombinant enzyme cocktails for a specific substrate to ensure complete conversion of the available polysaccharides to ethanol.
Rice by-products have also been explored for bioethanol production. The waste stream of rice processing contains various residues, including rice husk, rice bran, as well as discolored, unripe and broken rice with a starch content typically ranging from 7-85% of the DM (Favaro et al., 2017). According to the FAO, global paddy production reached 770 million tons in 2017, resulting in nearly 292 million tons of rice waste streams. Rice bran, with a global annual production of 52 million tons, was efficiently processed at a high substrate loading (15% w/v) using SSF technology at 35°C; supplementation with commercial cellulases and amylases resulted in an ethanol yield of 84% of the theoretical value (Michel Jr et al., 2016). Broken rice, available at 47 million tons per annum, is a promising feedstock at high substrate loadings (20-31% w/v), reaching 85-97% of the theoretical ethanol yield in SSF experiments using STARGEN™ in combination with an acid protease (Fermgen™) (Gohel and Duan, 2012; Chu-Ky et al., 2016). Similar efficiency levels were achieved with STARGEN™ and efficient natural S. cerevisiae strains that outperformed the industrial benchmark S. cerevisiae Ethanol Red™ (Gronchi et al., 2019).
Favaro et al. (2017) applied natural S. cerevisiae strains co-secreting fungal amylases for the CBP of different waste streams associated with rice processing plants, specifically rice husk, unripe, discolored and broken rice. Rice husk, which is mainly composed of cellulose and lignin, was pretreated with H2O2, saccharified using optimized levels of Cellic® CTec2 and fermented using amylolytic CBP strains to exploit the starch content. All the rice residues were also co-fermented in a 20% w/v blend that represents their relative ratios in a typical waste stream at a rice milling plant. Ethanol yields from each individual feedstock exceeded 88% of the theoretical value, whereas the by-product mixture reached 92% of the theoretical value (Table 1). Amylolytic S. cerevisiae strains that simultaneously secrete a glucoamylase and α-amylase originating from T. emersonii (Cripwell et al., 2019b), displayed very high ethanol yields and productivity values on broken rice, with nearly 100 g/L ethanol produced within 3 days (Myburgh et al., 2019) (Table 1).
[bookmark: 4d34og8]An estimated 292 million tons of cassava is produced annually, which generates about 180 million tons of starchy by-products, including cassava peel, bagasse or pulp, stem and leaves (Zhang et al., 2016; Sivamani, et al., 2018). In an SSF process using various substrate loadings (2.5-20% w/v), 59-95% of the theoretical ethanol yield was achieved. Apiwatanapiwat et al. (2011) developed a CBP S. cerevisiae yeast co-displaying α-amylase, glucoamylase, endoglucanase, cellobiohydrase and β-glucosidase on the cell surface. The recombinant strain produced nearly 80% of the theoretical ethanol yield from 5% w/v of cassava bagasse. Although the ethanol titers were limited (10 g/L), it provides a good example of the advantages of CBP relative to SSF technology (Table 1).
Potato by-products are another potential high-starch substrate for ethanol production. Nearly 33% of the worldwide potato production (388 million tons in 2017) is considered “overstock”, with wastes in the chip industry and the general potato processing estimated at 18 and 50%, respectively (Akbas and Stark, 2016). Wasted potato and potato peels have been frequently converted into ethanol through separated hydrolysis and fermentation (Izmirlioglu and Demirci, 2015; Akbas and Stark, 2016) or SSF methods (Chohan et al., 2020). Variable substrate loadings (5-20% w/v) were applied, resulting in up to 90% of the theoretical ethanol yields. However, a CBP process using potato waste has not yet been reported. 
Algae (both macro- but mostly micro-algae) have lately received much attention as a renewable biomass source (Cesário et al., 2018). Apart from biodiesel production, many micro-algae strains belonging to the genera Chlorella, Chlamydomonas, Scenedesmus and Spirulina can accumulate up to 60% starch and glycogen, which is an unexplored resource for bio-products (Cesário et al., 2018; Chen et al., 2018). The major benefit of micro-algae biomass is that they do not compete directly with the food production chain, especially if saltwater-based production systems are applied (Milledge, 2011). However, their industrial implementation is limited by the cost of producing and harvesting the micro-algae biomass. Culturing of micro-algae on wastewaters or on large scale can reduce these costs (Daneshvar et al, 2019). Novel processes using micro-algae could be both cost-effective and environmentally sustainable as they do not produce additional waste (such as sludge) and offer opportunities for efficient nutrient recycling by producing biofuels and other valuable bio-products (Lakatos et al., 2019). However, several challenges still need to be addressed, including cost-effective methodologies for harvesting micro-algal cells on an industrial-scale, genetic engineering for the increased ability to produce polysaccharides, as well as effective control of contamination (Cesário et al., 2018).
These examples of alternative starchy substrates demonstrate the variety of feedstocks that could be used for bioethanol production. However, they are not without challenges. Although these feedstocks can be available at a lower price than conventional corn or wheat grains, their collection and transportation could be more expensive and pose complex logistics. As such, it is reasonable to integrate bioethanol production facilities into already running industrial production lines, where the feedstocks are directly generated as a waste stream. Moreover, each type of by-product  offers different obstacles and may require unique auxiliary enzymes for its hydrolysis.  For successful CBP, amylolytic yeast will need to be engineered to produce multi-enzyme complexes, containing both amylases and auxiliary  enzymes to improve the conversion and the feasibility of granular starch hydrolysis (Cinelli et al., 2015).
Among other factors, up-scaled fermentations need to consider the available nutrients inherent to industrial feedstocks to ensure that the most cost-effective process is achieved. Industrial feedstocks and hydrolysates often contain proteins and other nutrients that negate the use of media supplementation. This is a significant advantage to consider for economical industrial fermentations that should operate without additional nutrients.  Myburgh et al. (2019) evaluated industrial amylolytic strains on broken rice and reported that the nature of the substrate can significantly affect media supplementation requirements, hydrolysis efficiency and ethanol yield. Using only water and broken rice, an ethanol concentration of 96.66 g/L was achieved for one of the recombinant industrial strains, in comparison to 98.03 g/L ethanol when concentrated YPD broth was used as growth media. This demonstrated that broken rice contained enough nutrients to sustain the growth of the yeast strain during CBP. 

6.2. Integrating 1G and 2G technologies

Established starch conversion to ethanol using 1G technologies represents more than 50% of global 1G bioethanol production and is a mature technology with very few uncertainties - mainly the cost of feedstock and the price of ethanol and co-products (animal feed, oil and CO2). For example, POET LCC (Sioux Falls, South Dakota) has implemented the patented BPX™ cold process for raw starch hydrolysis (Lewis and Van Hulzen, 2018) in 25 of their 27 starch-to-ethanol plants (https://poet.com/). However, most starch feedstocks are used as human and animal feed and ethical discussions related to the food-versus-fuel debate will prevail for the foreseeable future. In addition, land-use for biofuels often competes directly with farmland for food and feed production, resulting in concerns about the impact of growing monoculture crops for biofuels on biodiversity and water conservation (Lennartsson et al., 2014).  
Cellulosic ethanol production using 2G technologies can address some of these challenges. Cellulosic non-food feedstocks that can be grown on marginal or degraded land, will not directly compete with food and feed production and if planned well, have less of an impact on biodiversity and water resources (Mohr and Raman, 2013). However, 2G technologies are hampered by technical challenges, such as the need for harsh pretreatment and high enzyme dosages to overcome the recalcitrance of cellulosics, with accompanying high capital and operational costs. Furthermore, to reach ethanol concentrations above 4-4.5% required for efficient distillation, substrate loadings of at least 15% DM (Viikari et al., 2012) would be required, which creates challenges with proper mixing and potential inhibitors. Although cellulosic feedstocks are considered cheap and abundant, the production cost for cellulosic ethanol is still 2-3 fold more than that of 1G technologies and very few commercial plants are operating successfully (Table 2) (Stephen at al., 2012; Lennartsson et al., 2014; Brown et al., 2020). Cellulosic ethanol is also not competitive with gasoline at crude oil prices that fluctuate between $30 - 70/BBL (Brown et al., 2020).  However, bioethanol from both 1G and 2G technologies will be able to compete with gasoline if an additional carbon price of $40-$50/ton CO2 equivalent is added. The additional carbon price on fossil fuels was proposed for the application of measures to allow for 30% reduction of CO2 emissions in the oil and gas supply chain by 2040 under the current policy scenario where the continued use of fossil fuels leaves little headsroom for the application of renewables, such as biofuels (Brown et al., 2020; World Energy Outlook, 2018).
One approach to address the current challenges of 2G technologies and capitalize on established 1G technologies would be to integrate them in a single commercial plant, called 1.5G technology. This entails the combined use of different starch-rich mixtures and cellulosic feedstocks (ideally co-located) to consolidate the advantages of both 1G and 2G technologies in an integrated plant, while mitigating the disadvantages of stand-alone 1G and 2G plants. The major advantage of 1.5G technology is combining the high sugar content and established technologies for limited sources of starch with abundant non-food sources of lignocellulosic material, such as dedicated energy crops, agricultural residues and municipal waste. This would also mitigate some of the challenges of 2G, such as low ethanol yield, high inhibitor concentrations and poor mixing at high substrate loadings, as well as logistical challenges of transporting low energy-dense biomass to large-scale cellulosic ethanol plants (Sims et al., 2010; Mohr and Raman, 2013; Xu et al., 2018)
Several researchers have explored the integration of 1G and 2G technologies in the sugarcane industry by combining sugar streams from the cane juice and pretreated bagasse (and leaves in some instances) to ensure the use of the whole plant and to overcome the high costs associated with 2G technologies. Macrelli et al. (2012) demonstrated that by integrating 1G and 2G technologies in the same plant, the combined minimum ethanol selling price (MESP) could be 0.40 US$/L, compared to 0.78 US$/L for optimized 2G ethanol with heat integration and energy-efficient equipment. If both the xylose and cellulose fraction are utilized for ethanol production, 1.5G integration could potentially outperform the net present value (NPV) of a 1G plant (Macrelli et al., 2014).
Applying the same principles of 1.5G technologies for starch and cellulosics, Erdei et al. (2013) combined enzymatically saccharified wheat meal (SWM) or fermented wheat meal (FWM) with simultaneous saccharification (SSF) or (co)fermentation (SSCF) of steam-pretreated wheat straw. When SWM was added to the SSF of wheat straw (at 7.5% water-insoluble material, WIS), 60 g/L ethanol was produced, representing more than double the yield compared to SSF of wheat straw alone (23.3 g/L). When FWM was added, the beneficial effect to SFF of WIS was less, presumably due to the high ethanol concentration (>90 g/L) in the FWM that became toxic to the yeast. Therefore, the 1.5G integration improved the fermentation of both the meal and straw components of wheat, and improved the ethanol titer from 2,3% (below the efficient distillation threshold) to 6%, which would significantly reduce the cost of downstream processing (Erdei et al., 2013). 
Initial industrial successes with 1.5G have already been reported: Macrelli et al. (2012) predicted that the integrated production of ethanol from corn kernel fiber and starch at the D3MAX LLC plant (Stanley, Wisconsin, USA) would reduce the cost of cellulosic ethanol production to about US$ 0.40, which is much more competitive with 1G ethanol production (Table 2). The main cost reduction would be in savings on feedstock and the production of a byproduct with a lower fiber, but higher protein content than the normal DDGS from corn ethanol production (Brown et al., 2020). POET LCC, in partnership with DSM, initiated project LIBERTY in the late 2000s and started constructing the first cellulosic plant (based on corncobs and stover) as a “bolt-on” facility next to the existing starch biofuels plant at Emmetsburg, Iowa in 2012 (http://poet-dsm.com/liberty). Together with the adjacent established corn starch plant, it takes advantage of the co-transport of corn kernels and residue within a 56-km radius, as well as shared energy (steam and biogas), infrastructure and process expertise between the two plants (Bushong, 2017; Slupska and Bushong, 2019). Although the processes are not fully integrated, it demonstrates the potential advantages of 1.5G technologies.

6.3. Bioeconomy: producing more than just ethanol 

[bookmark: _1t3h5sf]To ensure the cost-effective utilization of starchy crops, it is essential to recover all the potential co-products and deliver high-value products in addition to traditional (lower-value) products such as bioethanol. The recovery of multiple co-products along with ethanol would maximize the use of all the corn components and improve the process economics (reviewed in Kumar and Singh, 2019).   During wet milling, the corn kernel is fractionated into various components to isolate corn oil, among other products.  However, due to the high capital cost of wet milling, most of the ethanol produced from corn is done through dry milling.  Many corn-based ethanol plants therefore implemented modified dry grind technologies that produce germ and pericarp fiber (to be further refined to high-value corn oil and corn fiber oil), as well as starch-enriched corn grits that can be fermented to ethanol. To diversify the product portfolio even further, some corn-based ethanol plants have adopted their processes to include the conversion of the corn oil to biodiesel (Wang et al., 2015).  
Once the starch is hydrolyzed to glucose, the latter can serve as a feedstock for biological fermentation or chemical processing to various chemical building blocks. However, it is important to integrate processes for a mixture of products in a biorefinery configuration to ensure the economic viability of a specific feedstock. For example, techno-economic modeling for the integrated production of biofuels (De Jong et al., 2010) showed a positive outcome when 80% of the hexose sugars were converted to ethanol and 20% to lactic acid. Furthermore, the efficient integration of biorefineries into existing industrial infrastructure could significantly contribute towards a sustainable bioeconomy (Hingsamer and Jungmeier, 2019).  
Commercial-scale energy-driven biorefineries include a 1-platform (hexose sugars) biorefinery using sugar and starch crops for bioethanol and feed, and a 5-platform (hexose sugars, hexose and pentose sugars, lignin, syngas, electricity and heat) biorefinery using starch crops and straw for bioethanol, Fischer-Tropsch (FT)-biofuels, feed, electricity and heat (Cinelli et al., 2015). Potential fermentation products include amino acids, enzymes, organic acids (incl. lactic acid), vitamins and related compounds, antibiotics and xanthan. De Jong et al. (2010) identified succinic acid, furanics, hydroxypropionic acid/aldehyde, glycerol and derivatives sorbitol, xylitol, levulinic acid, biohydrocarbons, lactic acid and ethanol as promising bio-based chemical targets. In 2010, glycerin and lactic acid represented 79.25% of all the biorenewable chemicals sold globally.  
The strongest growth was predicted for secondary chemicals such as polylactic acid (PLA), polyhydroxyalkanoates (PHAs) and bio-ethylene, which are used in the manufacturing of bio-based plastics. PLA is used to produce biodegradable plastics; although it is more expensive than polyolefin, PLA is preferred by industry as a bio-based material as it is perceived to be more environmentally friendly (Lamers et al., 2016). Succinic acid in particular has received attention for the production of polyesters with good mechanical properties and with full biodegradability. Succinic acid is mostly produced by the chemical process from n-butane through maleic anhydride, whereas a variety of feedstocks (including starch substrates like corn, cassava, rice and sugar beet) could be used for the biological production of succinic acid. 
Spekreijse et al. (2019) identified 10 key bio-based chemical categories that dominate the annual EU production of 4.7 million tons bio-based chemicals. In the EU, sugar and starch-based feedstocks are used for the production of all bio-based polymers and plastics and serves as the main substrate (in addition to vegetable oil) for the production of platform chemicals. It was estimated that the EU market for bio-based platform chemicals could grow at a 10% Compound Annual Growth Rate (CAGR), whereas the polymers for plastics category could grow at a CAGR of 4% over the next 5 years. However, challenging purification costs and the (current) lower or inconsistent quality of some bio-based products remain a weakness. Furthermore, bio-based polymers are often more expensive than their fossil-based counterparts, which could be addressed by the introduction of a carbon tax to establish a level playing field and create fairer competition.
Many typical bio-based platform chemicals are small molecules and can thus be derived from ethanol, such as ethylene, ethylene glycol, acetic acid and acetic anhydride. Sugar (and indirectly starch) already contains an oxygen molecule and can therefore easily be used to derive oxygenated intermediate chemicals such as ethylene glycol, adipic acid and isopropanol (National Research Council, 2020). There are several bio-based production routes for mono-ethylene glycol (MEG), mostly accomplished with the chemical conversion of ethanol via ethylene and ethylene oxide. [image: https://d.adroll.com/cm/aol/out?advertisable=FYJBT5HQOZC7TEYL5OUPUQ&adroll_fpc=6bdfb1e8376079466ac4fa6d9b7afa78-1566289163895]Ethanol can also be used to produce acetic anhydride and ethyl lactate: ethanol is oxidized to ethanal (acetaldehyde) that is converted to acetic anhydride by atmospheric oxidation, using a metal acetate as catalyst (Spekreijse et al., 2019). The acetyl group of acetic anhydrides can be exploited in the synthesis of many products, including the acetylation of cellulose, production of plastics, coatings and films, as well as the synthesis of pharmaceuticals, plasticizers and additives. Following the extraction of sugar (or conversion of starch to glucose), the sugar can be converted to L-lactic acid via microbial anaerobic fermentation and then to ethyl lactate via a catalytic esterification with ethanol. Ethyl lactate is routinely used as a solvent in paints and inks, pharmaceuticals, adhesives, cosmetics, electronics and agrochemicals. 
In recent years, the production of polyethylene (PE), polypropylene (PP), polyethylene terephthalate (PET) and PHAs has received growing interest as the bio-based equivalents of major thermoplastics. Bio-based polyethylene terephthalate (PET) is a drop-in chemical that is made of bio-based ethylene glycol that is polymerized with (fossil-based) terephthalic acid, resulting in 30% bio-based PET (Spekreijse et al., 2019). PET is a commonly used polymer for a range of applications including films, molding application, fibers and specialty outlets. PHAs are a group of polymers produced by bacteria from fermentable biomass such as sugar, starch and vegetable oils (Favaro et al., 2019c). PHAs have a range of applications and are compostable and biodegradable in anaerobic digestion plants, in soil and even in seawater. However, these biopolymers accumulate intracellularly and their subsequent isolation is one of the bottlenecks of the process (Pérez-Rivero et al., 2019). 

7. Conclusions

[bookmark: _2s8eyo1]To produce cost-effective bioethanol from raw starch, the starch hydrolysis steps (liquefaction and saccharification by amylases) need to be consolidated and a robust yeast is required for the fermentation of glucose and maltose into alcohol. Although significant achievements towards CBP of raw starch have been demonstrated, the production of RSDE with have high substrate affinities and high specific activities remains a significant challenge. The search for, and the optimization of, novel and more efficient RSDEs is essential for cost-effective, large-scale starch-to-ethanol production.  Furthermore, the enzymes must function well at the optimal temperature for yeast growth to enable the effective processing of raw starch to glucose within 48-72 h. For the process to be economically feasible, final ethanol levels above 15% (w/v) must be obtained. 
Most of the advances on raw starch CBP have resulted from small batch (50 - 100 mL volumes) or bioreactor-scale (1 – 2 L volumes) studies and therefore only represent a proof-of-concept. The scale-up of raw starch CBP processes at the industrial level remains an important hurdle to progress to commercialization. Stressful operation conditions and microbial contamination can negatively affect yeast viability, as well as performance and thus the final ethanol concentrations. Therefore, the exploitation of natural yeast biodiversity to develop CBP strains could be advantageous in terms of improved ethanol/temperature tolerance, superior secretion/tethering capabilities and greater viability during high-gravity fermentation.
The expression of multiple copies of recombinant genes is challenging and often represents a bottleneck in industrial CBP strain construction. Protein engineering and codon optimization may result in improved gene expression, but an improved understanding of metabolites and protein biosynthesis in recombinant yeast strains is required to further optimize amylolytic CBP strains for efficient ethanol production from raw material.
Cost reductions necessary for the industrial implementation of raw starch CBP yeast could be achieved by exploring the abundance of starchy waste streams that are produced as by-products of various food and agricultural industries. The use of multiple feedstocks with different polysaccharide compositions could facilitate the development of 1.5G technologies by capitalizing on the advantages of the 1G corn ethanol plants whilst addressing the challenges of 2G technologies for cellulosic substrates. Once efficient conversion of raw starch by recombinant yeast can be demonstrated at a commercial level, glucose streams can be further valorized in biorefinery platforms to produce higher-value products or key building blocks, which will serve as precursors for different industrially important commodities. As such, raw starch CBP technology could pave the way for novel applications of cell factories and make the bio-based economy more tangible.
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