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Besides organic compounds such as lactose and proteins, cheese whey is rich in
other nutrients. Damping of these valuable compounds to the environment, first,
harms the environment, and second, it wastes valuable resources. Therefore, this
review aims to find out the current progress on the valorization of cheese whey for
ethanol production. Efficient ethanol-producing yeasts like Saccharomyces
cerevisiae have no pathway to utilize lactose and, therefore, they can be co-
cultured with microbes that can produce β-galactosidase. In addition, chemical,
biological, and physical hydrolysis of lactose can be used to produce ethanol from
cheese whey. Ethanol production from unsterilized or unpasteurized whey is very
promising and this reduces the production cost significantly. This suggests that the
ethanol-producing yeasts are competent against the lactic acid bacteria that are
commonly found in cheese whey. Despite the presence of central metabolic
genes associated with ethanol production from different sugars in some yeasts,
these yeasts can’t ferment the different sugars and this is basically due to a lack of
the different sugar transport systems in the yeasts. Therefore, additions of different
sugars to whey to increase the sugar content for economical ethanol production
are impaired by catabolite repressions. However, catabolite repression can be
significantly reduced by metabolic engineering by targeting sugar transporter
proteins like the major facilitator superfamily (MFS), particularly LAC, CEL2, HGT,
RAG, and KHT. Therefore, this enhances ethanol production from cheese whey
supplementedwith a variety of sugars. Currently, nanoparticles andmetal-organic
frameworks coated immobilization of S. cerevisiae produced higher ethanol from
lignocellulosic substrates than the classical carries such as alginates; however,
studies of such immobilizing materials on Kluveromyces spp for ethanol
production are very limited, and open for research. Electro-fermentation, an
emerging bioprocess to control microbial fermentative metabolism, boosts
ethanol production, enables the production of 14% (v/v) ethanol, and shortens
the fermentation time of high sugar-containing whey. Generally, utilizing efficient
yeast (possibly by adaptive evolution and genetic engineering) at optimal
fermenting conditions enabled to production of economical ethanol from
cheese whey that contains higher sugars (greater than 15%) at the large-scale
cheese processing industries.
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GRAPHICAL ABSTRACT

1 Introduction

Increasing energy imports, high energy prices, different
challenges on petroleum supplies, and greater recognition of the
environmental consequences of fossil fuels have driven interest in
searching for and utilizing biofuels. Biofuels are any kind of fuel
obtained from biological materials. The biofuel includes wood,
biogas and biomethane, bioethanol, biohydrogen vegetable oil,
biodiesel, bioethers, and bioelectricity. Among these, bioethanol is
the dominantly used biofuel for the transport sector. Bioethanol is
produced from food-based starch, lignocellulosic feedstock, and
different wastes of food processing industries such as beer spent
grain, corn steep liquor, molasses, and cheese whey. Bioethanol
production from cheese whey is getting attention for two reasons.
First, it is rich in nutrients for microbial fermentations. Second,
disposing of cheese whey to the environment brings serious
pollution since the whey has high biological oxygen demand
(BOD) and chemical oxygen demand (COD), exceeding the
standard limits set by the national and international regulatory
bodies (Azzouni et al., 2019; Sebastián-Nicolás et al., 2020; Sáenz-
Hidalgo et al., 2021). More than 90% of the COD and BOD of chees
whey is contributed by lactose and higher than 50% of cheese whey is
released into the environment without treatment (Asunis et al.,
2020). Treating cheese whey is a very expensive process and it needs
to valorize the cheese whey with a value-adding fermentation
process that produces different biological products such as
biofuels, lactic acids, biopolymers, bioelectrochemicals, volatile
fatty acids, distilled whey-based sprit (whey vodka), and whey
vinegar (Díez-Antolínez et al., 2018; Asunis et al., 2020; Zotta
et al., 2020; Sáenz-Hidalgo et al., 2021).

Worldwide production of cheese whey is estimated to be
190 billion kg per year (Asunis et al., 2020), showing a 1%-2%
annual growth rate (Sharma et al., 2018). In 2015, Dairy Farmers

of America (USA) and Anchor ethanol Ltd. (New Zealand) are
producing eight million gallons per year of ethanol from whey
fermentation (Ryan and Walsh, 2016). According to the
2023 report of the Renewable Fuels Association (RFA), the
global fuel ethanol production reaches 28 Billion gallons in
2022, of which a major share was contributed by the
United States of America (55%, 15.4 Billion gallons) and
Brazil (26%, 7.42 Billion gallons), the remaining 19% was
contributed by the rest of the world (Europe, Asia, Canada,
Latin America, and others) (RFA, 2023). The African
contribution to the world ethanol market is insignificant. RFA
(2023) also reported that in 2022, many ethanol producers make
progress toward net-zero carbon emissions by promoting ethanol
production and utilization by 2050 or sooner. In the
United States of America, more than 94% of ethanol was
produced from corn starch whereas Brazil produces it from
sugar cane and this brings competition for food since the
world, particularly Africa and Asia, is suffering from food
insecurity. Utilizing wastes like cheese whey and molasses rich
in sugar for ethanol production contributes its part to mitigating
these drawbacks.

Microorganisms are the heart of fermentations to produce all
these valuable products from cheese whey and microorganisms
that ferment lactose are economically important to valorize
cheese whey. Among different microorganisms including
lactic acid bacteria, fungi, and yeast that produce ethanol
from cheese, yeasts are superior to bacteria and fungi to
produce ethanol at the industry level (Tesfaw and Assefa,
2014; Valdez Castillo et al., 2021). The ability to grow in
lactose as a sole carbon is the main feature required to select
yeasts for cheese fermentation targeting ethanol production. The
most studied microorganisms of ethanol-producing yeasts from
lactose include Kluyveromyces lactis, Kluyveromyces marxianus,
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and Candida tropicals (de Carvalho et al., 2020; Sampaio et al.,
2020; Tesfaw et al., 2021b; Valdez Castillo et al., 2021).
Debaryomyces hansenii, Lachancea thermotolerans,
Kluyveromyces waltii, C. pseudotropicalis, and K. fragilis are
also known to ferment the lactose present in the whey
(Dragone et al., 2011; Farkas et al., 2019; Valdez Castillo
et al., 2021). However, the lactose fermenting yeasts are less
tolerant to ethanol and they are highly sensitive to oxygen since
they are Crabtree negative, and genetic manipulations and
adaptive evolution are commonly used to increase ethanol
tolerance capability and reduce oxygen sensitivity (Mo et al.,
2019; Karim et al., 2020; Dekker et al., 2021).

The lactose content of cheese whey (maximum of 5% w/v) is not
sufficient to produce economical ethanol so concentrating the
lactose of cheese via a vacuum evaporator or distillation or/and
adding external cheap carbon sources are used to solve such kind of
limitations (Sampaio et al., 2020; Tesfaw et al., 2021b; Leonel et al.,
2021; Zou and Chang, 2022). However, the addition of external non-
lactose or non-glucose substrates results in catabolite repression
although metabolic engineering was employed to allow the entrance
of mixed sugars without being impaired by the presence of glucose
(Kwon et al., 2020; Murata et al., 2022).

In this paper, the microbial processes useful for the production of
economical ethanol from cheese whey are discussed. The whey
stabilization methods, the ethanol tolerance of Kluyveromyces spp, the
effect of nutrient supplementations on cheese whey, and yeast growth
variables were considered in this review. The potential of recently
introduced techniques such as nanoparticle and metal-organic-frame
coated immobilization, electro-fermentation, and electro-activated whey
utilization for enhancing ethanol production is also discussed.

2 Cheese whey

Cheese whey is the watery portion formed during the
coagulation of casein in cheese making; it is a byproduct of the
dairy industry. Whey is often considered a waste because it has a
high organic load (Pescuma et al., 2015). Utilizing whey to produce
ethanol is biologically important to treat the wastes besides the
ethanol produced.

The types and properties of cheese whey depend on the type of
milk and milk sources (sheep, goat, cow, or buffalo) used for cheese
production, the method employed for casein coagulation, and the
fermentation conditions of cheese production (Figure 1).
Traditionally, the milk is fermented by the natural undefined
microorganisms existing in the milk which are introduced into
the milk during milk processing, and cow handling and the natural
microorganisms acidify the milk for cheese making. However,
industrially, defined starter cultures are added to bring the
required cheese properties and aroma (Figure 1). As a result,
the type of whey drained off varies. In addition, the amount of
water, detergents, and sanitizing agents used to clean the container
of the milk or cheese whey also affects the composition of cheese
whey (Asunis et al., 2020). The technology used to produce the
whey significantly affects the chemical composition of the whey
(Liu et al., 2016). The composition of the whey varies with the
composition of the milk, the type of cheese made, and the cheese-
making process employed (Koushki et al., 2012). In addition, the
composition of cheese whey depends on milk quality, animal feed,
and animal breed (Pasotti et al., 2017). Broadly speaking, the two
types of cheese whey are made. First, acidic whey (pH 4.5–5) is
produced by fermentation (direct acidification of milk through the

FIGURE 1
Flow chart of cheese whey and ethanol production.
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activity of lactobacilli) or/and the addition of organic acids or
minerals; second, sweet whey (pH 5-6) is obtained by the adding
proteolytic enzymes (enzymatic coagulation process with rennet
containing the protease chymosin) (Liu et al., 2016; Sáenz-Hidalgo
et al., 2021).

In general, 55% of milk nutrients such as lactose, vitamins, and
minerals (Sáenz-Hidalgo et al., 2021) and 20% of milk proteins (Asunis
et al., 2020) are retained in cheese whey. Table 1 shows the composition
of various cheeses used for ethanol production and the lactose content
ranges from 4.18% to 6% depending on the type of cheese. The lactose
content of whey is between 4.5%–5.0% (Ariyanti and Hadiyanto, 2013;
Pescuma et al., 2015), and 5%-6% (Christensen et al., 2011). The lactose
content in acidic whey is smaller than in sweet whey since lactose is
fermented into lactic acid in acidic whey (Pescuma et al., 2015). It is
lactose that is the rate-limiting step in ethanol production from whey
and the presence of lactose in whey (the sole carbon source for ethanol
production) limits the growth of other microorganisms (Ariyanti and
Hadiyanto, 2013). The whey was to be used directly for ethanol
production soon after it was made. The cold preservation of whey
can elongate not more than 2 weeks. The lactic acid bacteria and other
microbes in the whey significantly reduce the lactose content of the
whey when stored for more than 2 weeks (Tesfaw et al., 2021b). They
also reported that 20%–25% of lactose was reduced within 2 weeks even
if it was preserved in the refrigerator at 4°C and reducing lactose reduced
ethanol concentration by 50%.

In most whey, the protein content ranges from 0.8% to 1.0%
(Christensen et al., 2011; Pescuma et al., 2015). In Table 1, the

protein content of the cheese whey was found to be between 0.49%
and 1.1%; most of the researchers reported a protein content range
of 0.8%–1%. Acid whey contains lower levels of proteins than sweet
whey (Lievore et al., 2015). The fat present in whey varies
significantly (Akbas and Stark, 2016; Farkas et al., 2019).
Christensen et al. (2011) reported 0.06% of fats in whey whereas
Koushki et al. (2012) found 3% fat. In the other study, Farkas et al.
(2019) reported 0.3% (w/v) lipids in the 50% solids retained in the
whey. The lactic acid present in sweet and acid whey was 0.00% up to
0.8% respectively (Pescuma et al., 2015). In addition, the whey also
contained citric acids, minerals, B group, and vitamins non-protein
nitrogen sources in small quantities (Pescuma et al., 2015). The ash
content of the whey is found to be between 0.51 and 1.0 (%, w/v)
(Table 1). Acid whey contains a higher ash content than sweet whey
(Lievore et al., 2015).

The whey and whey permeate physicochemical properties are
being improved by the electro-activation technology (Karim and
Aïder, 2020; Aidarbekova and Aider, 2021; Aider-Kaci et al., 2023)
and it is a method of treating the whey with an external electric field
inside anion–cation exchange membranes modulated reactor.
Single-cell protein, organic acids, aroma volatiles, lactulose, and
other metabolites have been produced from electro-activated whey
and whey permeates by K. marxianus and bacteria including
Lacticaseibacillus, Lactobacillus, Bifidobacterium, and
Streptococcus. However, bioethanol production from electro-
activated whey is at an infant stage (Kareb et al., 2018). Karim
and Aider (2022) studied the potentials of electro-activated cheese

TABLE 1 Composition of different types of cheese.

Type of
cheese

Moisture (%
w/v)

Lactose
(g/L)

Protein
(%, w/v)

Ash (%
w/v)

Titratable acidity
(% w/v lactic acid)

pH Lipids (%
w/v)

COD References

Cheese whey
Permeate

95 45–50 0.6–0.8 5 0.4–0.5 60–80 g/L Sampaio et al. (2020)

Ricotta cheese 94.85 44.76 0.49 0.51 2.03 5.1 51.95 mg
O2/L

Vincenzi et al. (2014)

Cheese whey 42 0.86 0.58 0.05 Sebastián-Nicolás
et al. (2020)

Cheese whey 45–50 1–1.2 0.8 0.3 Farkas et al. (2019)

Cheese whey 45 0.6–0.8 0.5–0.8 0.2–0.8 0.03–0.1 50–80 g/
mL

Murari et al. (2019a)

Crude kareish
cheese

95.22 50 0.65 Zohri et al. (2014)

Cheese whey 93–94 45–60 0.65–1.1 0.8–1 0.05–0.9 Prazeres et al. (2012)

Cheese whey 94 50–60 1 0.1–0.8 0.06 Akbas and Stark
(2016)

Cheese whey 93 50 0.9 0.2 Diniz et al. (2014)

Acid whey 94.44 41.8 0.84 0.61 0.61 4.37 0.09 Lievore et al. (2015)

Whey 90 40 1 0.7 Liu et al. (2016)

Feta cheese
whey

50 0.8 6.5 Soupioni et al. (2016)

Cheese whey 45 0.6–0.8 0.05 4.5–5 0.4–0.5 Das et al. (2016)

Cheese whey 45 0.7 3.5 68 g/L Yadav et al. (2014)
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whey for ethanol production and the highest ethanol was obtained at
non-electro-activated whey suggesting further research on the
ethanol production capability of electro-activated whey.

3 Ethanol-producing microorganisms
from lactose

Although the yeasts that aerobically assimilate lactose are
widespread, few ferment it (Tavares and Malcata, 2016).
Kluyveromyces species have been used extensively for bioethanol
production from cheese whey. These include K. fragilis (Dragone
et al., 2011; Akbas and Stark, 2016), K. marxianus (Zhou et al., 2019;
Zotta et al., 2020; Tesfaw et al., 2021b; Zou and Chang, 2022), and K.
lactis (Ariyanti and Hadiyanto, 2013; Das et al., 2016). Besides
Kluyveromyces, some strains of Candida species like C.
pseudotropicalis (Ariyanti and Hadiyanto, 2013; Akbas and Stark,
2016; Das et al., 2016), C. krusei (Ikegami et al., 2009), C.
inconspicua, and C. xylopsoci (Azzouni et al., 2019; Farkas et al.,
2019) and C. kefyr (Koushki et al., 2012; Akbas and Stark, 2016) are
also known for their ability to produce ethanol from lactose.
Hoshida and Akada (2017) isolated Pichia kudriavzevii from
kefir, and the yeast was found to ferment lactose; however, the
yeast is a slow grower in lactose-containing media.

K. marxianus and K. lactis are most commonly employed for
ethanol production since they are efficient and tolerant to lower
pH of whey (Roohina et al., 2016). Despite their phylogenetic
closeness, K. marxianus is involved in better fermentative
metabolism than the respiring K. lactis, especially at higher
temperatures and K. marxianus is superior to K. lactis for
ethanol production (Zotta et al., 2020). K. marxianus is
thermotolerant yeast with high growth yield and β-galactosidase
activity. It is a good candidate to produce ethanol from whey even at
high temperatures. It was a suitable microorganism for producing
ethanol from lactose fermentation, showing a maximum alcohol
production efficiency of 96.5% (Pescuma et al., 2015). K. marxianus
consumes all lactose present in whey within 16 h (Ariyanti and
Hadiyanto, 2013), indicating its efficiency in ethanol production. In
the other study, the yeast K. lactis NRRL Y-8279 was found to be
more efficient than K. marxianus ATCC 36907 for the co-
production of β-galactosidase and ethanol using “coalho” cheese
whey as substrate (de Carvalho et al., 2020).

Besides Kluyveromyces species, Candida species (C. kefir, C.
inconspicua, and C. xylopsoci) are promising in lactose hydrolysis
and ethanol production although the conversion capacity of the
sugars into ethanol is lower in Candida species (Azzouni et al., 2019;
Farkas et al., 2019) and Candida species can utilize higher levels of
lactose compared to Kluyveromyces species (Das et al., 2017; Sáenz-
Hidalgo et al., 2021). In addition, many nutritional requirements of
Candida species (which is fastidious) make ethanol production by
Candida less competitive. Furthermore, most of the Candida species
are very sensitive to ethanol concentrations, i.e., inhibited by low
ethanol concentrations with a low conversion yield (40%) (Tavares
and Malcata, 2016).

Kluyveromyces species are inhibited by moderate sugar and salt
concentrations in whey and show low ethanol tolerance compared to
S. cerevisiae (Akbas and Stark, 2016). Utilizing S. cerevisiae to
produce ethanol from whey containing lactose makes the

production process economical. Nevertheless, S. cerevisiae lacks
the assimilatory pathway to convert lactose in whey directly into
ethanol. However, ethanol can be produced by S. cerevisiae after the
whey is treated with β-galactosidase to convert lactose into glucose
and galactose (Tomaszewska and Białończyk, 2016). In addition to
pre-hydrolysis via chemical or biological methods (Tomaszewska
and Białończyk, 2016; Zhou et al., 2019; Schmidt et al., 2020),
protoplast fusions of S. cerevisiae and Kluyveromyces spp,
exogenous expression of the lactose hydrolase gene in S.
cerevisiae (genes from E. coli, A. niger, and Kluyveromyces spp)
are strategies to confer lactose utilization to S. cerevisiae (Zou and
Chang, 2022). In addition, Lactococcus lactis has been engineered to
produce ethanol from lactose present in whey; however, many
nutritional requirements (being fastidious nature) are the main
drawbacks of utilizing L. lactis for economically competitive
ethanol production (Liu et al., 2016).

Besides yeasts and genetically modified bacteria and yeast, some
filamentous fungal species such as Aspergillus oryzae, Neurospora
intermedia, and Neolentinus lepideus can naturally utilize lactose and
produce ethanol using cheese whey as a carbon source although ethanol
concentration was lower than that of the yeasts (Sar et al., 2022). N.
lepideus could produce ethanol not only from glucose, galactose, and
lactose but also from the five-carbon sugar xylose (Okamoto et al.,
2019). Furthermore, Aspergillus niger was able to produce optimal
ethanol from lactose-dominating lactoserum at a pH of 5.9 and a
temperature of 30°C hence it can produce ethanol from sweet whey
(Azzouni et al., 2019). In addition to its ability to produce ethanol from
whey, the fungus can also be used to produce ethanol from chemically
as well as biologically hydrolyzed lignocellulose. The advantage of
ethanol production by N. lepideus is its ability to ferment the lactose
in the presence of high levels of calcium, the mineral commonly found
in whey (Okamoto et al., 2019). They also reported thatN. lepideus can
also ferment milk-rich fats to produce ethanol.

4 Ethanol fermentation

Different yeasts produce ethanol under different conditions
(Table 2). Ethanol can be produced from non-deproteinized,
non-diluted, and non-sterilized whey (Zafar and Owais, 2006;
Tesfaw et al., 2021b). K. marxianus was capable of maintaining
high productivity at low pH in non-sterilized whey. It was found that
K. marxianus is a very robust microorganism capable of producing
ethanol at high temperatures and low pH in whey by taking over
lactic acid bacteria present in the whey (Christensen et al., 2011).
Continuous fermentation results in higher ethanol production and
reduces fermentation time than batch processes (Gabardo et al.,
2016; Asunis et al., 2020).

5 Pasteurization versus unpasteurized
whey

Pasteurization or sterilization of cheese whey increases
industrial ethanol production time and cost. Various researches
have been conducted to determine the effects of unpasteurized
cheese whey on ethanol production. The possible microbes that
predominantly flourish the cheese whey are lactose-consuming
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bacteria, particularly lactic acid bacteria. In Christensen et al. (2011)
study, K. marxianus was able to produce 22 g/L ethanol from
unpasteurized cheese whey containing 46 g/L lactose via batch
fermentation. This suggests that K. marxianus can take over the
lactic acid bacteria added during cheese production. However, if the
lactic acid bacteria dominate the cheese whey before ethanol
fermentation, the lactose content of the cheese whey drops
significantly reduces and with it the ethanol production (Tesfaw
et al., 2021b).

6 Growth conditions for ethanol-
producing yeasts from lactose

Ethanol production is highly dependent on the growth
conditions of the yeast of interest. Temperature, pH, incubation
time, salinity, solid load, and carbon source concentration are the
main factors responsible for bioethanol production from whey.
Diniz et al. (2014) prioritized the growth factors and concluded
that temperature was the most important factor affecting ethanol

TABLE 2 Bioethanol production from different types of cheese whey with varying pH, supplements, lactose concentration, and fermentation conditions.

Yeasts pH Supplement Lactose
(%)

Fermentation Ethanol
(g/L)

References

K. lactis CBS2359 5.0 Without 75 Flask shaking 22 Sampaio et al. (2020)

K. lactis CBS2359 5.0 Without 75 Flask shaking 15 Sampaio et al. (2020)

K. marxianus 5.0 0.45% (NH4)3SO4, 0.1% yeast extract 4.6 Batch 8.64 Ariyanti and Hadiyanto
(2013)

Lachancea thermotolerans 5.0 Without 15** Batch 27.6 Farkas et al. (2019)

Kluyveromyces waltii 5.0 Without 15** Batch 26.8 Farkas et al. (2019)

K. marxianus 4.8 Growth supplement 4.9 Batch 17.36 Koushki et al. (2012)

K. marxianus 4.8 Without 4.9 Batch 15.78 Koushki et al. (2012)

K. marxianus 4.8 Growth supplement 9.8 Batch 36.3 Koushki et al. (2012)

K. marxianus 4.8 Without 9.8 Batch 32.35 Koushki et al. (2012)

N. lepideus 5 Without 5.4 Batch 8.8 Okamoto et al. (2019)

K. marxianus Without 4.8 Batch 20.0 Christensen et al. (2011)

K. marxianus Without 4.8 Continuous 17.6[A] Christensen et al. (2011)

Candida pseudotropicalis 4.9 Yeast extract *** 4.8 Continuous 21.17 Ghaly and El-Taweel
(1995)

K. marxianus 0.1% yeast extract 4.8 Fed-batch 7.96 Ariyanti et al. (2014)

K. marxianus 4.5 0.45% (NH4)3SO4, 0.1% yeast extract, 0.1%
malt extract

3.45 Batch 2.8 Zafar and Owais (2006)

K. marxianus 5.5 Without 4.43 Batch flask 5.02 de Carvalho et al. (2020)

K. lactis 5.5 Without 4.43 Batch flask 9.71 de Carvalho et al. (2020)

K. lactis 5.5 Without 4.43 Batch bioreactor 7.1 de Carvalho et al. (2020)

K. marxianus 5.05 Sugarcane bagasse Batch 49.65 Ferreira et al. (2015)

K. fragilis 5.0 Without 20.0** Batch 80.95 Dragone et al. (2011)

C. kefyr 4.8 Growth supplement 9.8 Batch 31.56 Koushki et al. (2012)

C. kefyr 4.8 Without 9.8 Batch 29.64 Koushki et al. (2012)

C. kefyr 5.5 Without 5.03 Batch 14.2 Soupioni et al. (2016)

C. kefyr 5.5 Brewery spent grain 4.84 Batch 21.3 Soupioni et al. (2016)

C. pseudotropicalis 4.9 Yeast extract 5 Batch 21.17 Ghaly and El-Taweel
(1995)

Engineered L. lactis 6.8 Hydrolyzed corn steep liquor (2.5% w/v) Initial 10* Fed-batch 41 Liu et al. (2016)

Candida lambica and
Prototecha zopfii

10% molasses 3.16 Batch 11.06% Utama et al. (2017b)

Napa cabbage waste

*Feeding was performed when lactose concentration was lower than 10 g/L to return its concentration to 20 g/L.

**Cheese whey powder was used (not diluted whey).

***The lactose content was raised to 15%.
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production from chees whey using K. marxianus UFV-3, followed
by pH, inoculum size, and lactose concentration.

6.1 Temperature

Reduction of cooling costs, decreasing the risk of contamination,
nonstop switching from fermentation to distillation, and
simultaneous saccharification and fermentation are the benefits of
high-temperature fermentation to produce ethanol (Karim et al.,
2020). The ability of K. marxianus to grow and ferment optimally at
higher temperatures has received attention to this day, as this
facilitates cooling during large-scale fermentations where heat
transfer has been shown to be a limiting factor.

K. marxianus was able to produce a maximum of ethanol (6-7 g/
L) at 30–35°C in fed-batch culture; however, ethanol production
declined significantly at 40°C due to the inactivity of enzymes
(Ariyanti et al., 2014). Similarly, a temperature range of
32.5°C–35.0°C was found to be optimal for the production of
ethanol from cheese whey by K. marxianus URM 7404 (Murari
et al., 2019b). Ferreira et al. (2015) reported that optimal ethanol
products (49.65 g/L) were obtained from K. marxianus on ricotta
whey containing hydrolysates from sugar cane bagasse at pH 5.05,
agitation of 65 rpm, and a temperature of 40°C. However, the decline
in ethanol production by K. marxianus occurred significantly at
40°C, possibly due to the reduction of activity or/and inactivity of
enzymes (Ariyanti et al., 2014). In the other study, Zou and Chang
(2022) reported that some strains of K. marxianus are highly
thermotolerant, able to grow and produce ethanol at 43°C with
lactose and/or whey permeate as the sole carbon source. Similarly,
Leonel et al. (2021) reported that temperature ranges of 44 and 52°C
are the distinctive feature of K. marxianus. A few other studies
reported different but thermophilic optimal temperatures for
optimal ethanol production; for example, K. marxianus was
capable to produce higher ethanol at a temperature of 52°C (Mo
et al., 2019), 45–52°C (Li et al., 2018), and 47°C (da Silva et al., 2018).

The benefits of high-temperature fermentation generally include
reduced cooling cost, less contamination, more viscous fermentation
broth, and an optimal condition for most enzymes (Hoshida and
Akada, 2017). As the study by Hoshida and Akada (2017) shows, the
ability of K. marxianus ETP87 to produce ethanol fromwhey at 45°C
is promising to apply the yeast for ethanol production from warm
whey before it is dominated by lactic acid bacteria (Tesfaw et al.,
2021b). However, the higher temperature intensifies the inhibitory
effect of other factors such as ethanol and salt.

Among Candida species, C. inconspicua and C. xylopsoci
efficiently produced ethanol from lactoserum at temperatures of
38°C and 42°C. The optimal temperature and pH for C. kefyr are
30°C and 4.8 for ethanol production from cheese whey (Koushki
et al., 2012). Kluyveromyces species are more thermotolerant than
Candida species.

6.2 pH

The deviation of the external pH from its optimal state strongly
affects the energy production process, enzymatic activity, other
protein structures, cell membrane permeability, and metabolite

transport in yeast cells (Orij et al., 2011; Peña et al., 2015).
However, yeast cells developed different mechanisms including
pH compartmentalization, control of cytosolic pH by proton
translocating ATPases, control of cytosolic pH by cation
transporters, and regulation of organellar pH to adapt to the
deviation of the pH (Orij et al., 2011).

The pH of cheese whey ranges from 3.5 to 6.5 (Table 1); the
ethanol-producing yeasts from cheese whey have to tolerate this pH.
Even though K. marxianus tolerate a wide range of pH 2.5–9 (Ha-
Tran et al., 2021), optimal ethanol is produced at pH 5-6 (Table 2).
The ethanol yield from whey of K. marxianus URM 7404 is
comparable with theoretical values at pH ranging from 4.8 to 5.3
(Murari et al., 2019b). C. inconspicua and C. xylopsoci were able to
produce optimal ethanol from lactoserum at pH 4.5 and 4 (Azzouni
et al., 2019). The lower pH optimality is remarkable for the produce
ethanol from cheese whey at the industrial level since it is not
necessary to adjust the most acidic pH of cheese whey. In the other
studies, the cheese whey is mostly acidic and ethanol can be
efficiently produced without controlling the pH of the cheese
whey (Christensen et al., 2011; Tesfaw et al., 2021b). Similarly,
an ethanol concentration of 7.96 g/L was produced by K. marxianus
from non-pH-adjusted acidic whey supplemented with 0.1% yeast
extract using a fed-batch fermentation type (Ariyanti et al., 2014).
When ethanol is produced from non-pH adjusted whey (particularly
when the pH is below 4.0), it takes a longer fermentation time since
some time is elapsed for the lower pH adaptation, a longer lag phase
(Mohd Azhar et al., 2017).

6.3 Incubation time

Solid particles present in whey adversely affect the ethanol
fermentation process, particularly the fermentation time. The rate
of lactose utilization and ethanol formation increased linearly with
increasing whey solids content (Koushki et al., 2012). If the whey is
not concentrated or an external carbon source is added, all lactose
present in the whey can be consumed by Kluyveromyces within 12 h
(de Carvalho et al., 2020) and 16 h (Ariyanti and Hadiyanto, 2013)
for ethanol production and thus waiting for more incubation time
reduces the ethanol titers since theKluyveromyces spp utilize ethanol
as a carbon source during carbon source deficiency. Another study
showed that lactose utilization began within 24 h and was completed
after 72 h (Christensen et al., 2011). Generally, the incubation time
will be shorter when other growth variables are in optimal
conditions. The existence of different sugars (Beniwal et al.,
2017) and the lower pH (mainly when it is less than 4.0) (Mohd
Azhar et al., 2017) elongate the incubation time.

6.4 Oxygen concentration

The fermentation performance of whey lactose by
Kluyveromyces is potentially affected by oxygen availability.
Oxygen is one of the factors responsible for sugar consumption
preference. For example, only under high aeration lactose consumed
first, followed by glucose and fructose when K. lactis was grown on a
medium containing carobs sugars mixed with whey (Rodrigues
et al., 2016). Similarly, sufficient ethanol is produced from high
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lactose media when the oxygen concentration increases; no ethanol
was produced from high lactose under anaerobic conditions (Diniz
et al., 2014). Generally, the oxygen concentration preference of
Kluyveromyces spp is wide since Kluyveromyces spp yeasts can
perform fermentation and respiratory processes simultaneously
(de Carvalho et al., 2020).

However, a few strains of K. marxianus NCYC3396 and UFV-3
displayed good growth under anaerobic conditions (Madeira-Jr and
Gombert, 2018). The ability of yeast to grow in anaerobic conditions
increases when other growing conditions become optimal. Besides
being the final electron acceptor, oxygen is also involved in the
synthesis of fatty acids, heme proteins, nicotinic acids, ergosterol,
and deoxyribonucleic acids (Madeira-Jr and Gombert, 2018).

The low oxygen concentration initiated a decrease in growth
rate and an increase in ethanol concentration compared to
anaerobic fermentation (Leonel et al., 2021). Ethanol was
already detected at oxygen saturation level around 80%, an
expected behavior, that may have been attributed to some
catabolite repression at glucose concentrations between 10 and
20 g/L (Fonseca et al., 2013). The oxygen demand increases when
the lactose concentration in the media increases (Guimarães
et al., 2010). Generally, a high concentration of ethanol is
produced under anaerobic conditions, although a low
concentration of oxygen is required for the production of for
sterol and other metabolites (Murari et al., 2019a).

6.5 Crabtree effect

The Crabtree effect, also known as aerobic fermentation, allows
the yeast to grow and ferment higher rates with high sugar and
oxygen availability. Nevertheless, the lactose fermenting yeasts such
as K. marxianus and K. lactis are Crabtree-negative yeasts (Karim
et al., 2020), suggesting the inability to efficiently ferment sugars to
ethanol, resulting in lower ethanol. The inability of K. marxianus to
ferment in the absence of oxygen is associated with the absence of a
functional sterol uptake mechanism as a key factor in oxygen
demand (Radecka et al., 2015). Genetic manipulation enabled K.
marxianus to grow in the complete absence of oxygen. Heterologous
expression of a squalene-tetrahymanol cyclase allowed the oxygen-
independent synthesis of the sterol surrogate tetrahymanol in K.
marxianus (Dekker et al., 2021) and ethanol production from lactose
could be maximized since the aerobic respiratory that utilizes the
lactose is declined. Generally, enabling K. marxianus to grow
anaerobically represents an important step towards the
application of this thermotolerant yeast in large-scale anaerobic
bioprocesses.

Under aerobic conditions, K. marxianus boosts acetyl-CoA
biosynthesis from pyruvate (evidenced by an increase in the
transcript abundances of the PDA1 and LAT1 genes contributing
to the rise of acetyl-CoA synthesis under aerobic conditions) and
utilizes the oxidative TCA cycle; a decrease in glucose uptake rate
(evidenced by decreased hexokinase activity) has also been reported;
these effects results in strong suppression of ethanol production
(Sakihama et al., 2019). Furthermore, aeration increased the mRNA
expression levels of K. marxianus ALD2, ADH2, and ACS1
responsible the for the assimilation of ethanol to acetyl-CoA
(Sakihama et al., 2019).

Deleting genes that favor aerobic respiration enhances ethanol
production. For example, deleting KlNDI1, a gene encoding the
single internal NADH: ubiquinone Oxidoreductase, in the
mitochondria of K. lactis (KlNdi1p), shifted the respiratory to
fermentative metabolism and this enhanced the performance of
the Δklndi1 strain (mutant) for bioethanol production from lactose
present in cheese whey (González-Siso et al., 2015).

6.6 Salt concentration

Salting is a common practice in cheese-making for various
reasons. Adding salt helps to enhance flavor, dry the curd,
develop a good rind, and control bacteria and other harmful
microbes in the cheese. Sodium chloride (NaCl) followed by
calcium chloride (CaCl2) is the most common salt employed in
cheese processing (Lukjanenko et al., 2014). Depending on its origin
and processing type, whey contains different concentrations of salts
(mainly NaCl and CaCl2). Sweet whey contains lower salt than acidic
whey. Blaschek et al. (2007) reported an average salt range of 3.1%–
4.8% in whey; high salt content and increased processing and
disposal costs resulted in the underutilization of salty whey in the
dairy industry. The effect of salt concentration (2, 4, 6, 8, and 10%
NaCl) on the growth and bioethanol production by K. marxianus
strains was studied by Ertuğrul Karatay et al. (2019) and optimal
ethanol was reported to be 4% NaCl. Further increment of the salt
concentration decreased the bioethanol concentration. The
decrement of ethanol productivity at higher salt concentrations
could be associated with osmotic effects. Salt decreased the
process efficiency of ethanol production (Tomaszewska and
Białończyk, 2016). Similarly, the addition of NaCl and Na2SO4 to
cheese whey harmed growth and consequently reduced the ethanol
titer by more than 70% (Sayed et al., 2018).

The yeasts exhibited different sensitization with varying salts.
For example, K. marxianus is more sensitive to sodium than to
potassium (Illarionov et al., 2021). The negative correlation between
the salt concentration and the ethanol production rate was found in
the concentration range of 10–40 g/L of both CaCl2 and NaCl
(Lukjanenko et al., 2014). There was no significant difference in
ethanol production from cheese whey containing lower salts (less
than 2 g/L) compared to chees whey without external salts,
suggesting that the cheese whey contained sufficient NaCl and
CaCl2 required for the growth of K. marxianus. The effects of
salts on ethanol synthesis were more pronounced at higher
lactose concentration (Lukjanenko et al., 2014) or other non-
optimal growth conditions.

7 Cheese whey as a nitrogen source
during bioethanol production from
different carbon sources

Demiray et al. (2016) studied whey, (NH4)2SO4, and soy wheat
as nitrogen sources to produce ethanol from dilute acid (1.5%)
hydrolyzed carrot pomace using Pichia stipitis and they found
higher ethanol content from cheese whey supplemented carrot
pomace hydrolysate than soy wheat. However, using (NH4)2SO4

as a nitrogen source yielded more ethanol than cheese whey even if
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(NH4)2SO4 is more expensive than its organic counterparts like
cheese whey and soy wheat. In Ferreira et al. (2015) study, the
mixture of ricotta cheese and sugar cane bagasse was fermented by
thermotolerant K. marxianus CCT 7735 to produce bioethanol. The
results demonstrated that a mixture of the cellulosic residue of
sugarcane bagasse and ricotta whey is promising for ethanol
production because the ethanol yield in the mixture was higher
than that in the single substrate of sugarcane bagasse.

8 Supplements to whey

Distillation cost during dawn-stream processing makes ethanol
production less economically competitive. At least 4% (w/w) ethanol
should be produced to reduce distillation costs (Liu et al., 2016; Díez-
Antolínez et al., 2018). On the one hand, ultrafiltration or/and
reverse osmosis could be used to concentrate the lactose; however,
this still increases production costs. On the other hand, since the
lactose content of most whey is not higher than 5% (w/v) (Tables 1,
2), different cheap carbon sources supplementation to whey is highly
appreciated to increase the carbon source concentration. In
addition, growth factors and mineral fortifications to whey also
improve ethanol productivity since they improve the health of
ethanol-producing microbes during ethanol fermentation.
Generally, different supplements were added to cheese whey with
varying effects on ethanol titer (Table 2), and the choice of
supplements depends on the type of cheese whey deficient in
specific nutrients. Nutritional supplementation (other than
lactose) becomes more significant to cheese permeate than cheese
whey for good-performance ethanol production because some
nutrients might be lost or not available during cheese permeate-
making (Murari et al., 2019a). Adding growth factors to whey could
also enhance ethanol production (Table 1). Even if the addition of
extraneous sugars from different sources raises the ethanol content
significantly, the supplementation of yeast extract, malt extract, and
ammonium sulfate does not significantly increase ethanol
productivity significantly (Koushki et al., 2012).

8.1 Molasses

Despite the abundant availability and low cost of cheese whey,
ethanol production from whey is economically less competitive due
to the low lactose content compared to other wastes such as molasses
or/and corn (Díez-Antolínez et al., 2018). Supplementation of
different carbon sources, mainly molasses, and lactose is
commonly recommended to boost the ethanol titer. Ethanol
production from whey can be enhanced by adding supplemental
sugar sources. For example, the adding of extraneous lactose and
sucrose to whey increases ethanol yield (Tomaszewska and
Białończyk, 2016).

Ertuğrul Karatay et al. (2019) studied the effect of the addition
of 6, 8, 10, 10, 12, and 14% molasses to whey and found that the
maximum ethanol (7.92 g/L) at 10% molasses than a lower and
higher percentage of molasses and whey alone. Ethanol
productivity decreased when more than 10% molasses was
supplemented with whey (Ertuğrul Karatay et al., 2019) and
this might be due to substrate inhibition. However, the

impacts of high sugar concentration can be solved by using a
fed-batch fermentation strategy (Liu et al., 2016). However,
Tesfaw et al. (2021b) reported optimal ethanol production
(17.28 g/L) from fortification with 25% molasses; however, the
25% molasses was diluted five-fold. Balia et al. (2018) studied
ethanol production from the combination of Mozzarella cheese
whey and sugar cane molasses using indigenous yeasts and high
ethanol content (8.49%) was obtained when 15% molasses was
added to Mozzarella cheese whey and fermented by indigenous
mixed culture of C. tropicalis and Blastoschizomyces capitatus at
an equal ratio. The existence of different kinds of sugars in whey
creates lag phases after the consumption of each kind of sugar,
further which increases elongates the fermentation time of
ethanol (Beniwal et al., 2017).

8.2 Lignocellulosic feedstock

Lignocellulosic hydrolysates are the cheapest and most
abundant sources of carbon. Blending of cheese whey with
lignocellulosic hydrolysates can be used to increase the carbon
content of the whey. Some strains of K marxianus utilize and
ferment the pentose sugars, dominantly found in sugar in
lignocellulosic hydrolysates (Tesfaw et al., 2021a; Leonel et al.,
2021), making the yeast an ideal candidate for the production of
ethanol from whey mixed with lignocellulosic feedstock. In addition,
some strains of K. marxianus produce ethanol from xylose under
aerobic conditions. However, mixing the chemically hydrolyzed
lignocellulose with whey brings the inhibitors and reduces
ethanol productivity (Tesfaw et al., 2021a; Leonel et al., 2021).
The whey mixed with hydrolysates of sugar cane bagasse, spent
breweries grain, and corn cob resulted in high ethanol titer (Zou and
Chang, 2022).

8.3 External lactose

The challenge of adding molasses and sugars other than lactose
or glucose to cheese whey is that the diauxic growth occurs when
different carbon sources are present in the cheese whey (Sar et al.,
2022). Supplementing lactose as a carbon source solves such a
challenge, although adding pure lactose increases production
costs. The concentration of lactose has a significant impact on
the production of ethanol. Roohina et al. (2016) studied the
effect of supplementation of lactose concentration ranging from
42 to 150 g/L to chees whey and found that a lactose addition of 70 g/
L lactose to whey enhanced ethanol production compared to the raw
cheese whey (42 g/L lactose). However, raising the lactose
concentration higher than 70 g/L significantly decreased ethanol
production due to possible substrate limitations. The high lactose
concentration results in high osmotic pressure and this exerts an
inhibitory effect on the less tolerant K. marxianus. In the other
study, optimal ethanol production was reported in cheese whey
containing 61.0–65 g/L lactose (Murari et al., 2019b). Similarly
utilizing concentrated whey powder is another alternative to
solve the existence of diluted lactose in whey but this requires
yeasts with high a tolerance to lactose and ethanol (Zou and
Chang, 2022).
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8.4 Fatty acids

The fatty acid composition of the membrane of the yeast has a
great role in stress tolerance. Even if most strains ofK. marxianus are
thermotolerant, the addition of fatty acids such as linoleic acid, oleic
acid, araquidic acid, and linolenic acid enhanced the thermotolerant
activity of K. marxianus SLP1. This is probably due to changing the
fluidity of the membrane to the required level. Similarly,
supplementation of exogenous lipids rich in sterols and
unsaturated fatty acids enhances fermentative performance and
ethanol tolerance of yeasts (Guimarães et al., 2010).

8.5 Yeast extract and peptone

The addition of yeast extracts promoted the biomass growth of
the yeasts and consequently increased bioethanol production
(Murari et al., 2019b) since yeast extracts contain amino acids
(cysteine, methionine, glutamic acid, glycine, aspartic acid, and
alanine) and B complex vitamins (pyridoxine, thiamine, niacin,
pantothenic acid, folic acid, and biotin) (Vieira et al., 2016).
Similarly, higher ethanol (15.92 g/L) was produced by K.
marxianus when the yeast fermented the cheese whey
supplemented with peptone and yeast extracts than
unsupplemented whey (10.65 g/L ethanol) (Tesfaw et al., 2021b).
In the Murari et al. (2019b) study, the addition of yeast extract alone
to whey increased the ethanol production but the ethanol
concentration was lower when yeast extract and minerals
[(NH4)2SO4; K3PO4, MgSO4; ZnSO4] together were added to whey.

8.6 Minerals

The ethanol produced from cheese whey supplemented with
minerals such as (NH4)2SO4, K3PO4, MgSO4, and ZnSO4 was not
satisfactory compared with unsupplemented cheese whey (Murari
et al., 2019b). Besides osmotic pressure generated by addedminerals,
this might be due to the richness of cheese whey with minerals
including KCl, NaCl, and calcium salts (predominantly phosphate)
(Dragone et al., 2009). In another study, the addition of (NH4)2SO4;
K3PO4, MgSO4; ZnSO4 together with the yeast to cheese whey
reduced the ethanol concentration (Murari et al., 2019b).
However, fermentation of crude cheese whey containing external
mono ammonium phosphate (NH4H2PO4, 0.25%) and ammonium
hydroxide (NH4OH, 0.07%) by K. marxianus increased ethanol
concentrations (by 13%) (Koushki et al., 2012).

9 Sugar transport

Most of the inability to ferment different sugars and glucose
repression is linked to the kinetics of sugar transport and sugar
transport is an important part of ethanol production from different
substrates. The Major Facilitator Superfamily (MFS) are cell
membrane-located proteins expressed in all life forms for import
or export of target substrates. Although initially believed to transport
sugars, MFS is responsible for the import and export of metabolites,
amino acids, drugs, oligosaccharides, and other compounds

(Carvalho-Silva and Spencer-Martins, 1990; Yan, 2013;
Västermark and Saier, 2014). The MFS that transport sugars
contain different transporter proteins such as HGT1, HGT2,
RAG1, LAC12, KHT1, and KHT2, (Varela et al., 2019a).

K. lactis uses Rag1p for glucose, Hgt1 for glucose and galactose,
and Lac12 for lactose (Varela et al., 2019a). In yeasts, most
monosaccharides are transported via the HXT classes of
transporters (Donzella et al., 2021). Even if the HXT protein
efficiently transports hexoses, it has low affinity for xylose and/or
arabinose, and pentose transport is hindered by the presence of
glucose. The protein encoded by HGT gene clusters in K. marxianus
can transport arabinose and xylose (Knoshaug et al., 2015; Donzella
et al., 2021). Donzella et al. (2021) also investigated that K.
marxianus HGTs encoded pentose transporters such as KMAR
10531 have high affinity for arabinose and xylose while HXT-like
proteins such as KMAR 10529 and KMAR 50027 are low-affinity
arabinose/xylose transporters.

K. lactis and K. marxianus have evolved a unique mechanism to
utilize glucose and galactose simultaneously (Liu et al., 2022). However,
there are significant differences between K. marxianus in terms of
lactose utilization and the variation is due to the Lac12 gene that
encodes lactose permease, a protein that transports lactose (Varela et al.,
2019a). Although the existence of four LAC12 copiesmight indicate that
the difference in lactose utilization might be attributed to multiple
genes, Varela et al. (2017) found that a single gene is responsible for the
differences in lactose consumption by K marxianus. Similarly, despite
the presence of four genes encoding Lac12 proteins, only one of the
Lac12 proteins can transport lactose (Varela et al., 2019a). Other copies
of LAC12may not be functional or have alternative substrates. Once the
lactose has entered the cells, β-galactosidase, a protein encoded by the
Lac4 gene, hydrolyses it to glucose and galactose for utilization via
glycolytic and Leloir pathways, respectively.

Besides lactose, LAC12 in K. lactis also transports cellobiose, a
hydrolytic product of cellulose used for ethanol production (Varela
et al., 2019b; Murata et al., 2022) and cellobiose uptake and
hydrolysis are associated with the LAC12-CEL2 cluster in K.
marxianus, K. lactis var. Lactis, K. dobzhanskii, K. aestuarii, K.
nonfermentans, and K. wickerhamii although a variation of lactose
and cellobiose exists among them (Varela et al., 2019b). Like LAC12,
CEL2 (a gene responsible for cellobiose utilization and eventually
fermentation) is negatively regulated by glucose repression in K.
marxianus and glucose repression promotes cellobiose utilization
and ethanol production. Murata et al. (2022) suggested that
cellobiose is first rearranged and changed to glucose by the
CEL2 protein and then ethanol production continues.

The Lac12 protein works via a proton-symport mechanism and
is saturable at high substrate concentrations (da Silveira et al., 2019).
Varela et al. (2017) discussed that the Lac12p protein transports
galactose and the transporter has high affinity for lactose and low-
affinity for galactose in K. lactis. The strains of K. marxianus that
lack proton-symport cannot ferment lactose (Carvalho-Silva and
Spencer-Martins, 1990).

In K. marxianus, the regulation of LAC4 is weekly repressed by
glucose and the LAC4 promotor showed relatively low leakage
expression of LAC4 in glucose medium and strong induction by
lactose (Rajkumar et al., 2019; Liu et al., 2022). In K. lactis, the
transient repression of glucose during initial induction of LAC4 is
not mediated by the repressorMig1 in the LAC4 promotor; however,
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Mig1 turns off the expression of Gal1 (encoding galactokinase,
which mediates the catabolism of galactose) in the presence of
glucose and Lac9-mediated transcription activation of LAC4 is
prevented by low-level Gal1 (Liu et al., 2022). Finally, the ability
to uptake sugar is an important genetic engineering target to
optimize ethanol production by yeasts.

10 Catabolite repression

Various studies supplementing cheese whey with external
carbon sources has been conducted to increase ethanol
productivity of K. marxianus (Díez-Antolínez et al., 2018; Leonel
et al., 2021; Sar et al., 2022). However, glucose represses the usage of

TABLE 3 Genetic manipulations in lactose fermenting yeasts to enhance ethanol production.

Yeast Target
gene (s)

Method of
genetic
manipulation

Aim of the
process

Substrate Ethanol
produced

Results
(improvements)

References

K. marxianus
SBK1

Glycolytic enzymes A directed
evolutionary
approach using 2-
deoxyglucose

Alleviating
catabolite repression
(simultaneous
utilization of glucose
and xylose)

40 g/L glucose
and 28 g/L
xylose

23.82 g/L Glycolytic enzymes except
glucokinase-1 were highly
downregulated

Kim et al.
(2019)

Ethanol yield was improved
by 84%

K. marxianus
ScGal2_N376F

Galactose
permease
(ScGAL2-N376F)
transporter

Overexpressing the
target gene

Enhancing xylose
uptake in presence
of glucose

80 g/L glucose
and 80 g/L
Xylose

Xylose consumption was
improved by 195%

Kwon et al.
(2020)

K. marxianus
ScGal2_N376F

Galactose
permease
(ScGAL2-N376F)
transporter

Overexpressing the
target gene

Enhancing galactose
uptake in presence
of glucose for
improved ethanol
production

80 g/L glucose
and 80 g/L
galactose

36.16 g/L The ethanol production rate
was enhanced by 52% but the
concentration of ethanol did
not show a significant
difference, simply it shortened
the production time

Kwon et al.
(2020)

K. marxianus
DMKU 3–1042

Glucose transport Multiple mutagenesis
with UV radiation

Enhancing
cellobiose utilization
in presence of
glucose

3% glucose
and 3%
cellobiose

Glucose utilization was greatly
reduced due to frame-shift
mutations in 26–28 genes
including 3 genes for glucose
transporters but the ethanol
concentration by the mutant
strain was lower and the
ethanol production was found
higher when the mutant was
mixed with the parent strains

Murata et al.
(2022)

K. marxianus squalene-
tetrahymanol
cyclase

Heterologous
expression of target
genes

Oxygen-
independent
synthesis of the
sterol or alleviating
the Crabtree effect

7.5 g/L glucose The mutant grew
anaerobically at a higher
temperature

Dekker et al.
(2021)

K. lactis KlNDI1 (encodes
the single internal

Deletion of the
KlNDI1 gene

Shifting respiration
to fermentation or
alleviating the
Crabtree effect

130 g/L 45 g/L Increased bioethanol
production from lactose
present in whey

González-Siso
et al. (2015)

NADH:
ubiquinone
oxidoreductase in
the mitochondria)

K. marxianus TATA-binding
protein Spt15

Randommutagenesis
library

Increasing ethanol
tolerance

200 g/L
glucose

57 g/L A single amino acid
substitution (Lys→Glu at
position 31) of TATA-binding
protein Spt15 brought a
differential expression of
hundreds of genes that
improved ethanol tolerance
and production

Li et al. (2018)

K. marxianus Wide variety of
genes

Adaptive evolution
in 6% (v/v) ethanol
for 100 days

Enhancing ethanol
tolerance

220 g/L 120 g/L K. marxianus improved
ethanol tolerance via
significant upregulation of
multiple pathways including
anti-osmotic, anti-oxidative,
and anti-thermic processes,
and consequently raised
ethanol yield

Mo et al.
(2019)
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other sugars, leading to diauxic growth and a reduction in ethanol
yield (Tesfaw et al., 2021b). In recent years, however, genetic
engineering of sugar-specific transporters alleviates such a
challenge and glucose-other sugar mixtures can be co-fermented
simultaneously since sugar-specific transporters cannot be affected
by the presence of glucose (Table 3). For example, a genetically
engineered K. marxianus overexpressed xylose-specific transporter
(GAL2-N376F) enabling for the production of 50.10 g/L from the
co-fermentation of glucose and xylose (Kim et al., 2015). K.
marxianus SBK, a mutant developed through a directed
evolutionary approach using 2-deoxyglucoses, was capable of co-
fermenting glucose and xylose simultaneously by alleviating
catabolite repression and the mutant produced 23.82 g/L ethanol
at 40°C from a mixture of 40 g/L glucose and 28 g/L xylose (Kim
et al., 2019). Similarly, overexpressing the mutant sugar transporter
ScGAL2-N376F (derived from S. cerevisiae) in K. marxianus KCTC
17555ΔURA3 strain improved xylose utilization by 195% compared
to the parental strains (Kwon et al., 2020). The ScGAL2-N376F
mutant also enhanced sugar consumption (by 48%) and ethanol
production (by 52%) rates when a mixture of glucose and galactose
was used as the carbon source. Hua et al. (2019) reported that
overexpression of xylose reductase and xylose-specific transporter
genes enhanced the xylose utilization rate from the mixture of xylose
and glucose. These methods enable to supplement of lignocellulosic
feedstock to whey since pentose sugars are a substantial portion of
lignocellulosic hydrolysates for ethanol production.

Besides overexpressing genes associated with sugar transport
and metabolism to enhance non-glucose sugars fermentation,
removing glucose repression is another strategy to alleviate their
catabolite repression. Mig1 (transcriptional factor involved in
glucose repression) represses the expression of several genes such
as GAL83, SUC2, MAL62, LAC4, and LAC12 (genes associated with
the transport and utilization of galactose, sucrose maltose, and
lactose) when glucose is present, mainly at higher concentrations
(Nurcholis et al., 2019). In K. marxianus, disruption of KmMIG1,
the gene of the multicopy inhibitor of GAL gene expression,
alleviated the glucose repression on some non-glucose sugars
such as galactose, sucrose, and raffinose (Hua et al., 2019). In
addition, Murata et al. (2022) showed that UV mutagenesis at
the LAC12-CEL2 cluster of K. marxianus removes the repression
of glucose impacts on cellobiose sugars transport.

Therefore, disrupting Mig1 using different techniques reduces the
repression of glucose on other sugar transport andmetabolism.Nurcholis
et al. (2019) investigated disrupted mutants of genes for Mig1 of K.
marxianus and found that a kanMX4-inserted mutant was able to utilize
sucrose in the presence of glucose. However, the central metabolic
pathways particularly the glycolytic pathways might be affected by
disrupting Mig1. Generally, overexpressing genes associated with
specific non-glucose sugar transporters and removing glucose
repression by disrupting the regulator-associated genes enhance non-
glucose sugar transportation, utilization, and fermentation.

11 Ethanol tolerance of lactose
fermenting yeasts

The naturally occurring and biologically important metabolite,
ethanol, can have a wide effect on ethanol-producing yeasts, and

ethanol can affect nutrient metabolism, protein biosynthesis, protein
function, membrane structure, and small molecule transport
(Vanegas Juan et al., 2012). Ethanol-producing yeasts evolve a
wide range of mechanisms to tolerate the ethanol they produce
as well as the extraneous ethanol. Among these, modification of
plasmamembrane composition by increasing unsaturated lipids and
ergosterol is widely used by the yeasts as a survival factor for high
ethanol tolerance (de Moura Ferreira et al., 2022).

In contrast to S. cerevisiae, Kluyveromyces spp has low ethanol
tolerance (Akbas and Stark, 2016). Tesfaw et al. (2021c) studied the
survival percentage of K. marxianus at 10, 15, and 20% extraneous
ethanol and found that the yeast survival percentage was 62.1% and
17.7% for exposure of 10% and 17% ethanol (v/v), respectively. The
yeast viability at 10% external ethanol doesn’t guarantee the ability to
produce ethanol at this ethanol concentration (Tesfaw et al., 2021c). The
growth ofK.marxianuswas strongly inhibited and its central metabolic
pathway was hindered by an ethanol concentration of 6% (v/v) (Diniz
et al., 2017). Similarly, ethanol-producing Candida spp. cannot grow
when the extraneous ethanol concentration was 6% (v/v) (Azzouni
et al., 2019). In K. marxianus, dawnregulation of genes encoding
unsaturated fatty acid biosynthesis was reported at high ethanol
concentrations and the unsaturated fatty acid did not increase at
high ethanol concentrations (Diniz et al., 2017; Ha-Tran et al.,
2020). Like Ha-Tran et al. (2020) review, K. lactis exhibits low
ethanol tolerance, and the degree of fatty acid unsaturation is
reduced in the presence of external ethanol (Diniz et al., 2017).
Besides high ergosterol presence in the cell membrane, ethanol
tolerance is also linked to many factors such as heat shock proteins,
amino acids, and trehalose (Saini et al., 2017).

11.1 Genetic manipulation to enhance
ethanol tolerance

Different techniques have been used to enhance the ethanol
tolerance of Kluyveromyces. Besides the classical methods like
immobilization of the yeast, genetic manipulations have increased
significantly (Table 3). Adaptive evolution of a haploid wild-type K.
marxianus FIM1 for 100-days (about 450 generations) using 6% (v/v)
external ethanol at a pH of 5.5 and enabled to tolerate ethanol up to 10%
(v/v) (Leonel et al., 2021). The improvement in ethanol tolerance and
production with K. marxianus was engineered through a single amino
acid substitution (K31E) of the TATA-binding protein Spt15 and this
resulted in a differential expression of hundreds of genes that enable the
yeast to develop ethanol tolerance (Li et al., 2018). Similarly, Mo et al.
(2019) investigated to get K. marxianus mutant that tolerates higher
ethanol concentration via adaptive evolution in 6% (v/v) ethanol and
they found that K. marxianus improved ethanol tolerance through a
significant upregulation of multiple pathways including anti-osmotic,
anti-thermic processes, and anti-oxidative, and this enabled to raise
ethanol yield in high-ethanol circumstance and industrial high-
temperature.

12 Immobilization of yeasts

Ethanol production from whey is retarded by the ethanol
(inhibitors) produced by the yeasts themselves during batch

Frontiers in Energy Research frontiersin.org12

Tesfaw 10.3389/fenrg.2023.1183035

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1183035


fermentation. The most commonly employed ethanol-producing
yeasts from whey are categorized under Kluyveromyces, which is less
ethanol tolerant than the industrially efficient S. cerevisiae. The
inhibitors including ethanol retard yeast growth and slow ethanol
fermentation and finally leading to cell death.

12.1 Immobilization of yeasts with classical
carriers

Immobilization of the yeast cells with the solidmatrix could be used
to solve such challenges. Carboxyl methyl cellulose, olive pits, sodium
alginate, and calcium alginate are commonly used as immobilizing
agents during ethanol production from whey (Table 2). Cell
immobilization increases substrate utilization, enhances productivity,
and improves ethanol yield (Roohina et al., 2016). In addition, it lowers
the cost of production, retains stability of yeast activity, andmakes yeast
biomass separation from the bulk easy during dawn processing (Tesfaw
and Assefa, 2014). For example, immobilization of K marxianus with
calcium alginate enhances the ethanol production from cheese whey by
23%; however, the use of immobilized yeasts for ethanol production also
has limitations such as limited nutrient diffusion, chemical and physical
instability of the gel, the high cell densities in the gel beads, metabolites
due to the gel matrix, non-regenerability of the beads, and
immobilization increases costs (Christensen et al., 2011).

Due to higher ethanol production and reduced fermentation
time, continuous fermentation is potentially superior to batch
processes (Gabardo et al., 2012; Gabardo et al., 2016; Asunis
et al., 2020). Fluidized bed, packed bed ICR, and packed column
are the most common bioreactor type to produce ethanol via
continuous fermentation (Table 4).

12.2 Nanoparticle and metal-organic
framework (MOF) based immobilization

Immobilization protects the ethanol-producing yeasts and the
enzymes from the inhibitory effects of intermediate metabolites such
as alcohols and organic acids and external inhibitors. It allows cells and
enzymes to withstand harsher environmental conditions than free cells
and enzymes. Particularly, the immobilization of the β-galactosidase
from Kluyveromyces species with nanoparticles increases the reusing
cycles of the enzyme with a higher percentage of the ability to retain the
original activity. Beniwal et al. (2018) studied β-galactosidase
immobilized on silicon dioxide nanoparticles for the hydrolysis of
whey and co-immobilized cultures of K. marxianus and S. cerevisiae
in a single-stage batch process resulting in a high bioethanol yield
(63.9 g/L). They also reported that immobilizing β-galactosidase with
nanoparticles increased the reuse of the enzyme up to 15 times without
major loss of catalytic activity. Liu et al. (2012) studied the
immobilization of β-galactosidase from K. fragilis with the magnetic
poly (glycidyl methacrylate–ethylene glycol
dimethacrylate–hydroxyethyl methacrylate) nanobeads with reactive
epoxy groups; the activity of novel magnetic nanobeads immobilized
β-galactosidase was improved 2.6-folds compared with commercial
epoxy support; and the magnetic nanobeads immobilized biocatalyst
retained 81.5% of its original activity after 10 reaction cycles. Similarly,
encapsulating β-D-galactosidase from K. lactis by silicon dioxide
nanoparticles enabled to retain the enzyme activities (more than
50%) after 11 cycles, and the nanoparticle-based immobilization
shortened the hydrolysis time (Verma et al., 2012). Half of the initial
activity of β-galactosidase was retained after reusing it 20 times when the
enzyme was immobilized by a polysiloxane–polyvinyl alcohol magnetic
(mPOS–PVA) composite (Neri et al., 2008).

TABLE 4 Maximizing ethanol production from cheese whey using different immobilizing materials.

Yeast Substrate
type

Lactose
content (g/L)

Immobilizing
material

Reactor
(fermentation) type

Efficiency (ethanol
yield %)

References

K. marxianus
PTCC 5194

Cheese whey 42 carboxymethyl cellulose batch 90.33 Roohina et al.
(2016)

K. marxianus
PTCC 5194

Cheese whey 50 carboxymethyl cellulose packed bed ICR (continuous) 91.07 Roohina et al.
(2016)

K. marxianus
DSMZ 7239

Cheese whey
powder

50 olive pits packed column (continuous) 19.5 g/L at 50 h Ozmihci and Kargi
(2008)

K. marxianus CBS
6556

Cheese whey 50 sodium alginate fluidized bed (batch) 83.3 Gabardo et al.
(2012)

K. marxianus CBS
6556

Cheese whey
powder

50 sodium alginate fluidized bed (continuous) 87 Gabardo et al.
(2012)

K. marxianus CBS
4086

Cheese whey 50 sodium alginate fluidized bed (batch) 79.1 Gabardo et al.
(2012)

K. marxianus CBS
2653

Cheese whey 50 sodium alginate fluidized bed (batch) 83.3 Gabardo et al.
(2012)

K. marxianus
TY-3

Cheese whey
powder

100 sodium alginate fed-batch 63.14 Guo et al. (2010)

K. marxianus
DSMZ 7239

Cheese whey 46 Ca-alginate fluidized bed (continuous) 89.64 Christensen et al.
(2011)

C. kefyr Cheese whey 48.4 Brewery spent grain Batch 21.3 g/L Soupioni et al.
(2016)
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Besides the immobilization of β-galactosidase enzyme, research on
yeast cells immobilized by nanoparticles to improve ethanol production
from whey is limited. Immobilized cells of S. cerevisiae using magnetic
nanoparticles were capable to produce higher bioethanol production
with a productivity of 264 g/L/h (Sekoai et al., 2019). Similarly, a
reduction in fermentation time, higher ethanol titer, and
productivity were demonstrated by S. cerevisiae immobilizing with
dark brown chitosan-coated manganese ferrite nanoparticles (Núñez
Caraballo et al., 2021). In Firoozi et al. (2022) investigation, S. cerevisiae
was immobilized with L-lysine-coated magnetite nanoparticles
(MNPs), produced via a one-pot system, and the immobilized yeasts
were evaluated for ethanol production from molasses as a carbon
source. Their results also showed that the sugar consumption rate of
the immobilized yeasts was higher than that of the free yeast cells and
the nanoparticle coating immobilization had no negative effects on S.
cerevisiae metabolism or ethanol production. Besides easy magnetic
separation, the benefits of applying amino acids like L-lysine in the
structures of iron oxide nanoparticles include decreased toxicity,
increased high surface activity, and biocompatibility. However, the
roles of nanoparticles to encapsulate Kluyveromyces species for
optimal ethanol production from cheese whey are open for research.
Most of the studies on nanoparticle application in biofuel production
are related to ethanol production from lignocellulosic biomass,
particularly during biomass pretreatment, hydrolysis, and
fermentation (Sanusi et al., 2021; Verma et al., 2022).

Metal-organic frameworks (MOFs) consist of positively charged
metals and organic ligands (pores) surrounding the metals; and due
to hollow (porous) structures, MOFs have a large internal surface
area to hold compounds. Since MOFs are highly inert hosts,
selective, stable, tunable, easily separable, and vastly reusable,
they are getting attractive attention as encapsulating agents (Wei
et al., 2019; Silva et al., 2022). MOFs are commonly used to
immobilize enzymes. Wei et al. (2019) studied the encapsulation
of β-galactosidase within MOFs such as zeolitic imidazolate
framework-8 (ZIF-8), Zn-MOF-74, or UiO-66-NH2 via a ball
milling process, a solid-state mechanochemical strategy that is
rapid and minimizes the use of organic solvents and strong acids
and they reported that the encapsulated enzyme exhibits increased
resistance to proteases, even in the presence of acids.

The production of an exoskeleton for S. cerevisiae cells was reported
by Liang et al. (2016) and during their experimentation the yeast cells
were first coated with exogenous β-galactosidase, followed by the
crystallization of MOF (particularly ZIF-8), where external β-
galactosidase had two services: first nucleation agent for MOF
crystallization and second, the enzyme breaks down lactose to glucose
and galactose that serves as energy sources during starvation.
Furthermore, the homogenous ZIF-8 coating can protect yeast cells
from UV radiation, and toxic agents particularly large cytotoxic
proteins and anti-fungal agents (Liang et al., 2016; An et al., 2019).
The protective shell also enabled the yeasts to survive the extreme
oligotrophic environments for more than a week (Liang et al., 2017).

13 Two steps ethanol production from
cheese whey

S. cerevisiae produces more ethanol and is more tolerant to
ethanol stress than Kluyveromyces spp. The good fermentation

capacity and ethanol tolerance [allowing the production of
ethanol up to 20% (v/v)], its ability to grow under anaerobic
conditions, its GRAS (generally regarded as safe), and extensive
industrial and scientific knowledge that has been developed
although a long time enabled the industrial microbiologist to
choose S. cerevisiae in first plane for industrial alcoholic
fermentation (Guimarães et al., 2010). However, S. cerevisiae
cannot utilize the lactose in cheese whey to produce bioethanol
since it lacks the enzymes β-galactosidase and lactose permease
(Gabardo et al., 2016; Díez-Antolínez et al., 2018). In addition, there
are still certain biotechnological aspects in which Kluyveromyces
cannot compete with Saccharomyces industrially (Guo et al., 2010).
Coculture and two steps ethanol production processes are
commonly employed to produce ethanol from whey using S.
cerevisiae.

Chemical or enzymatic hydrolysis of lactose in cheese whey is
first needed to produce ethanol by S. cerevisiae. Lactose in whey can
be degraded to glucose and galactose by inorganic acids (sulfuric and
hydrochloric acids) and carbonic acid (Coté et al., 2004). However,
acid hydrolysis of lactose has caused sugar loss and inhibitors like
hydroxymethyl furfural by caramelization reactions since the
hydrolysis is commonly performed at elevated temperatures
(180–250°C). In addition, acid hydrolysis of lactose can result in
adding a demineralization process, protein denaturation, and the
formation of undesirable products (Zhou et al., 2019). Enzymatic
hydrolysis (by β-galactosidase) of lactose in whey is preferred over
acid hydrolysis. β-galactosidase which can be produced by bacteria,
yeast, and filamentous fungi, hydrolyze lactose into monomeric
sugars such as glucose and galactose (Schmidt et al., 2020).

The challenge of two-step ethanol production is the presence of
diauxic growth of the yeasts in the presence of a mixture of glucose
and galactose, which reduces the efficiency of ethanol production
(Sar et al., 2022). Glucose represses the absorption and utilization of
galactose by the yeasts when present in the mixture and later
decreases the utilization of lactose (Jin et al., 2016; Zou and
Chang, 2022). Furthermore, the conversion of galactose into
glycolytic intermediates requires additional steps and energy
since glycolytic enzymes are not galactose specific and the
galactose is converted to glucose-6-phosphate via the Leloir
pathway that involves different steps and reduced to ethanol
(Díez-Antolínez et al., 2018).

14 Coculture method for ethanol
production from whey

The step-by-step approach discussed above has at least three
drawbacks. First, the chemical hydrolysis of lactose release inhibitors
such as hydroxymethyl furfural, which significantly reduce yeast
growth. Second, the enzymatic process requires β-galactosidase and
others; the enzymes increase production costs. Third, enzymatic
hydrolysis can be affected by catabolite repression (Guimarães et al.,
2010). The mixed culture approach of ethanol-producing S.
cerevisiae with β-galactosidase-producing microbes is highly
valuable to tackle such drawbacks. In addition, the recombinant
S. cerevisiae expressing β-galactosidase is another alternative
solution to produce ethanol directly from whey lactose using S.
cerevisiae. However, the genetically modified S. cerevisiae and other
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strains are often discarded for the production of food-grade ethanol
(Zotta et al., 2020). In addition, the genetically engineered S.
cerevisiae strains have shown undesirable traits such as genetic
instability, low growth, and reduced ethanol production (Díez-
Antolínez et al., 2018).

Guo et al. (2010) studied cheese whey powder containing high
concentration of lactose for co-cultivation of K. marxianus and S.
cerevisiae to produce ethanol and the mixed cells produced higher
ethanol than the monoculture of S. cerevisiae. Besides enabling
hydrolyzing of the lactose in the whey, S. cerevisiae was able to
produce more ethanol indicating that K. marxianus had other
contributions favoring bioethanol production. Similarly, batch
fermentation of cheese whey with the mixed culture of S. cerevisiae
and K. marxianus resulted in higher lactose consumption and ethanol
production than yeast monocultures (Farkas et al., 2019). The impact of
coculture becomesmore pronouncedwhen the lactose in whey is higher
by external supplementation of lactose or different cheese whey
concentrating methods. Farkas et al. (2019) found a higher ethanol
content (80–82 g/L) in amixed culture of S. cerevisiae andK.marxianus
when the lactose concentration was raised to 150 g/L. The Crabtree-
negative K. marxianus ethanol yield is lower than that of S. cerevisiae
{Zou, 2022 #114} (Zou and Chang, 2022), and coculturing K.
marxianus with S. cerevisiae enables us to solve such a challenge. In
the mixed culture, it was found that the amount of ethanol increased
when the mixed cells were immobilized with alginate.

The use of a mixed culture in the whey fermentation reduced
the substrate inhibitions and then increased the ethanol
concentration, which is why 57.6 g/L ethanol through the
mixed culture of S. cerevisiae and K. marxianus in a ratio of 1:
1 from cheese whey powder (containing 152 g/L) lactose (Farkas
et al., 2019). The mixed culture resulted in higher lactose
consumption and higher ethanol production than yeast
monocultures (Rodrigues et al., 2016). Similarly, more ethanol
was produced by mixed culture of K. marxianus and Candida
krusei using whey as the fermentation media. During co-
cultivation, it was found that co-immobilization of both
galactose-producing microbes and ethanol-producing yeast for
ethanol production is more effective than suspension cultures,
especially for high-temperature ethanol production (Zou and
Chang, 2022). Co-cultivation between Kluyveromyces spp and S.
cerevisiae enhances ethanol tolerance (Zou and Chang, 2022) and
higher ethanol titer could be produced in co-culture than in
mono-culture.

15 Electro-fermentation for bioethanol
production from whey

Electro-fermentation is an emerging bioprocess that
electrochemically controls microbial fermentative metabolism
using electrodes. Besides modifying the media by changing the
redox balances, imbalanced fermentations might be generated
since the electrodes can act as either electron sinks or sources
(Moscoviz et al., 2016; Sriram et al., 2022). It is the oxidation-
reduction potential of the growing media that controls the
metabolism of the microorganisms and any factor affecting the
oxidation-reduction potential such as the changing electrochemistry
via applying electricity or other means, can have a positive or

negative impact have on the on the fermentation of microbes.
However, the capability of electro-fermentation to regulate redox
instability boosts the overall metabolites activities of the
microorganisms and hence improved metabolic products such as
ethanol, methane, hydrogen gas, and biopolymers could be
produced (Chandrasekhar et al., 2021).

Mathew et al. (2015) studied the enhancement of ethanol production
by S. cerevisiae via electrostatically accelerated fermentation of glucose and a
voltage was applied to the fermentation mixture without causing a current
(a purely electrostatic version). Their investigation showed that electro-
fermentation enabled the production of 14% (v/v) ethanol by the active S.
cerevisiae cells in 20 h compared to 7%–8% (v/v) ethanol concentration in
50–70 h via the traditional fermentation and themethoddoesnot consume
external energy since it is electrostatic (without external electricity). In Joshi
et al. (2019) study, S. cerevisiae and W. anomalous were grown in 5%
glucose and lignocellulosic hydrolysates to enhance ethanol production in
an electrochemical cell. The ethanol production by S. cerevisiae (non-xylose
fermenting yeast) and W. anomalous (xylose-fermenting yeast) from 5%
glucose was enhanced by 19.8% and 23.7%, respectively, in an
electrochemical cell when externally supplied with 4 V, as compared to
the control cultures (no external voltage). Cultivation of S. cerevisiae andW.
anomaloususing glucose as a substrate in the platinumnanoparticle-coated
platinum anode and the neutral red-coated graphite cathode, respectively,
potentially increased ethanol production (52.8%). The increase in ethanol
production reached 61.5% when glucose was replaced with lignocellulosic
biomass hydrolysate. Faster cell growth resulting in the production of 53 g/
L ethanol was reported when external −1.5 V is applied to the
electrochemical bioreactor containing 120 g/L glucose and S. cerevisiae
(Kumar et al., 2018). Dhungana et al. (2022) studied ethanol production
from lignocellulosic materials by a fungal consortium composed of a
cellulolyticA. niger and lignocellulolyticG. sessile together with S. cerevisiae
via electro-fermentation, which resulted in electro-fermentation increasing
ethanol production by 12% and 18% with a mixed culture of G. sessile—S.
cerevisiae and G. sessile- A. niger - S. cerevisiae, respectively.

Generally, the benefits of electro-fermentation are being
selective, efficient sugar (carbon) utilization minimized use of
additives for pH control or redox balance, better cell growth,
better product purity, and in some cases improved product
recovery (Schievano et al., 2016; Joshi et al., 2019). Most studies
on electro-fermentation have focused on biogas and biohydrogen
production using bacteria (Sriram et al., 2022) and ethanol
production by bacteria via electro-fermentation is also known
(Kumar et al., 2018; Chandrasekhar et al., 2021). Ethanol
production by yeasts, particularly S. cerevisiae, involving electro-
fermentation, has also been documented; however, there is no study
on ethanol production from whey through the new technology.
Hence, it is a new area of research as the bioelectrochemical system is
affected by the chemical composition of the media (Yamada et al.,
2022) and the whey composition is completely different from a
substrate utilized by S. cerevisiae to produce ethanol.

16 Economics of ethanol production
from cheese

Due to the expensive technology, the small and medium-sized
dairy industries cannot produce value-added products from their
residues; some cheese factories process approximately 50% of their
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cheese whey into powder cheese whey and condensed cheese whey
instead of producing valuable products such as ethanol, organic
acids (Osorio-González et al., 2022) and the remaining 50% of the
cheese whey of small and medium-sized industries is damped off to
water bodies (Tesfaw et al., 2021b). Asides from the expensive
technology needed to commercialize of cheese whey, few studies
have shown the economic feasibility of producing ethanol from
cheese whey; however, the economic feasibilities of cellulosic,
molasses, and starch-based ethanol is dealt with in detail.

Direct fermentation of raw cheese to ethanol is not economically
feasible due to low lactose content resulting in 2%-3% (v/v) ethanol
(Zou and Chang, 2022). Utama et al. (2017b) studied the economic
feasibility of bioconversion of cheese-making wastes to bioethanol using
a joint cost allocation with the market price method approach and the
break-even point and the result showed that bioethanol production has
financial benefit of up to US$ 3816.96 per month (ethanol price per liter
at US$3.02 with a hypothetical market price of US$2.21/L and a cost per
unit after split-off of US$0.81/L), reducing the variable cost of main
product by14.73%, saved disposal cost, and attained the breakeven point
in 3.53 months, and they invested US$17197.28 to treat 24,000 L of
cheese whey per month. Utilizing distillery waste for bio-fertilizer
production enhances the economic feasibility of ethanol production
(Utama et al., 2017a).

The key factor hampering economical ethanol production from
cheese whey is the low lactose present in whey and economical
ethanol could be produced when the lactose concentration is raised
to 200 g/L (Valta et al., 2017), despite the presence of 40–50 g/L
lactose in whey (Table 2). On the other hand, to be economically
feasible, biogas from effluent treatment should be used to recover the

alcohol (dehydration and distillation), the plant has to produce
60,000 L of ethanol per day (5 million gallons a year), the
fermentable sugars should be 15% (w/v) to produce 9%-10% (v/
v) ethanol, and the recovery cost has to be reduced below $0.2 per
liter (Ling, 2008). These enforce to add the external lactose making
the production cost higher, and this necessity for the fortification of
the whey with cheap sugar sources like molasses and other industrial
wastes. However, the mixing of different sugars results in catabolite
repression that might be solved by genetic manipulations,
particularly, in the sugar transport systems and metabolic
engineering. Furthermore, increasing the sugar content of cheese
whey requires high tolerance to ethanol and osmotic pressure (Zou
and Chang, 2022). Generally, optimizing different processing
conditions related to ethanol production such as increasing
fermentable sugars, creating optimal growth conditions for the
yeast, producing efficient ethanol-producing yeast via metabolic
engineering and classical methods, improving ethanol titer (more
than 9% v/v), utilizing distillery wastes for income generation to
reduce the production cost, and increasing the investment cost
enable to produce economical ethanol from whey (Figure 2).

17 Conclusion and feature directions

Cheese whey is the main and voluminous waste generated
during dairy product processing. It has high BOD and COD
hence it harms the environment if it is released into the
environment without treatment. Valorization of cheese whey for
various biological products is the best choice but this paper focused

FIGURE 2
Different processing conditions to produce economical ethanol from cheese whey.
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on the current trends of bioethanol production from whey via the
classical fermentation technologies and recently evolved ethanol
optimization methods such as electro-fermentation and
immobilizing the microbes with nanoparticle and MOF-coated
supporting material. The ability of K. marxianus to ferment
lactose at a higher temperature makes it the best strain choice
among Kluyveromyces and Candida species since it reduces
cooling costs and prevents contamination by lactic acid bacteria
and other microbes. The K. marxianus is competent enough against
lactic acid bacteria to produce ethanol without pasteurizing or
sterilizing the whey. The efficient ethanol-producing yeasts (like
S. cerevisiae) that lack β-galactosidase can be employed to produce
ethanol from whey by coculturing with microbes that have β-
galactosidase or by hydrolyzing lactose using chemical, biological,
or/and physical methods. In addition, most lactose fermenting
yeasts such as K. marxianus, K. lactis, and Candida kefyr are not
tolerant to ethanol. Researches on ethanol tolerance by genetic
modification are common but few kinds of research are reported
on adaptive evolution and other non-genetic modification methods
hence it is still open for research. The main challenges to producing
economical ethanol from cheese whey are the low concentration of
lactose in the whey and as a result lower ethanol titer. This increases
the distillation cost at the industrial level hence this problem can be
solved by adding cheap external carbon sources to the whey;
however, this results in catabolite repression which needs to be
solved by genetic engineering tools. Economical ethanol production

is feasible if different production processes are optimized and
investment cost is increased.
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