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Abstract: The growing burden of waste disposal coupled with natural resource scarcity has renewed interest in the remediation,
valorization, and/or repurposing of waste. Traditional approaches such as composting, anaerobic digestion, use in fertilizers or animal
feed, or incineration for energy production extract very little value out of these waste streams. In contrast, waste valorization into
fuels and other biochemicals viamicrobial fermentation is an area of growing interest. In this review,we discussmicrobial valorization
of nonconventional, aqueous waste streams such as food processing effluents, wastewater streams, and other industrial wastes. We
categorize these waste streams as carbohydrate-rich food wastes, lipid-rich wastes, and other industrial wastes. Recent advances in
microbial valorization of these nonconventional waste streams are highlighted, along with a discussion of the specific challenges and
opportunities associated with impurities, nitrogen content, toxicity, and low productivity.
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Introduction
A sustainable, circular economy eliminates waste through dema-
terialization and reuse of material, especially carbon. Although
this sustainability paradigm first emerged in the 1960s, it is be-
coming increasingly relevant (and fortunately, even more techno-
logically feasible) in recent years in light of population and eco-
nomic growth as well as global industrialization. Themany conse-
quences of our single-use economy—from climate change, pollu-
tion, land and resource scarcity, and biodiversity loss—necessitate
a shift in societal perspective on waste. As a result of this line
of thinking, waste streams are increasingly being recognized as
valuable. For example, agricultural waste streams rich in ligno-
cellulosic biomass such as corn stover, rice and wheat straw,
and sugarcane bagasse have been explored for biofuels and spe-
cialty chemicals production (Singhvi & Gokhale, 2019). Wastewa-
ter treatment plant and paper mill sludge have likewise received
a great deal of interest (Brown et al., 2021; Du et al., 2020; Ouadi
et al., 2019; Vashistha et al., 2019) as unique carbon sources.
Aside from these streams,most industrial and agricultural wastes
have received little attention. Some of these wastes have been ex-
plored as fertilizers or animal feed, although this is limited by
the presence of antinutritional factors and toxicants (Dou et al.,
2018; Mo et al., 2018; Zhang et al., 2020). Across the board, val-
orization approaches (both biological and chemical) are required
to convert these various waste streams into valuable fuels and
chemicals.

Perhaps the most ubiquitously evaluated microbial technol-
ogy for biological waste remediation is anaerobic digestion (AD),
a process that produces biogas (primarily a mixture of methane

and CO2) typically used for lighting and heating, and digestate,
typically applied to land as a fertilizer. This microbial technol-
ogy is not easily scalable and extracts minimal value from waste.
Moreover, biogas is not feasible for many energy uses due to
poor quantity and quality of methane and presence of impurities
(especially H2S). Further upscaling of this biogas directly produces
biomethane, which may be compressed to create a transporta-
tion fuel (compressed natural gas) or reformed to produce syngas
(Nguyen et al., 2019; Rasapoor et al., 2020).The other half of theAD
products, the digestate, must also undergo treatment prior to use
to prevent public health risks (Surendra et al., 2014). As a result
of these limitations, new approaches are needed to truly valorize
these waste streams.

Thermochemical and electrochemical conversion technologies
have been explored as alternatives to upgrade inorganic wastes
(Yoldi et al., 2019) and industrial streams such as saline waste
(Baena-Moreno et al., 2020) and purified glycerol (Aroua & Cognet,
2020; Lin, 2013). However, most industrial wastes are complex
mixtures that are better treated usingmicrobial fermentation as a
valorization approach. More specifically, microorganisms are able
to metabolize structurally distinct compounds at mild conditions
and route them toward a single product, a feat incredibly diffi-
cult using purely chemical technologies. Host selection can be
achieved by selecting either native isolates from waste streams
(Bhatt et al., 2019) or through metabolically engineered hosts us-
ing enzymes from these isolates. Regardless of the tact, microbial
fermentation reroutes carbon toward high-value products while
detoxifying waste, as depicted in Fig. 1, and will therefore be a
critical technology for waste valorization and achieving a circular
economy.

Received: June 13, 2021. Accepted: September 14, 2021.
© The Author(s) 2021. Published by Oxford University Press on behalf of Society of Industrial Microbiology and Biotechnology. This is an Open Access article
distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.

https://doi.org/10.1093/jimb/kuab056
https://orcid.org/0000-0002-0243-9776
https://orcid.org/0000-0002-8246-8605
mailto:halper@che.utexas.edu
http://creativecommons.org/licenses/by/4.0/


2 | Journal of Industrial Microbiology and Biotechnology, 2022, Vol. 49, kuab056

Fig. 1 Graphical depiction illustrating the role of microbial fermentation in a circular economy. Microbial fermentation valorizes resources back toward
high-value products, fuels, and platform chemicals while detoxifying waste and generating biomass, with side stream applications such as fertilizer or
animal feed. Images are obtained from open source resources including Pixabay and Openclipart.

Microbial platforms have been established to produce high-
value products such as pharmaceuticals, surfactants, platform
chemicals, and biodegradable polymers from industrial streams.
In addition to extracting value,microbial valorization also reduces
the treatment costs traditionally associated with waste disposal.
Recent advances in synthetic biology and metabolic engineer-
ing are expanding both the breadth of available waste streams
and the uniqueness of downstream products. In this review, we
highlight recently developed microbial fermentation technolo-
gies for valorizing underutilized wastes, and discuss the chal-
lenges associated with impurities, nitrogen content, toxicity, and
low productivity. Select examples illustrating strategies to over-
come these challenges are highlighted in Table 1. In particular,
we discuss nonconventional, aqueous waste streams originating
from food-processing effluents, wastewater streams, and other
industrial wastes. These waste streams are broadly categorized
as carbohydrate-rich food wastes, lipid-rich wastes, and other in-
dustrial wastes. Throughout, we focus on the potential titers as
well as the metabolic engineering strategies required to achieve
valorization.

Carbohydrate-Rich Food Wastes
Despite many strategies to mitigate food waste (Gunders, 2012, p.
40), there are certain streams, like fruit peels and coffee grounds,
for which waste is unavoidable. Food wastes more generically
have potential uses as animal feed and composting, yet greater
value can be extracted from these waste streams through the bio-
conversion of the fermentable sugars. In addition, food wastes of-
ten contain free amino nitrogen (FAN) or proteins, and sources
of phosphate and other minerals necessary for microbial growth.
As a result, carbohydrate-rich food waste streams can serve as
low-cost microbial mediums with little need for supplementa-
tion. We highlight advances in the bioconversion of whey/acid
whey and fruit peels as two exemplars of ongoing work in the
field.

Whey
Whey is a major by-product of the dairy industry that is formed
when milk proteins like casein coagulate during yogurt pro-
duction and cheesemaking (Chandrapala et al., 2015). Owing to
high organic loads and large production volumes, whey is a ma-
jor source of pollution—200 million tons are produced globally
and approximately 50% is directly released into the environment
(Barba, 2021; Valdez Castillo et al., 2020).Whey can be categorized
into two groups: sweet whey that is derived from making rennet-
type hard or semihard cheeses and acid whey that is generated
during the production of soft cheeses and yogurts when coagula-
tion is induced by a reduction in pH. Both forms of whey contain
whey proteins, lipids, sugars (mainly lactose), lactic acid,minerals,
and water soluble vitamins; however, acid whey has lower pro-
tein content, higher acidity, and higher mineral content (Menchik
et al., 2019). As a result, acid whey is typically more difficult to
process and valorize compared with sweet whey that has been
successfully used in a variety of food products including sports
drinks and infant formulas (Huang et al., 2019).Nevertheless, gen-
eral production growth as well as popularity of products such as
Greek yogurt have led to a 1–2% annual increase in acid whey pro-
duction, thus increasing the need for efficient valorization strate-
gies (Zerva et al., 2021).

Whey-based microbial growth media can be achieved through
different levels of processing.Whole/crude whey is nonsterile, but
has been successfully utilized as microbial media (Dessì et al.,
2020; Israni et al., 2020; Mano et al., 2020). Whey powder, gen-
erated through spray drying, can be diluted in water to pro-
duce a medium with greater ability to control lactose concen-
tration, albeit with higher production costs (Amaro et al., 2019;
Zikmanis et al., 2020). Whey permeate is generated by re-
moving the majority of proteins and solids, usually through
heat treatment and ultrafiltration yielding a sterile homoge-
nous solution that can also be spray dried into a whey powder.
This final processing option yield a high carbon:nitrogen ratio,
which is preferable for bioproduction of some products, such as
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polyhydroxyalkanoates (PHAs)—a class of biodegradable micro-
bial polymers. In a recent study, Bacillus megaterium, was found to
produce higher polyhydroxybutyrate (PHB) titers on whey perme-
ate than on whole whey (Amaro et al., 2019; Das et al., 2018). Like-
wise, secondary cheese whey (scotta, generated from production
of ricotta and cottage cheese), which has high lactose content but
low protein content can be used for PHA production (Amaro et al.,
2019).

To enable direct conversion of lactose, the primary sugar in
whey, it is preferable to utilize organisms with β-galactosidase ac-
tivity as this bypasses the need for additional pretreatment: hy-
drolysis via chemicals, enzymes, or Lactobacilli (Israni et al., 2020).
For example,Aureobasidium pullulans (also known asAureobasidium
namibiae), a yeast-like fungus known to produce industrially rele-
vant enzymes such as galactosidases (Prasongsuk et al., 2018),was
recently studied for lipid production from whey powder medium
(Wang, Ye, et al., 2021). Strain engineering can allow for the im-
port of this enzymatic activity into cells that would otherwise be
suitable organisms for this particular bioconversion. For exam-
ple, many yeasts are unable to directly utilize lactose, however,
they are often more suited for valorization of whey than bacte-
ria due to their adaptation to low pH and tolerance to osmotic
stress and nitrogen starvation (Valdez Castillo et al., 2020). In this
regard, lactose consumption can be engineered easily (Beniwal
et al., 2021; Brabetz et al., 1991; Jung & Lee, 2008; Mano et al.,
2020). Among yeasts, those classified as Crabtree positive are less
preferable when the desired product is not ethanol as the high
lactose concentrations seen in whey will induce production of
ethanol (Valdez Castillo et al., 2020). To demonstrate this point,
recent engineering of hosts like Yarrowia lipolytica through heterol-
ogous expression of β-galactosidase and overexpression of native
galactose utilization pathways can enable a platform for lipid pro-
duction from acid whey (Mano et al., 2020).Mano et al. also used a
pex10 knockout to minimize hyphal formation and abolish perox-
isomal β-oxidation, which improved lipid accumulation and en-
abled fermentation in concentrated acid whey. Furthermore, Y.
lipolyticawas able to maintain an optimal pH throughout this pro-
cess for β-galactosidase activity by counterbalancing lactic-acid
consumption with citric-acid generation. This feature,when com-
bined with enhanced galactose metabolism could prevent bottle-
necks in substrate uptake and enable full utilization of sugars in
nonsterile unsupplemented acid whey (Mano et al., 2020). Look-
ing forward, Y. lipolytica has native proteases and lipases (Zinjarde
et al., 2014) which could allow for utilization of whey proteins and
lipids in addition to the sugars.

Another organism capable of consuming thewhey proteins and
lipids is B.megaterium as described above.To demonstrate this, a β-
galactosidase negative strain of this species was recently explored
for PHA production from whole whey (Israni et al., 2020). Despite
successes, several studies have found difficulty in achieving high
biomass concentrations for organisms incapable of utilizing whey
proteins without supplementing NH4

+ (Conde-Báez et al., 2019;
Shen et al., 2019).As a result, production of extracellular proteases
and lipases may be a good criterion when selecting organisms for
whey valorization.

In addition to hydrolytic activity, β-galactosidases can also
catalyze transgalactosylation of lactose into galactooligosaccha-
rides (GOS). Galactooligosaccharides are prebiotics with prop-
erties similar to the oligosaccharides found in human breast
milk, commonly used in infant formulas (Fischer & Kleinschmidt,
2021). β-Galactosidases from Aspergillus oryzae, Kluyveromyces lac-
tis, and Bacillus circulans are commonly used for commercial GOS

production from lactose (Fischer & Kleinschmidt, 2021; Zerva
et al., 2021). While these enzymes have been researched for GOS
production from sweet and acid whey (Bolognesi et al., 2021;
Fischer & Kleinschmidt, 2015; Mano et al., 2019; Simović et al.,
2019), recent research has begun characterizing similar enzymes
from other organisms such as Thermothielavioides terrestris (Zerva
et al., 2021), Cryptococcus laurentii (Fischer & Kleinschmidt, 2021),
and Pantoea anthrophila (Yañez-Ñeco et al., 2021). These enzymes
have desirable properties such as greater thermostability, or bet-
ter salt tolerance and low pH optima, which are especially useful
for valorizing acid whey.

In addition to the products highlighted above, recent efforts in
the microbial valorization of whey have included production of
pigments (Mehri et al., 2021); enzymes such as β-galactosidases
(Bentahar et al., 2019) and lipases (Knob et al., 2020); and poly-
mers such as bacterial exopolysaccharides, bacterial cellulose,
and chitosan (Kolesovs & Semjonovs, 2020; Kuppamuthu et al.,
2020; Li et al., 2020). Collectively, these results demonstrate
that both sweet and acid whey are feedstocks of interest for
valorization.

Fruit Peels
Like whey, fruit peels are another carbohydrate-rich waste stream
of interest for biovalorization. However, the composition of fruit
peelsmakes bioconversionmore challenging thanwhey; and thus,
laboratory studies have evaluated a variety of thermal, chemical,
andmechanical pretreatment steps to enable enzymatic hydroly-
sis and microbial conversion. Ligninolytic organisms (especially
some filamentous fungi and select ligninolytic bacteria (Xiong
et al., 2020)) can directly ferment peel waste with only limited
physical pretreatment. For example, a novel ligninolytic strain
of Alcaligenes faecalis was recently employed for production of
bioflocculants directly from citrus peel waste and could achieve a
titer of 3.49 g/l under optimized conditions (Qi et al., 2020). An-
other study optimized watermelon peel waste as a cheap, new
fungal medium and found that growth of several fungal species
(Aspergillus niger, Penicillium expansum, Fusarium oxysporum, Rhizo-
pus oryzae, Lichtheimia corymbifera) was comparable to or better
than traditional potato dextrose (PD) with an additional advan-
tage of being half the cost (Hasanin & Hashem, 2020). For non-
ligninolytic organisms, a traditional simultaneous saccharifica-
tion and fermentation approach is possible. As an example, Yang
et al. recently expressed an A. niger pectinase in Pichia pastoris to
enable oligogalacturonide (OG) production directly from ground
mandarin and orange peels (Yang et al., 2020). This was the first
report of yeast engineered for OG production directly from cit-
rus waste, and particularly substantial since OGs are traditionally
produced using purified pectin through amultistep, costly process
with negative environmental impacts.

Fruit peels vary in their content of lignin, thus impacting the
type of pretreatment required and the composition of down-
stream microbial inhibitors such as phenolics, and organic acids
released during enzymatic hydrolysis (Zeng et al., 2014). The is-
sue of microbial inhibitors is repeatedly encountered across var-
ied waste streams. In the case of fruit peels, these challenges are
similar to the issues seen in lignocellulosic biomass hydrolysate.
Specifically, the high cost of detoxifying hydrolysate of lignin-
rich peel wastes disfavors the use of pretreatment leading to the
search for more tolerant strains. For example, Siwina and Leesing
identified a new strain of Rhodotorula mucilaginosa which achieved
similar lipid yield and titer in raw and detoxified durian peel hy-
drolysate, despite the presence of inhibitors 5-HMF and acetic
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acid (Siwina & Leesing, 2021) (Table 1). A variety of peel wastes
have been explored for biovalorization, including durian (Siwina
& Leesing, 2021), pomegranate (Rayasam et al., 2020; Roukas &
Kotzekidou, 2020), pineapple (Khan et al., 2021; Umesh et al.,
2019), and watermelon. However, the majority of research has fo-
cused on citrus peels from industrial juice and marmalade pro-
duction, as world production volumes are nearly 100 million tons
annually (USDA Foreign Agricultural Service, n.d.; Khan et al.,
2021), and 50–60 wt% of the actual fruit processed typically ends
up as waste (peels, pulps, seeds) (Negro et al., 2016). Not surpris-
ingly, citrus waste has recently been explored for the production
of lipids (Carota et al., 2020), succinic acid (Patsalou et al., 2020),
OGs (Yang et al., 2020), bioflocculants (Qi et al., 2020), and meso-
galactaric acid (Protzko et al., 2018).

Fermenting citrus peels is likewise complicated by the pres-
ence of D-limonene and other plant essential oils that can in-
hibit microbial growth at very low concentrations (<1% vol/vol)
(Satari & Karimi, 2018). At the same time, these essential oils
are also highly valuable with D-limonene valued at $10000/t for
its use as a food preservative, flavoring, and eco-friendly clean-
ing agent (Negro et al., 2016). To this end, researchers have engi-
neered organisms for its production as well as utilized limonene
as a substrate for biotransformation to generate products such as
limonene-1,2-diol and α-terpineol (Bier et al., 2017; Sales et al.,
2018; Tai et al., 2016). Ongoing studies into the mechanism of
limonene toxicity have identified organisms with natural toler-
ance to limonene (Lennartsson et al., 2012) and even some ca-
pable of utilizing limonene as a sole carbon source (Bier et al.,
2011; Sales et al., 2018). Likewise, enhanced tolerance to limonene
is possible via adaptive laboratory evolution, and rationally en-
gineering genes identified via mutant screening, transporter li-
braries, and transcriptomics (Chubukov et al., 2015; Dunlop et al.,
2011; Li et al., 2021; Ren et al., 2020). Nevertheless, owing to the
potential high-valued stream, it is preferable to extract limonene
and other essential oils through pretreatment with distillation, ei-
ther before or after hydrolysis (Patsalou et al., 2020). Several exam-
ples of recent valorization schemes using distillation to remove
plant essential oils from peel waste are highlighted in Table 1.

Also analogous to lignocellulose utilization, to derive the max-
imum value from peel wastes, microbial strains must be able
to utilize the diverse carbon sources in the hydrolysate includ-
ing pentoses (xylose, arabinose), hexoses (galactose, glucose, fruc-
tose, rhamnose), sucrose, and galacturonic acid (GalA) (Martins
et al., 2020). Recent work has focused primarily on the utilization
of GalA, an oxidized monosaccharide which composes over 70%
of the pectin polymer, and is partially responsible for the highly
acidic (pH 3.5) nature of citrus peel hydrolysates (Protzko et al.,
2018). Abundant in citrus peels and other fruit wastes, pectin is
a branched polysaccharide often used as a thickening/stabilizing
agent in food products or as a matrix for edible films. This com-
pound (like limonene described above) can be extracted from cit-
rus peels to create another valorized by-product stream.

Both filamentous fungi and yeasts are well suited for acidic fer-
mentation; however, GalA is not naturally utilized by the indus-
trial workhorse Saccharomyces cerevisiae and many other yeasts
of interest (Y. lipolytica, Pichia stipitis, Kluyveromyces marxianus)
(Martins et al., 2020). An exception to this is the oleaginous yeast
Rhodosporidium toruloides which could be a promising platform for
biovalorization of citrus peel wastes. A recent genetic and enzy-
matic analysis showed that R. toruloides is capable of efficiently co-
utilizing GalA and glucose or xylose with GalA rates 4 to 500 times
higher than those reported for other well-known fungal species
including Neurospora crassa and A. niger (Protzko et al., 2019).

Nevertheless, there are challenges in consuming the array of sug-
ars including a redox imbalance that can arise due to differing
cofactor preferences among pathway enzymes. Catabolite repres-
sion (a consequence of glucose in the hydrolysate) is another dif-
ficulty encountered even among organisms capable of ferment-
ing all monosaccharides in citrus peel hydrolysate, as demon-
strated over 25 years ago with a recombinant strain of Escherichia
coli (Grohmann et al., 1995).

Protzko et al. (2018) addressed both of these barriers through
heterologous expression of the GalA specific transporter GatA in
S. cerevisiae to enable co-uptake and utilization of glucose and
GalA and also helped mediate redox issues using two strains with
different GalA utilization pathways (Table 1). The first strain was
engineered with the full fungal GalA catabolic pathway whereby
GalA is converted into glycerol and pyruvate with simultaneous
glucose catabolism in this strain regenerating NADH. A second
strain was engineered for meso-galactaric acid (or mucic acid)
production as an alternative to nitric-acid oxidation, a harsh, non-
selective process which suffers from low yields and high costs
(Liu et al., 2016). In this strain, meso-galactaric acid production
from D-galacturonic acid is achieved by a single enzyme, uronate
dehydrogenase (UDH) which uses NAD+ as a cofactor. Glucose
co-utilization enhanced production, and further investigation in-
dicated that this benefit arose from glucose acting as a redox sub-
strate to regenerate NAD+, primarily through the formation of
glycerol (Protzko et al., 2018). Jeong et al. expanded on this work
to engineer a strain of S. cerevisiae capable of simultaneously con-
suming xylose, arabinose, and GalA, and found that the pentose
sugars actually improved GalA utilization (Jeong et al., 2020). In-
tracellularmetabolite analysis revealed that xylose and arabinose
enhanced the final step of GalA conversion to glycerol—a promis-
ing finding since this conversion is catalyzed by an enzyme with
reportedly low activities (Biz et al., 2016). These strategies could be
applied to other host organisms to enhance production capacity
from citrus peel waste.

Despite the advantages of peel hydrolysate with high sugar
content, vitamins and other nutrients (especially nitrogen) are
still necessary to enable robust microbial growth (Hasanin &
Hashem, 2020). Toward this end, Patsalou et al. recently tested
the impact of different nitrogen-source supplements on succinic
acid production using Actinobacillus succinogenes alongside citrus
peel waste and found that corn steep liquor gave the highest titers
and nearly the same yields as yeast extract (Patsalou et al., 2020).
Seafood waste can also provide a source of nitrogen and serve as
a unique way to continue to utilize food wastes while overcom-
ing nutrient limitations (Tan et al., 2020) (Table 1). These reports
support continued research on the use of nitrogen-rich wastes in
combination with fruit peel wastes to produce cost-effective mi-
crobial mediums for biomanufacturing.

Lipid-Rich Wastes
The majority of lipid-rich waste streams are generated through
the edible-oil industry as a result of processing—such as palm
oil mill effluent (POME), or post consumption—such as waste
cooking oil (WCO). Improper disposal of lipid-rich wastes can be
toxic to ecosystems and form “fatbergs” that reduce sewer diam-
eters or completely clog sewage pipes (Wallace et al., 2017). Tra-
ditionally, these wastes are thermochemically converted into bio-
fuels or biodiesel, but their high free fatty acid and water con-
tent makes them largely unsuitable (Chen et al., 2016). However,
these traits do not impede biological valorization. In fact, hy-
drolysis of lipids into free fatty acids is often the first step of
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microbial metabolism. Recently, a comprehensive review was
published on microbial inhibitions and mitigation strategies
of POME, known for its “acrid” qualities, dark color, and high
amounts of biological oxygen demand (BOD) and chemical oxy-
gen demand (COD) (Cheng et al., 2020). As a result, we high-
light here other sources of lipid-rich waste and their biovaloriza-
tion including WCO, fatty acid distillates (FADs), and waste ani-
mal fat. To improve bioavailability of these hydrophobic carbon
sources, it is necessary to increase solubility in water, optimize
cell culture or media including nutrient supplementation, and di-
lute the waste stream to optimize production or reduce inhibitor
concentration.

Waste Cooking/Frying Oil
Waste cooking oil is a post use product that can somewhat vary
in composition as the act of cooking or frying oil (maintaining
high temperatures for long times) and common kitchen con-
taminants such as water or salt can change properties such as
color, solids, salinity, nutrient composition, and free fatty-acid
content. The EPA estimates that over 14 lbs/person/year, or over
2.2 million tons of WCOwas generated by restaurants nationwide
(U.S. Environmental Protection Agency, 2014). The microbial val-
orization of WCO has been comprehensively reviewed recently
(Lopes et al., 2020). Here we focus mainly on some highlights in
the field such as the production of lipases; microbial oils/lipids;
surfactants; or PHAs using a variety of bacterial, yeast, and fil-
amentous fungal hosts. We also focus on a common valoriza-
tion challenge associated with this stream, hydrophobic substrate
availability.

The hydrophobic nature of WCO in an aqueous cell culture im-
pacts substrate bioavailability. This problem has been approached
chemically, mechanically, and biologically. Chemical and me-
chanical approaches involve pretreatments of WCO to increase
surface area for cell contact. Biological approaches involve in-
creasing lipase enzyme activity by adding exogenous lipase or
optimizing process and media conditions. Surfactants as addi-
tives, or as value-added products themselves, have been stud-
ied as a chemical method to increase bioavailability and their
effect on WCO valorization has likewise been reviewed recently
(Lopes et al., 2020). It should be noted that there seems to be
an optimal concentration of surfactant that is often strain, fer-
mentation, or product specific (Lopes et al., 2020). However, these
additives do come with a cost; and thus, mechanical meth-
ods such as sonication (the application of sound energy to a
liquid, in this case to increase miscibility) have been investi-
gated as an alternative. In this regard, sonicated WCO produced
approximately 66% higher microbial lipids in Cryptococcus cur-
vatus DSM-101032 compared to untreated WCO (Patel & Mat-
sakas, 2019), likely owing to a reduced lipid droplet size and in-
creased cellular uptake (Table 1). Waste cooking oil fermenta-
tion with lipase treatment along with glycerol produced 2.7 g/l
lycopene from Escherichia coli (Liu et al., 2020) (Table 1). Recently,
the immobilization of Thermomyces lanuginosus lipase on the sur-
face of Y. lipolytica Po1h not only increased specific lipase ac-
tivity, but also improved bioconversion of WCO into fatty-acid
methyl esters, due to the forced proximity of lipase and the cell
(Qiao et al., 2018).

The composition of WCO, especially inhibitors, can impact val-
orization. It is thus important to select or acclimate a proper
host strain for these conditions. For example, a main inhibitor
in WCO is table salt, so halotolerant organisms are appropriate
hosts for high-saltWCO valorization. Recently, Pseudomonas aerug-
inosa M4 was shown to tolerate up to 70 g/l of salt, and produce

rhamnolipid surfactant up to 1.1 g/l (Shi et al., 2020). High salt
content is also an asset in some fermentations (Table 1). For ex-
ample, it has been identified as crucial for erythrol production in
the yeast Y. lipolyticaM53where 22.1 g/l of erythritol was produced
along with lipases from WCO at 80 g/l salt (Liu et al., 2017). An-
other research group,hypothesizing that native culturesmay have
evolved superior growth on WCO, isolated Bacillus cereus MPTDC
from sewage, which was able to produce 3.7 g/l of PHB with media
optimization (Sindhu et al., 2020). Similarly, 11 g/l of rhamnolipids
were produced by Pseudomonas aeruginosa MTCC7815 at an opti-
mal pH of 10, similar to natural sewage conditions (Sharma et al.,
2019). Additionally, an indigenous strain of Pseudomonas aerugi-
nosa NJ2, isolated from frying-oil condensate, was able to produce
4.3 g/l rhamnolipids (Pathania & Jana, 2020a). With further opti-
mization of growth conditions, production titers were increased
to 6.3 g/l rhamnolipids (Pathania & Jana, 2020b).

Recent advances in metabolic engineering have been most
successful when simultaneously considering host organism and
metabolism. For example, by diverting metabolic flux toward
the β-oxidation pathway via deletion of the tctA gene (involved
in preferred carbon-source transport), medium chain poly(3-
hydroxyalkanoates) production increased nearly twofold in Pseu-
domonas putida KT2440 to 1.9 g/l (Borrero-de Acuña et al., 2019).
Another group found that by increasing oxidative stress in
Blakeslea trispora cultures, β-carotene, γ -carotene, and lycopene
were produced at a total titer of 980mg/l (composed of 71%, 26%,
and 3%, respectively) (Nanou et al., 2017). Y. lipolytica base strain
Po1g was also metabolically engineered to produce 2.5mg/l and
2.7mg/l of D- and L-limonene, respectively (Pang et al., 2019). The
long-chain monounsaturated fatty-acid erucic acid was also pro-
duced at titers of 887mg/l frommetabolically engineered Y. lipoly-
tica Po1d (Gajdoš et al., 2020). Continued efforts on microbial val-
orization of WCO should focus on proper host-strain selection in
parallel with increasing bioavailability.

Fatty Acid Distillates
Fatty acid distillates are a major by-product formed in the pro-
cessing of vegetable oils, especially those of soybean (SFAD) or
palm (PFAD). For example, approximately 600000 tons of PFAD
are produced annually amounting to 3.6% of all crude palm oil
(Radzuan et al., 2018). Fatty acid distillates are mainly composed
of free fatty acids (greater than 85%) with the remaining con-
tent being TAG, sterols, tocopherols, or volatile compounds, and
have traditional uses in the production of soap or animal feeds
(Aguieiras et al., 2019).Although extensive research has been done
on the chemical catalysis of FAD for biofuels production, little lit-
erature is available on microbial valorization with the exception
of rhamnolipid surfactant production and specifically, palm FAD.

In 2017, it was reported that researchers used P. aeruginosa PAO1
to produce 0.4 g/l rhamnolipid from palm FAD and complex me-
dia (Radzuan et al., 2017). By surveying PFAD concentrations of 20,
50, and 100 g/l, it was found that 100 g/l of PFAD had the highest
rhamnolipid titers, but only by very slightly (0.38, 0.39, and 0.43 g/l
rhamnolipid with 20, 50, and 100 g/l PFAD, respectively). Taking
these results, another group hypothesized that this limitation was
due to poor bioavailability. To test this hypothesis, they slowly
added heated, liquefied PFAD at a final concentration of 10 g/l
into their media to increase surface area. This produced a maxi-
mum of 1.8 g/l rhamnolipid in Pseudomonas sp. LM19 (Nurfarahin
et al., 2019). By further optimization of nutrient concentrations
and use of minimal media, Radzuan et al. increased their titer al-
most ninefold to obtain 3.4 g/l rhamnolipid on 10 g/l PFAD as the
sole carbon source (Radzuan et al., 2018). Beyond rhamnolipids,
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the production of enzymes such as lipases from palm oil deodor-
izer distillate using wild-type Y. lipolytica IMUFRJ 50682 has been
demonstrated although lipase production (2.3 U/ml) was about
twofold lower than that produced from residual frying oil (Fraga
et al., 2021).

The exact composition of FADsmay influence overall processes.
There is some emergent literature on microbial valorization of
other streams beyond PFAD. For example, a variety of strains were
screened for PHA production using fatty acids as feedstocks con-
tainingwastes including olive oil distillate (OOD). The highest titer
measured was 5.5 g/l PHA in strain Cupriavidus necator DSM 428,
interestingly higher than the PHA titer of the same strain grown
on WCO (4.6 g/l) (Cruz et al., 2016). It was hypothesized that the
presence of sterols and tocopherols may have actually enhanced
growth, although this was not further investigated. Another group
used sunflower acid oil to produce rhamnolipids at 4.9 g/l in P.
aeruginosa MTCC 2453, outperforming reported literature produc-
tion using WCO, glycerol residue, and olive mill waste at the time
(Jadhav et al., 2019). As FADs are an emergingwaste stream formi-
crobial valorization, future work should first focus on media and
culture optimization in addition to identifying and neutralizing
potential microbial growth inhibitors or promoters.

Waste Animal Fat
Waste animal fat is a particularly large waste stream in the live-
stock industry and this lipid-rich waste stream has a higher per-
centage of saturated fats (almost 40% total) compared with other
streams discussed above (Toldrá-Reig et al., 2020). As a result,
aqueous fermentations are challenging, and thus the majority of
existing literature focuses on solid-state fermentation that are
limited by long fermentation times along with heat and/or mass
transfer limitations (Krishania et al., 2018). Recently, a group in-
vestigated methods for increasing the solubility of waste animal
fat for aqueous cell culture using lipase pretreatments, emul-
sification, and hydrolysis (Szotkowski et al., 2019). By testing
across different red yeasts (Cystofilobasidium macerans CCY 10–1–
2, Rhodotorula glutinis CCY 20–2–26, Rhodotorula mucilaginosa CCY
19–4–6, and Sporobolomyces pararoseus CCY 19–9–6), they discov-
ered that reducing the carbon/nitrogen (C/N) ratio to 13 obtained
the highest titers of desired products including carotenoids, ergos-
terol, and ubiquinone. Their highest reported titer of carotenoids,
24.8mg/l, was produced in Sporobolomyces pararoseus CCY 19–9–6
on emulsified fat, an approximately fourfold improvement over
crude fat. This strain also featured the highest ubiquinone titer,
11.3mg/l, on hydrolyzed fat—an over twofold increase from crude
fat.Rhodotorula mucilaginosaCCY 19–4–6 had the highest ergosterol
titer on glycerol of 0.68mg/l, only 1.1-fold higher than crude fat.
Clearly, the hydrolysis or emulsification of waste animal fat in-
creases its valorization potential, and supplementation of glyc-
erol or other carbon or nutrient sources should be investigated in
future work.

The optimization of cell-culture parameters has also been ex-
plored. For example, the effect of initial pH,Arabic gum surfactant
concentration, waste fat concentration, and oxygen transfer rate
(OTR) in Y. lipolyticaW29 on lipid accumulation from pork lard was
investigated through Taguchi experimental design (Lopes et al.,
2018). It was found that OTR was the most influential on lipid ac-
cumulation, and the lipids produced by Yarrowia had a higher un-
saturated:saturated fatty-acid ratio, indicating higher suitability
for animal feed. It has also been shown recently that salt addi-
tion increased the amount of volatile fatty acids produced in the
AD of waste animal fat, more so than waste vegetable fat (Liu &

Jiang, 2020). This would be an interesting avenue to explore for in-
creasing solubility of the saturated fatty acids in animal fats for
future work, which currently appears to be the largest challenge
associated with this waste stream.

Other Industrial Wastes
Outside of food and food processing waste, there are a significant
number of other industrially related waste streams that can be
valorized. While increased regulations, smarter process develop-
ment, and a growing interest in green chemistry have helped re-
duce industrial waste, ecologically toxic waste is still produced by
manymajormanufacturing industries. Treatment of these wastes
through valorization is not only crucial to the development of a
circular economy, but also highly incentivized due to heightened
disposal costs. Here, we highlight representative examples of the
valorization of other nonconventional and underutilized wastes
in industry including crude glycerol, hydrothermal liquefaction
processes, crude oil, and distillery wash.

Crude Glycerol
Crude glycerol is generated as a by-product from the transester-
ification of triglycerides into biodiesel with approximately 10kg
of crude glycerol generated for every 100kg of biofuels produced.
Annually, this amounts to over 2 billion liters of crude glycerol
generated globally (Rodrigues et al., 2020). Although pure or re-
fined glycerol has a variety of uses in industry, crude glycerol
is not as suitable for traditional markets or chemical conver-
sions due to a variety of impurities, such as salts, soaps, triglyc-
erides, catalysts, free fatty acids, or methanol (Haron et al., 2018).
Due to variations in these impurity compositions, it is challeng-
ing to have a “one size fits all” approach for the valorization of
crude glycerol. Efforts in the field have demonstrated strong po-
tential from this feedstock, including the valorization (by E. coli)
to produce ethanol, 1,2-propanediol, and L-lactate (Clomburg &
Gonzalez, 2011; Mazumdar et al., 2013; Shams Yazdani & Gon-
zalez, 2008). The valorization of crude glycerol for the chemical
and biological production of fuels and chemicals such as 1,3-
propanediol, lipids, hydrogen, succinic acid, and citric acid has
been reviewed recently (Kosamia et al., 2020) as a complement
to the analysis provided here.

Recent literature has shown that oftentimes, the impuri-
ties in crude glycerol may be an asset in microbial valoriza-
tion. For example, the production of cyclopropanated fatty acids
from crude glycerol in metabolically engineered Y. lipolytica Po1d
showed a 2.4-fold increase in titer (7.5 g/l) relative to pure glyc-
erol (Imatoukene et al., 2020). However, the specific effect of po-
tential impurities that may explain this was not studied. In an-
other study, crude glycerol was a better substrate for Rhizomucor
miehei lipase production in P. pastoris GS115 than pristine glyc-
erol and was found to be enhanced by higher concentrations of
Na+, Ca2+, and grease impurities although inhibited by higher
Fe3+ (Tian et al., 2021). Moreover, for this specific fermentation,
the presence of methanol was an asset as methanol-based pro-
moter regulation is common in P. pastoris. In another study in-
vestigating methanol impurities in glucose, a group found that
R. toruloides ATCC 10788 was inhibited by methanol impurities in
crude glycerol as low as 0.5% (wt/vol), but this impact wasmasked
by the positive impact of other impurities at higher concentra-
tions of crude glycerol leading to an overall net increase in lipid
biomass (Uprety et al., 2017). By optimizing waste glycerol con-
centration as well as other relevant culture/media parameters,
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docosahexaenoic acid was produced at 17.3 g/l in Schizochytrium
sp. (Kujawska et al., 2021).

However, not all contaminants in crude glycerol are beneficial
as suggested in literature. For example, high levels of sodium, sul-
fur, and potassium contaminants have each been shown to inhibit
growth and citric-acid production from glucose inY. lipolytica SKY7
(Kumar, Yellapu, Yan, et al., 2020). To address high potassium
levels, the group proposed pretreating crude glycerol with phos-
phoric acid, to precipitate out and sell the resulting potassium
phosphate (Table 1). Following this treatment, cells produced lipid
contents up to 19.5 g/l that were suitable for biodiesel (Kumar,
Yellapu, Tyagi, et al., 2021). Contrary to these reports, not all waste
glycerol streams are easy to valorize.While a bacterial consortium
isolated from activated sludge and improved via serial subcul-
tures can produce up to 27.8 g/l of 1,3-propanediol and 14.7 g/l
lactic acid from crude glycerol derived from hydrolyzed vegetable
oils, this same consortia failed to produce 1,3-propanediol and
only made 2.9 g/l lactic acid when grown on WCO-derived glyc-
erol despite complete carbon utilization (Wang et al., 2019). It is
also possible that crude glycerol has no effect on fermentations.
A recent study found that the production of microbial lipids
and carotenoids from waste frying oil (WFO) derived glycerol
in Rhodotorula sp. had no inhibitory effects relative to pristine
glycerol (Pino-Maureira et al., 2021). It is likely that differences
in the waste stream, culture conditions, microbial host, or some
combination are causing these discrepancies and warrant further
investigation.

Many wastes containing glycerol lack nitrogen sources, an es-
sential nutrient in cell culture. One way to source this nitrogen is
to ferment with a nitrogen-rich waste source in addition to glyc-
erol. Nitrogen-rich crustacean waste was added to a Y. lipolytica
SM7 crude glycerol fermentation to increase lipase production
from 25 U/ml to 38 U/ml (Magdouli et al., 2017). Nitrogen-rich
potato wastewater supplementation in a crude glycerol fermen-
tation of Rhodotorula gracilis ATCC 10788 produced carotenoids at
6.24mg/l (Kot et al., 2020).Other supplementations have also been
explored. For example, Paenibacillus polymyxa PM 3605 was shown
to produce approximately 14.5 g/l of 2,3-butanediol from 50g/l
crude glycerol, and 19 g/l when supplemented with 10 g/l of sugar-
canemolasses (Tinôco et al., 2021). Futurework in the valorization
of crude glycerol should involve continued characterization of po-
tential impurities and deficiencies that may both increase and de-
crease titer, and a careful consideration of how the host strain and
the desired product could impact microbial valorization.

Hydrothermal Liquefaction Aqueous Phase
Hydrothermal liquefaction aqueous phase (HTL-AP) is the aque-
ous phase of waste generated from hydrothermal liquefaction
processing of biomass to generate biofuel or biocrude at high tem-
peratures and pressures (Skaggs et al., 2018). This waste contains
toxic organic compounds such as alcohols, acids, ketones, aro-
matic compounds, and N-heterocyclic compounds and possesses
a high COD, yet currently has no industrial use (Seyedi et al., 2020).
While its toxicity poses a high challenge for valorization, reduc-
tion of treatment costs would be of enormous benefit. Anaerobic
digestion is currently themainmethod of HTL-AP bioremediation,
and has been reviewed recently (Seyedi et al., 2020).

Microbial valorization will require either reducing toxic-
ity through pretreatments (such as air stripping and solvent
extraction) or improving tolerance by selecting a host strain more
tolerant to HTL-AP. The latter was demonstrated using ametabol-
ically engineered Y. lipolytica where HTL-AP was valorized into

either triacetic acid lactone (TAL) or itaconic acid (Cordova et al.,
2020) (Table 1). In definedmedia, the addition of 10%HTL-AP actu-
ally improved both TAL and itaconic acid titer. HTL-AP at 20% was
supplementedwithmixed sugar hydrolysate to produce 21.6 g/l of
TAL at the bioreactor scale. This study is one of few demonstra-
tions of HTL-AP microbial valorization potential as the majority
of literature is focused on improving microbial detoxification or
AD strategies (Seyedi et al., 2020; Wang et al., 2021). Future work
to expand the utility of this waste stream should involve further
host strain engineering especially in the area of tolerance.

Crude Oil
Crude oil is a complex mixture of hydrocarbons, n-paraffin, and
aromatics along with high levels of sulfur, nitrogen, and asphal-
tene especially in heavier or sour crudes (Marafi et al., 2019) (Li,
Zhou, et al., 2021). Often, spillages may contaminate surrounding
soils and ecosystems, or may otherwise be unusable for produc-
tion; and thus, much work has focused on the bioremediation
of crude oil. As for using crude oil as a direct carbon source,
efforts have focused mainly on the production of surfactants (as
reviewed recently [Dhanya, 2021]) in addition to rhamnolipids
to remediate crude oil specifically (Gaur & Manickam, 2021).
Beyond these approaches, new and interesting microbes have
been discovered near oil-contaminated areas with Gram-negative
bacteria (such as Pseudomonas sp. and Ochrobactrum sp.) typically
reported as being better at degrading oil than Gram positive (Wu
et al., 2018). This may be due to a higher reported tolerance to
saturated and aromatic hydrocarbons relative to Gram-positive
bacteria (Marilena Lăzăroaie, 2010). Recently, Pseudomonas aerug-
inosa WD23 isolated from petroleum refinery effluent was shown
to degrade up to 27% crude oil in seawater with minimal sup-
plementation (Goveas et al., 2020). However, Gram-positive
bacteria may also have valorization potential. As an example,
Gram-positive Staphylococcus capitis strain SH6 has been shown
to degrade crude oil (either motor or diesel oils) and additionally
produce native biosurfactant (Chebbi et al., 2018). Recently, a bac-
terial exopolysaccharide emulsifier was produced from natively
isolated Geobacillus stearothermophilus DG1 that not only solubi-
lized crude oil, increasing its bioavailability, but was also shown
to degrade the resulting alkanes and alkyl hexanes (Li, Zhou,
et al., 2021). Clearly, future crude oil valorization should focus on
selection of the proper host strain, and the target product, which
initially will be microbial lipids for biofuels or a surfactant. As
growth on this oil as a sole carbon source is still emerging, micro-
bial acclimation through techniques such as adaptive laboratory
evolution may be an interesting microbial valorization method.

Distillery Wash
Ethanol fermentation generates approximately 12 l of wastewa-
ter per liter of alcohol in a product known as distillery wash or
distillery stillage (Mikucka & Zielińska, 2020). This waste stream
has high BOD, COD, is often dark in color, and may contain sugars,
solids, sulfates, phosphates, and metals (Chowdhary et al., 2017).
The nonmicrobial valorization of distillery stillage has been re-
viewed recently, focusing mainly on the chemical extraction of
valuable components such as volatile fatty acids, polyphenols,
and polysaccharides (Mikucka & Zielińska, 2020). However, there
are still challenges associated with solvent extraction, including
selectivity, environmental friendliness, and toxicity. Thus, micro-
bial valorization of this stream is of high interest.

The oleaginous yeast Metschnikowia pulcherrima was grown on
distillery wash and could produce fatty-acid methyl esters with
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a titer of 1.4 g/l after optimization of culture time, pH, and tem-
perature (Anbarasan et al., 2018). Recently, it has been shown that
the algae Chlorella vulgaris CCAP 211/19 can both remove colorants
in this waste stream and produce oleaginous biomass (Soleymani
Robati et al., 2021), which may be of use for biofuels production.
An approximately 30-fold dilution of the distillery wash was used
to reduce the COD to 2 g/l, with the purpose of reducing its in-
hibitory effects (Table 1). Potassium may be an important (and
sometimes limiting) factor in the production of microbial lipids
from this waste stream. For example, post-methanated distillery
wash was shown to produce up to 10 g/l citric acid in Aspergillus
fumigatus PN12 MH791044 with the additional optimization of
potassium phosphate (Aghera & Bhatt, 2019). A culture of Y. lipoly-
tica MUCL30108 was shown to produce microbial lipids suitable
for biofuel production using distillery spent wash pretreated with
A. niger cellular extracts (Hoarau et al., 2020). Future research into
physical and chemical pretreatment methods as well as supple-
mentations may further improve microbial valorization potential
for this waste stream.

Conclusion
Currently, the valorization of nonconventional and underutilized
waste streams has not reached its full potential. However, these
approaches are critical to achieve a sustainable, circular econ-
omy. The production of high-value products may mitigate the
economic challenges and outcompete established, lower-value
methods such as composting, animal feed, or AD. Although life-
cycle assessments and systemic analyses have been conducted
on many waste streams, to the best of the author’s knowledge at
the time of publication, commercialization of microbial valoriza-
tion (within the scope of this review) has not been achieved. How-
ever, some cases have demonstrated titers at or close to industrial
scale (Table 1) and the commercialization of similar processes in
the near future has great promise and potential.

The valorization of nonconventional and underutilized wastes
involves many challenges including nitrogen content, impurities,
toxicity, and low productivity, as well as bioavailability. Further
research should focus on identifying and developing robust host
strains, especially for streams with high impurities and toxicity.
Strains newly isolated from waste sources often possess the re-
quired tolerance and catabolic traits but may lack the advantages
of well-studied hosts such as knowledge of relevant metabolic
pathways, ease of cloning, established culture techniques, and
safe/nonpathogenic status. If themechanismof tolerance is easily
understood, porting these traits into well-studied hosts is prefer-
able. Well-studied hosts may also be improved through adap-
tive evolution. In addition, future work should focus on optimiz-
ing pretreatments; media formulation (including mixing waste
streams); and culturing techniques to address bioavailability, nu-
trient deficiency, and toxicity in a dynamic method for the most
optimal microbial valorization.
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M. (2021). Optimizing docosahexaenoic acid (DHA) production by
Schizochytrium sp. grown on waste glycerol. Energies, 14(6), 1685.
https://doi.org/10.3390/en14061685

Kumar, L. R., Yellapu, S. K., Tyagi, R. D., & Drogui, P. (2021). Purified
crude glycerol by acid treatment allows to improve lipid produc-
tivity by Yarrowia lipolytica SKY7. Process Biochemistry, 96, 165–173.
https://doi.org/10.1016/j.procbio.2020.06.010

Kumar, L. R., Yellapu, S. K., Yan, S., Tyagi, R. D., & Drogui, P. (2020). Elu-
cidating the effect of impurities present in different crude glyc-
erol sources on lipid and citric acid production by Yarrowia lipoly-
tica SKY7. Journal of Chemical Technology & Biotechnology, 96(1), 227–
240. https://doi.org/10.1002/jctb.6531

Kuppamuthu, K., Soundiraraj, S., & Palanisamy, Kanmani. (2020). Uti-
lization of whey as a cheap substrate for the optimization of li-
pase production by Bacillus subtilis B10 isolated from dairy indus-
try. Journal of Microbiology, Biotechnology and Food Sciences, 10(1), 193–
198.

Lennartsson, P. R., Ylitervo, P., Larsson, C., Edebo, L., & Taherzadeh,M.
J. (2012). Growth tolerance of Zygomycetes Mucor indicus in orange
peel hydrolysatewithout detoxification.Process Biochemistry, 47(5),
836–842. https://doi.org/10.1016/j.procbio.2012.02.019

Li, C., Ding, J., Chen, D., Shi, Z., & Wang, L. (2020). Bioconversion of
cheese whey into a hetero-exopolysaccharide via a one-step bio-
process and its applications. Biochemical Engineering Journal, 161,
107701. https://doi.org/10.1016/j.bej.2020.107701

Li, J., Zhu, K., Miao, L., Rong, L., Zhao, Y., Li, S., Ma, L., Li, J., Zhang,
C., Xiao, D., Foo, J. L., & Yu, A. (2021). Simultaneous improve-
ment of limonene production and tolerance in Yarrowia lipoly-
tica through tolerance engineering and evolutionary engineer-
ing. ACS Synthetic Biology, 10(4), 884–896. https://doi.org/10.1021/
acssynbio.1c00052

Li, M., Zhou, J., Xu, F., Li, G., & Ma, T. (2021). A cost-effective produc-
tion of bacterial exopolysaccharide emulsifier for oil pollution
bioremediation. International Biodeterioration & Biodegradation, 159,
105202. https://doi.org/10.1016/j.ibiod.2021.105202

Lin, Y. C. (2013). Catalytic valorization of glycerol to hydrogen and
syngas. International Journal of Hydrogen Energy, 38(6), 2678–2700.
https://doi.org/10.1016/j.ijhydene.2012.12.079

Liu,N.& Jiang, J. (2020). Valorisation of food waste using salt to allevi-
ate inhibition by animal fats and vegetable oils during anaerobic
digestion. Biomass and Bioenergy, 143, 105826. https://doi.org/10.
1016/j.biombioe.2020.105826

https://doi.org/10.1016/B978-0-12-820084-1.00007-7
https://doi.org/10.22207/JPAM.14.1.49
https://doi.org/10.1007/BF02933445
https://doi.org/10.1016/j.jclepro.2017.10.160
https://doi.org/10.1016/j.mimet.2019.105802
https://doi.org/10.1016/j.jwpe.2020.101392
https://doi.org/10.1016/j.jff.2018.11.043
https://doi.org/10.1007/s10295-020-02276-6
https://doi.org/10.1016/j.jenvman.2019.109884
https://doi.org/10.1002/jsde.12255
https://doi.org/10.1016/j.biortech.2019.122259
https://doi.org/10.1016/j.carbpol.2021.117807
https://doi.org/10.1016/j.bcab.2020.101565
https://doi.org/10.1007/s00253-020-10803-9
https://doi.org/10.3390/catal10060609
https://doi.org/10.1016/j.bcab.2020.101634
https://doi.org/10.1016/B978-0-444-63990-5.00005-0
https://doi.org/10.3390/en14061685
https://doi.org/10.1016/j.procbio.2020.06.010
https://doi.org/10.1002/jctb.6531
https://doi.org/10.1016/j.procbio.2012.02.019
https://doi.org/10.1016/j.bej.2020.107701
https://doi.org/10.1021/acssynbio.1c00052
https://doi.org/10.1016/j.ibiod.2021.105202
https://doi.org/10.1016/j.ijhydene.2012.12.079
https://doi.org/10.1016/j.biombioe.2020.105826


Lad et al. | 13

Liu, N., Liu, B., Wang, G., Soong, Y. H. V., Tao, Y., Liu, W., & Xie, D.
(2020). Lycopene production from glucose, fatty acid and waste
cooking oil by metabolically engineered Escherichia coli. Biochem-
ical Engineering Journal, 155, 107488. https://doi.org/10.1016/j.bej.
2020.107488

Liu, X., Yu, X., Lv, J., Xu, J., Xia, J., Wu, Z., Zhang, T., & Deng, Y.
(2017). A cost-effective process for the coproduction of erythri-
tol and lipase with Yarrowia lipolyticaM53 from waste cooking oil.
Food and Bioproducts Processing, 103, 86–94. https://doi.org/10.1016/
j.fbp.2017.03.002

Liu,Y.,Gong,X.,Wang,C.,Du,G.,Chen, J.,& Kang,Z. (2016). Production
of glucaric acid from myo-inositol in engineered Pichia pastoris.
Enzyme and Microbial Technology, 91, 8–16. https://doi.org/10.1016/
j.enzmictec.2016.05.009

Lopes, M., Gomes, A. S., Silva, C. M., & Belo, I. (2018). Microbial lipids
and added value metabolites production by Yarrowia lipolytica
from pork lard. Journal of Biotechnology, 265, 76–85. https://doi.org/
10.1016/j.jbiotec.2017.11.007

Lopes, M., Miranda, S. M., & Belo, I. (2020). Microbial valorization of
waste cooking oils for valuable compounds production – a re-
view.Critical Reviews in Environmental Science and Technology, 50(24),
2583–2616. https://doi.org/10.1080/10643389.2019.1704602

Magdouli, S., Guedri, T., Tarek, R., Brar, S. K., & Blais, J. F. (2017). Val-
orization of raw glycerol and crustacean waste into value added
products by Yarrowia lipolytica. Bioresource Technology, 243, 57–68.
https://doi.org/10.1016/j.biortech.2017.06.074

Mano, J., Liu, N., Hammond, J. H., Currie, D. H., & Stephanopoulos, G.
(2020). Engineering Yarrowia lipolytica for the utilization of acid
whey. Metabolic Engineering, 57, 43–50. https://doi.org/10.1016/j.
ymben.2019.09.010

Mano, M. C. R., Paulino, B. N., & Pastore, G. M. (2019). Whey permeate
as the raw material in galacto-oligosaccharide synthesis using
commercial enzymes.Food Research International, 124, 78–85.https:
//doi.org/10.1016/j.foodres.2018.09.019

Marafi, A., Albazzaz, H., & Rana, M. S. (2019). Hydroprocessing of
heavy residual oil: opportunities and challenges. Catalysis Today,
329, 125–134. https://doi.org/10.1016/j.cattod.2018.10.067
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