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Abstract 

Biodiesel is a renewable fuel that can be produced from a range of organic and renewable feedstock including fresh 
or vegetable oils, animal fats, and oilseed plants. In recent years, the lignin-based aromatic wastes, such as various aro‑
matic waste polymers from agriculture, or organic dye wastewater from textile industry, have attracted much atten‑
tion in academia, which can be uniquely selected as a potential renewable feedstock for biodiesel product converted 
by yeast cell factory technology. This current investigation indicated that the highest percentage of lipid accumula‑
tion can be achieved as high as 47.25% by an oleaginous yeast strain, Meyerozyma caribbica SSA1654, isolated from 
a wood-feeding termite gut system, where its synthetic oil conversion ability can reach up to 0.08 (g/l/h) and the 
fatty acid composition in yeast cells represents over 95% of total fatty acids that are similar to that of vegetable oils. 
Clearly, the use of oleaginous yeasts, isolated from wood-feeding termites, for synthesizing lipids from aromatics is a 
clean, efficient, and competitive path to achieve "a sustainable development" towards biodiesel production. How‑
ever, the lacking of potent oleaginous yeasts to transform lipids from various aromatics, and an unknown metabolic 
regulation mechanism presented in the natural oleaginous yeast cells are the fundamental challenge we have to face 
for a potential cell factory development. Under this scope, this review has proposed a novel concept and approach 
strategy in utilization of oleaginous yeasts as the cell factory to convert aromatic wastes to lipids as the substrate 
for biodiesel transformation. Therefore, screening robust oleaginous yeast strain(s) from wood-feeding termite gut 
system with a set of the desirable specific tolerance characteristics is essential. In addition, to reconstruct a desirable 
metabolic pathway/network to maximize the lipid transformation and accumulation rate from the aromatic wastes 
with the applications of various “omics” technologies or a synthetic biology approach, where the work agenda will 
also include to analyze the genome characteristics, to develop a new base mutation gene editing technology, as well 
as to clarify the influence of the insertion position of aromatic compounds and other biosynthetic pathways in the 
industrial chassis genome on the expressional level and genome stability. With these unique designs running with a 
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Background
A microbiome is defined as a microbial community that is 
unique to a particular habitat and is composed of yeasts, 
bacteria, archaea, fungi, and viruses [1]. Microbiome 
innovations could boost answers to recent global chal-
lenges (waste management, bioremediation, and biofuel 
production). For instance, screening and utilizing robust 
natural microbiomes to degrade or remediate aromatic 
pollutants may enable a more sustainable fuel industry 
and promote the development of a circular bioeconomy 
[2–6]. The use of microbiomes in environmental systems 
could help to reduce waste, create a zero-pollution/toxic-
free environment, address the plastic challenge, and cre-
ate a sustainable blue economy [7, 8]. Microbiomes, for 
example, can be used in environmental remediation by 
combining traditional techniques with microbial regen-
eration and incorporating microbiomes into a circular 
bioeconomy that valorizes waste [9, 10]. Microbiomes 
are also critical in the development of microbial biobased 
polymers that are environmentally friendly.

Aromatic compounds are important fuels and key 
chemical precursors for industrial organic synthesis; 
however, the current aromatics market is heavily reliant 
on fossil fuels, which will eventually contribute to global 
warming-related carbon emissions. On the other hand, 
lignin has been recognized as a drop-in substitute for 
conventional aromatics, with the benefits of lignin gradu-
ally becoming apparent over the last five years as a result 
of massive research efforts. However, the valorization of 
lignin, the major natural source of aromatics on earth, 
is being a challenge for the scientific community. Lignin 
is composed of aromatic compounds rather than sugar 
molecules (phenylpropanoids). It is a highly complex 
chemical compound composed of three distinct mon-
olignol units (p-hydroxylphenyl [H], guaiacyl [G], and 
syringyl [S]) that are cross-linked. It is primarily found 
in secondary cell walls and makes up 10–25% of the total 
dry weight. Lignin is sticky and helps hemicelluloses 
adhere to microfibrils. Additionally, it provides structure 
and strength to the cell, protects it from pathogen inva-
sion, and waterproofs the cell wall [11, 12].

Lignin-based aromatics, as a lignin-rich aromatic 
polymer, are the second most abundant source of car-
bon on the planet and provide a renewable reservoir of 

energy-dense substrate for green chemistry. Globally, it 
is estimated that 150 billion tons of lignin are produced 
annually [13]. The annual global production of aromatic 
wastes is estimated to be around fifty million tons, and 
this figure is expected to rise significantly in the coming 
years [11]. Simultaneously, lignin and its associated envi-
ronmental pollutants with similar chemical structures, 
such as textile dye wastewater, constitute a significant 
aromatic pollutants on earth [14, 15]. Processing lignin is 
difficult due to its variability in composition and bonding 
structure. Furthermore, it is difficult to utilize processed 
lignin due to the inherent compositional heterogeneity of 
lignin degradation products. Currently, the majority of 
lignin is disposed of as waste or burned as a solid fuel in 
biorefinement processes. However, biological upgrading 
or valorization of lignin-based aromatics has advantages 
over conventional chemical processing or combustion 
in that it enables the conversion of a variety of lignin-
derived substrates to high value-added products [16].

Interestingly, aromatic compound metabolism can 
be linked to biodiesel production [17, 18]. As a result, 
an emphasis has been placed on the underlying mecha-
nisms, as well as the evaluation of the intermediates and 
final products produced. Biodiesel is a non-toxic, biode-
gradable, and renewable fuel made from vegetable oils, 
animal fats, and oilseed plants [19]. When burned, bio-
diesel emits significantly less pollution than petroleum-
based diesel, whether used in its pure form or blended 
with petroleum diesel. It has no net effect on the amount 
of carbon dioxide (CO2) in the atmosphere and reduces 
the intensity of the greenhouse effect. Furthermore, bio-
diesel has a lower sulfur content, a higher flash point, a 
higher aromatic content, and is biodegradable than die-
sel fuel [20, 21]. However, increased biodiesel production 
may result in an increase in the price of edible vegetable 
oil. This leads to a debate about fuel vs. food.

Termites have a high capacity for biomass degradation 
and may thus contribute to global carbon recycling. This 
remarkable ability is largely attributed to the metabolic 
performance of their "gut digestome", which includes 
intestinal symbiotic microorganisms like bacterial, 
archaeal, yeast, or other eukaryotic symbionts, as well 
as the abundance of species, enzymes, and genes found 
in the termite’s digestive tract [22, 23]. However, their 

set of the advanced biotech approaches, a novel metabolic pathway using robust oleaginous yeast developed as a 
cell factory concept can be potentially constructed, integrated and optimized, suggesting that the hypothesis we pro‑
posed in utilizing aromatic wastes as a feedstock towards biodiesel product is technically promising and potentially 
applicable in the near future.

Keywords:  Biodiesel, Circular economy, Oleaginous yeast, Insect gut symbionts, Azo dyes, Bioremediation, Lignin 
degradation
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highly specialized gut systems remain poorly understood 
in terms of their unique symbiont functions and their 
potential applications in biotechnology and other rele-
vant fields, particularly for the yeast symbionts. In recent 
years, there has been a growing body of evidence demon-
strating the importance of symbiotic yeasts, their wide-
spread distribution in termite digestive systems, and their 
distinct roles in termite-symbiont interactions. Over the 
last two decades, additional yeast species from insect 
guts have been identified, as have their potential func-
tions and relevant mechanisms of interaction with host 
insects and other gut symbionts. Host nutrition, essential 
enzymes for biomass processing, intermediate chemical 
compounds, suppressing external pathogens, and even 
colony outbreeding are examples of these functions and 
mechanisms [24]. Furthermore, intestinal yeasts can 
effectively remediate textile wastewater and decolorize 
both individual and mixtures of azo dyes, owing to their 
enzymatic activity and tolerance to high salt concentra-
tion [25]. Yeasts degrade azo dyes, which are aromatic 
textile wastewater pollutants by cleaving the complex 
compound, deconstructing the chromophores, and 
metabolizing the toxic aromatic intermediates produced. 
Finally, acetyl-CoA is synthesized as a precursor for the 
synthesis of lipids in the form of triacylglycerides (TAG). 
The degradation of azo dyes by yeast-inhabiting wood-
feeding termite gut symbionts resulted in the formation 
of aromatic amines (AAs), which are then mineralized 
to CO2 and H2O [26–28]. Instead of amines, the termite 
gut yeasts degraded the azo dye Acid Orange 7, produc-
ing acetyl-CoA and TAG, which can be transesterified to 
produce biodiesel [9, 10].

The lacking of potent oleaginous yeasts to transform 
lipids from various aromatics, and an unknown meta-
bolic regulation mechanism presented in the natural ole-
aginous yeast cells are the fundamental challenge we have 
to face for a potential cell factory development. One of 
the primary goals of the biobased economy is to develop 
economically viable and sustainable biotechnological 
processes as alternatives to oil-based chemistry. The suc-
cess of this strategy will require efficient, robust, and ver-
satile cell factories, but the limitations of conventional 
strain development methods will make it difficult to 
adapt currently used strains to such platforms. Therefore, 
synthetic biology is expected to enable more efficient and 
controllable cell factories. The yeast Saccharomyces cer-
evisiae is one of the most widely used microorganisms in 
biotechnology, having been successfully used to produce 
both bulk and fine chemicals. Yet yeast researchers face a 
difficult task in advancing the organism’s transition from 
a traditional workhorse to a modern cell factory capable 
of meeting the requirements for next generation bio-
processes. Therefore, this review has proposed a novel 

concept and approach strategy in utilization of yeasts 
inhabiting termite gut symbionts as the cell factory to 
convert aromatic wastes to lipids as the substrate for bio-
diesel transformation.

Energy crisis and the transition from petrodiesel 
to biodiesel
Energy is widely considered as the foundation of social 
development and modern human civilization, particu-
larly in developing countries. Energy consumption is 
increasing at an alarming rate as a result of the rapid 
development of the global economy over the last few dec-
ades, resulting in a global supply and demand crisis for 
oil resources. The world’s proven oil reserves have a life 
expectancy of only 53.3  years, according to oil produc-
tion and consumption data, while China’s reserve-to-out-
put ratio stands at only 11.9 years [29]. China produced 
3,787,000 barrels of oil per day in 2018, down 3.9% from 
2008 levels (3,802,000 barrels per day). Egypt’s oil pro-
duction increased to 700,000 barrels per day in 2018, up 
1.3% from 691,000 barrels per day in 2008. China’s oil 
consumption (13,374,000 barrels per day) exceeded pro-
duction (3,787,000 barrels per day) by 253.2%  in 2018. 
Egypt’s oil consumption, on the other hand, has increased 
by approximately 8.1% relative to its oil production since 
2008, averaging 756.618 barrels per day in 2018, and 
it is expected to grow further, even after subsidies are 
phased out (Fig. 1) [30–33]. The world’s massive energy 
consumption, rapidly rising oil prices, and growing con-
cern about dwindling fossil fuel reserves have redirected 
global attention toward the search for alternative energy 
sources. As a result, developing renewable technologies 
to replace current technologies is a critical challenge for 
the twenty-first century.

Petrodiesel has been shown to emit a significant 
amount of hazardous pollutants, including carbon mon-
oxide (CO), hydrocarbons (HC), particulate matter (PM), 
sulphur dioxide (SO2), nitrogen oxides (NOx), and green-
house gases (GHG). All of these pollutants have been 
shown to be harmful to the environment and human 
health. Concerning the environment, petrodiesel com-
bustion can also result in the emission of CO2. In 2020, 
the global CO2 concentration reached a record high of 
413 parts per million, with CO2 emissions from transpor-
tation, including the combustion of fossil fuels, account-
ing for the second largest source of global CO2 emissions 
[34]. The global diesel price, on the other hand, varied 
from country to country. In Fig. 2, the global diesel price 
(2000–2006) in comparison to prices in China and Egypt 
is given [35–38]. In China, the diesel price was slightly 
higher and fluctuated less than the global price, peaking 
at 1.28 USD/L in 2012. Diesel prices, on the other hand, 
were significantly lower in Egypt, where the highest price 
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was recorded in 2014 (0.25 USD/L), most likely due to 
governmental support, putting a strain on the Egyptian 
economy.

Biodiesel, on the other hand, is being introduced to the 
public due to its benefits, which include low pollutant 
and greenhouse gas emissions, as well as its renewability. 
Table  1 summarizes the advantages and disadvantages 

of petroleum diesel and biodiesel [39, 40]. When com-
pared to petrodiesel, pollutants such as CO, HC, PM, and 
SO2 can be reduced by up to 40% on average (SO2 can 
be reduced by up to 100%) [41]. Furthermore, when com-
pared to petroleum diesel, biodiesel has the potential to 
reduce CO2 emissions by 78.45% [34]. Because it could be 
made from vegetable oil, animal fats, or any other sub-
stance containing long chain fatty acids, biodiesel was 
considered a renewable resource [42]. Figure  3 depicts 
the regional distribution of raw materials used in the 
production of biodiesel [43–50]. In Egypt, biodiesel can 
be made from a variety of feedstocks, including cotton, 
Jatropha, rapeseed, microalgae, and waste cooking oils 
(WOCs). Upper and lower Egypt could practice jatropha, 
cotton, and rapeseed agriculture. Microalgae and WCOs, 
on the other hand, are considered uncommon in Egypt 
(Fig. 3A) [43–46]. When agricultural characteristics and 
regional diversity are considered, it is difficult to focus 
on a single type of biodiesel feedstock in China. Western 
China, as shown in Fig. 3B [47–50], is a cotton-producing 
region, whereas the Yangtze River Basin is a rapeseed-
producing region. Simultaneously, Jatropha is abundant 
in Southwest China, implying that using the appropriate 
feedstock in a reasonable manner can result in economic 
benefits for biodiesel production.

Global biodiesel production is increasing rapidly to 
meet demand, having increased from 15,000 barrels 
per day in 2000 to 289,000 barrels per day in 2008 [51]. 
In 2020, the world’s biodiesel production is expected to 
reach 37.9 billion liters [52]. However, it is expected to 
reach 41.4 Bln L by 2025 (Fig. 4A). Additionally, by 2025, 
the European Union and the United States of America 
are expected to be the largest producers and consum-
ers of biodiesel (Fig. 4B). China and Egypt, on the other 
hand, require additional efforts to improve their biodiesel 
production. Since 2008 to 2018, China’s biodiesel produc-
tion has fluctuated. In 2008, production was 9200 b/d; by 
2018, it had increased to 14,370 b/d, a 56.2% increase. 
However, between 2000 and 2019, Egypt’s biodiesel pro-
duction remained stable at approximately 0 b/d (Fig.  5) 
[53, 54].

Biofuels, including biodiesel, have traditionally been 
classified into three generations based on their feedstock 
and manufacturing technologies. Biodiesel produced in 
the "first generation" can be made from edible feedstocks 
such as palm oil, rapeseed, soybean, and corn. However, 
using edible oil crops to produce biodiesel has raised sev-
eral controversial issues, including GHG emissions, land 
use change (LUC), food competition/price inflation, high 
feedstock/biodiesel costs, and water consumption [55]. 
The development of "second-generation" biodiesel has 
been accelerated due to the rising cost of edible plant oils, 
as well as public debate over the "food vs. fuel". Biodiesel 

Fig. 1  The consumption and production of oil by China and Egypt. 
Source of data from Refs. [30–33]

Fig. 2  The global diesel price in comparison to China and Egypt. 
Source of data from Refs. [35–38]
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of the second generation can be made from non-edible 
feedstocks such as jatropha, neem, rubber seed, karanja, 
and waste oils such as cooking grease and animal fats. 
These oils, however, may not be abundant enough to 
meet global demand, and animal fats perform poorly in 
cold weather. Additionally, the use of non-edible plant 
oils in the production of biodiesel has raised several con-
troversial issues, including the GHG footprint, LUC, and 
fertilizers/pesticides [56].

Oleaginous yeasts as an alternative to algae 
for biodiesel production
Third generation biodiesel can be produced using feed-
stock that does not compete with crops for land. It is 
being developed by bacteria, algae, yeasts and other 
fungi that accumulate oil. Single cell oils (SCO) are 
microbial systems that produce and store oil [55]. SCO 
have received a great deal of attention in recent years, 
largely as a result of the increasing price of petroleum. 
Cost estimation for SCO has proven challenging, with 
biodiesel cost projections ranging from $1 to $80 per 
gallon [57]. In China, the cost of producing SCO from 
lignocellulosic biomass is 7500 RMB (US$ 1230) per 
ton, which includes the cost of biomass procurement 
and processing [58]. Oleaginous microbes are capable 
of converting CO2, sugars, and organic acids to SCO. 
While some species synthesize neutral lipids intracel-
lularly on a continuous basis, the majority of cell types 
require stressors such as nutrient deprivation to stimu-
late lipid synthesis [59]. Once the cells have produced 
the lipid, they are harvested and lysed with a solvent, 
mechanically, enzymatically, or by another method, 
which releases the lipid. After separating the lipid from 
the cell fraction, the neutral lipid is chemically refined 
to form an ester or other desired molecule by separat-
ing the glycerol from the individual fatty acids [60]. 
While the methodology has been established, the cur-
rent barrier to commercializing SCO is developing a 
cost-effective system comparable to petrodiesel. This 
can be accomplished by developing strains capable of 
converting low-cost substrates, rapidly growing to high 
density, and producing increased amounts of neutral 
lipid, as well as by developing improved harvesting and 
dewatering technologies [61, 62].

Table 1  The benefits and drawbacks of petrodiesel and biodiesel

Fuels Advantages Disadvantages

Petrodiesel Low feedstock cost High emissions of GHG and pollutants

Low viscosity High toxicity

Low biodegradation rate

Non-renewable fuel

Low flash point

Biodiesel Low emissions of GHG and pollutants Expensive feedstocks (first- and second-generation biodiesels)

Low toxicity Requires land for feedstock cultivation (first- and second-generation biodiesels

High biodegradation rate Some feedstocks have low crop yields (first- and second-generation biodiesels)

Renewable fuel

High flash point

Can be used in diesel engine

Fig. 3  The regional distribution of raw materials that could be used 
in the production of biodiesel in Egypt (A) and China (B). Source of 
data from Refs. [43–50]
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Fig. 4  Production and trade of biodiesel on a global scale (A). Regional distributions of global biodiesel production and consumption in 2025 (B). 
Source of data from Ref. [52]

Fig. 5  Biodiesel production in China and Egypt (2008–2018). Source of data from refs. [53, 54]
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Photoautotrophic, heterotrophic, and mixotrophic 
cultivation methods are used to cultivate algae. Out-
door racetrack ponds, enclosed photobioreactors, and 
enclosed dark fermentors are all viable cultivation tech-
niques. However, there are a number of restrictions 
that must be considered when selecting an algal bio-
diesel production method, as listed below:

•	 Microalgae cultivation requires a large raceway pond 
capable of producing a significant amount of algal 
biomass for biodiesel production [63].

•	 Only a few microalgae contain a high concentration 
of fatty acids or lipids. As a result, the quantity pro-
duced will be reduced, raising the cost of biodiesel 
production [64].

•	 The process of converting lipids to biodiesel entails a 
number of steps and a number of different chemicals 
[65].

•	 It is also necessary to purify biodiesel before it can be 
used in vehicles to ensure that it is pure [66].

•	 Biodiesel’s energy value is also required for qual-
ity control and production. This will necessitate the 
completion of a time and expense analysis [67].

•	 In each batch of microalgae cultivation, the amount 
and quality of lipids produced vary depending on 
climatic conditions and the generation of algae used 
[68].

•	 Vehicle engines must currently be replaced with 
engines that are compatible with biodiesel. Such a 
replacement, on the other hand, is a time-consuming 
process.

•	 Algae processing for biodiesel is a time-consuming 
process that must be avoided due to microbial con-
tamination [69].

•	 As the cost of manpower and materials for pond and 
photobioreactor construction rises, it is possible that 
production costs will increase. Depending on the 
environmental conditions, this will raise the cost of 
production each year.

•	 In some countries, research on genetically modified 
microalgae is prohibited in order to preserve indig-
enous wild species that produce less lipid [70].

•	 With regard to cultivation, numerous obstacles must 
be overcome and untangled in order to develop an 
effective mass cultivation technology for microalgae. 
This requires a comprehensive understanding of pho-
tosynthetic, structural, and functional characteristics 
of microalgae, as well as the target strain’s dominance 
over alien strain/bacteria contamination and, of 
course, biomass productivity per unit area.

•	 Macroalgae cultivation varies by season and country, 
depending on the sea environment. Based on their 

native species, only a few macroalgae species are cul-
tivable worldwide [71].

In order to better understand third-generation bio-
diesel, oil-accumulating yeasts are being used in the 
research. Oleaginous yeasts are capable of convert-
ing CO2, sugars, and organic acids into oil. The abil-
ity to convert carbohydrates to lipids, as a result, makes 
them advantageous for the production of biofuels [42, 
72]. Certain yeast species can accumulate a wide variety 
of lipids between 20 and 80% (w/w) of their dry weight 
[73]. Despite the fact that the process is similar in most 
species, the mechanism by which these microorganisms 
accumulate lipids is not well understood. Oleaginous 
yeasts are considered potential oil exploration organisms 
due to their rapid growth rate, ability to grow on a variety 
of different substrates, and high cell density [2, 74, 75]. 
Scaling-up  this process is easier with yeasts than with 

Fig. 6  Oleaginous yeast lipid content and productivity compared to 
oleaginous microalgae and conventional feedstocks. Source of data 
from Refs. [78, 79]



Page 8 of 40Ali et al. Biotechnology for Biofuels and Bioproducts           (2022) 15:35 

microalgae, as internal contamination is less common 
and is easier to control at low pH [76, 77]. The compari-
son of the lipid productivity of different emergent matri-
ces to a conventional feedstock is shown in Fig. 6 [78, 79]. 
The lipid content and productivity of oleaginous yeasts 
such as Yarrowia lipolytica (Fig.  6A) were compared to 
the lipid content and productivity of oleaginous microal-
gae such as Chlorella vulgaris (Fig. 6B). The production 
of biodiesel from microbial oil is fraught with technical 
difficulties, owing primarily to the high cost of fermen-
tation. As a result, less expensive feedstock such as agri-
cultural residues and other aromatic wastes must be used 
as a substitute for expensive feedstock. There are several 
advantages to consider when selecting an oleaginous 
yeast for biodiesel production, which are summarized 
below.

•	 It is possible to genetically improve the majority of 
yeast species, making them suitable for large-scale 
fermentation and genetic improvement [80].

•	 Oleaginous yeast species produce lipids that are 
chemically and energetically similar to animal/plant 
oils [81].

•	 It is possible to use oleaginous yeasts in place of a 
variety of vegetable oil-based applications without 
endangering food resources [82].

•	 In the case of oleaginous yeasts, when grown on 
low-cost wastes, they can be ideal bioeconomic feed-
stocks, contributing significantly to waste pollution 
management [81].

•	 Some oleaginous yeast species have gained great 
attention in recent years, and some, such as Yarrowia 
lipolytica, Lipomyces starkeyi, and Rhodotorula toru-
loides, are now being used on an industrial scale for 
biodiesel production [83]. These species have ben-
efited from features such as ample genetic resources 
and molecular responses to a variety of growth con-
ditions. Such characteristics have aided in the devel-
opment of tailor-made gene-editing technologies.

In both bacterial and eukaryotic metabolism, the bio-
synthesis of long-chain fatty acids from acetate, followed 
by esterification to produce TAG, is an important step in 
the energy production process. The majority of organ-
isms produce significant amounts of TAG, but only in 
the quantities required for cell membrane synthesis. 
However, the majority of oleaginous yeast species, such 
as Yarrowia lipolytica and Cryptococcus curvatus, are 
capable of producing excess TAG and storing them intra-
cellularly in lipid vesicles [22]. These lipids can be used 
as a feedstock for the production of industrial biodiesel 
via conventional transesterification techniques. Crypto-
coccus curvatus is particularly interesting based on the 

ability of this oleaginous yeast species in utilizing efflu-
ent from an anaerobic digestion process that accumulates 
volatile fatty acids (VFAs) as a growth substrate for yeast, 
allowing the yeast to produce biodiesel [84].

Oleaginous yeasts have the ability to produce a large 
amount of lipid with the desired composition for bio-
diesel production, as well as the ability to efficiently 
metabolize low-cost feedstock [85]. Additional advance-
ments, primarily in the areas of cost reduction and 
increased productivity, are expected to continue until 
industrialization is completed. Furthermore, many yeast 
species are underexplored, so new sources of promising 
isolates should be thoroughly investigated. Yeasts derived 
from termite gut symbionts are one such extraordinary 
example.

Yeast–termite association and significance
Termites rely on mutualistic intestinal microbes for 
nitrogen and metabolism [86]. Termites (Isoptera) are 
traditionally classified as "lower" or "higher" termites 
based on the symbionts they coexist with [87]. Both 
lower and higher termites are capable of harboring 
prokaryotes in their guts, whereas flagellate protists are 
absent from the guts of higher termites, which rely heav-
ily on gut bacteria for plant degradation [88]. It is reason-
able to assume that the gut microbiota of wood-feeding 
higher termites would be the most lignocellulolytic in 
nature, as demonstrated in the Nasutitermitidae species’ 
gut microbiota [89]. Structural changes in the side-chains 
of lignin have also been observed in a number of termite 
species. Furthermore, a large number of isolates obtained 
from a variety of wood-feeding termite gut symbionts 
were shown to be capable of mineralizing lignin-derived 
monoaromatic and dimeric model compounds in a short 
period of time [22].

There is a scarcity of information on yeasts (single-cell 
fungi) in termite guts. Nonetheless, preliminary research 
has revealed that yeast isolates are found in large num-
bers in both lower and higher termites in various sys-
tematic positions. Yeasts are most likely members of the 
hindgut native symbiotic microbiota, since they have 
been isolated on a regular basis [90]. Among the micro-
organisms available, yeasts are in high demand for a 
variety of biotechnological applications [91]. They are 
common in detritus or wood-feeding insects’ guts, and 
they probably have a crucial role in the digestion pro-
cess through their lignocellulose-degrading activities 
despite the fact that none of these yeasts produce all of 
the hemicellulose-degrading enzymes [4, 92]. Therefore, 
due to the synergistic activities with other gut symbionts, 
glycolytic enzymes can degrade these substances. For 
example, Sporothrix albicans and Debaryomyces hanse-
nii, Rhodosporidium spp., Trichosporon spp. could also 
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be found in the hindgut of the termites from the families 
of Mastotermitidae, Rhinotermitidae, and Kalotermiti-
dae [93]. Therefore, the termite intestines can be seen as 
a sophisticated ecosystem with complex microbial com-
munities. During the passage through the digestive tract 
of food, both lower and higher termites degrade cellulose 
and hemicellulose, but with different digestive strategies 
(Fig. 7).

The termite symbiotic system offers numerous oppor-
tunities for the discovery of new genes and enzymes. 

Recent advances in -omics, such as metaproteomics, 
metagenomics, and metatranscriptomics, have been 
used to elucidate the nature of this system [94]. Char-
acterization and genetic engineering of these enzymes 
are essential for improving their suitability for industrial 
use. The synergistic collaboration of enzymes in lignocel-
lulose digestion should also be considered to maximize 
the efficiency of biomass utilization. While the associa-
tion of some termites with fungi is well established, there 
are only a few reports of yeast–termite associations. 

Fig. 7  Different lignocellulosic biomass digestion strategies in termites involve both the host and its gut microbiota
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Nowadays, eukaryotic expression systems, particularly 
yeasts inhabiting wood-feeding termite guts, are gaining 
increased attention for the enzymes they produce that 
have significant industrial applications, including biofuels 
and bioremediation [10, 28].

Figure 8 depicts the exceptional benefits of yeast sym-
bionts provide to their termite hosts. Yeast symbionts 
can provide nitrogen and vitamins to their termite hosts, 
as well as degrade cellobiose and produce a variety of 
enzymes such as lipase, phosphatase, glucosidase, and 
trypsin that aid the host in digestion and detoxification 
of a variety of compounds [24, 90]. Due to the inability 
of termites to degrade lignin, ligninases-producing yeasts 
in wood-feeding termite guts are essential candidates for 
assisting such hosts in entering the plant, providing an 
explanation for entry in the absence of suitable enzymes 
[22, 95]. Yeasts in wood-feeding termite gut symbionts 
may also aid in the digestion of difficult substances such 
as wood components (e.g., cellulose, hemicellulose and 
xylans) [96, 97]. Despite the fact that termites are capable 
of producing their own cellulase, no endogenous hemi-
cellulases have been discovered [98]. Thus, yeasts found 
in termite guts can provide the enzymes required for 
hemicellulose digestion. Yeasts, in particular, have been 
shown to contribute to the degradation of these wood 
components [99]. The ability of several yeast species iso-
lated from termite guts to digest lignin-based aromatics, 
xylan, and hemicellulose was determined [28, 100].

Despite extensive research, little is known about the 
extent to which yeasts benefit from termite associa-
tions (Fig. 8). Termites can vector yeasts and potentially 

protect them from unfavorable environments by living 
inside their guts. Furthermore, the termite gut may pro-
vide a favorable environment for yeast growth and sur-
vival, providing the organism with a consistent source 
of nutrition [101]. Termite guts may provide a unique 
environment for yeasts that cannot survive in other envi-
ronments. New yeast species were discovered among ter-
mite gut symbionts [90, 96, 97]. Termites may also affect 
yeast biodiversity, altering the density and composition 
of yeast populations. The association between termites 
and yeasts does not appear to be coincidental. There are 
three hypotheses for endosymbiotic yeast–termite asso-
ciations. Yeast symbionts were thought to be descended 
from termite commensals or pathogenic parasites, as well 
as phytopathogenic or saprophytic fungi. The association 
may also arose as a result of termite feeding habits [22]. 
Given what we know about these associations, it is not 
surprising that adaptation mechanisms are still a mystery.

Biodiesel production advances based on toxic 
aromatic compounds
Contemporary science is increasingly focusing on not 
only the utilization of industrial and human wastes, but 
also on the valorization of aromatic pollutants such as 
lignin derived from lignocellulosic biomass and textile 
azo dyes for lipid production by oleaginous microorgan-
isms as a substitute for fossil fuels. Lignin, a naturally 
occurring polyphenolic compound found in lignocel-
lulosic biomass, and lignin-derived compounds are also 
significant sources of aromatic compounds that are 
frequently recalcitrant to biological degradation. Azo 
dyes, on the other hand, are a class of compounds dis-
tinguished by the presence of azo bonds (–N=N–) in 
association with aromatic groups, which renders them 
resistant to the majority of biological and chemical treat-
ments. Figure 9 illustrates the similarity in the aromatic 
chemical structure of lignin and azo dye.

Lignin as aromatic polymer derived 
from lignocellulosic biomass
Anthropogenic aromatic pollutants have serious envi-
ronmental and human health consequences. These pol-
lutants can enter soil and water habitats from a variety 
of sources, including textile wastewater, oil spills, indus-
trial waste, and pipeline leaks. There are two categories 
of aromatic compounds based on the arrangement of 
benzene ring: monoaromatics, which contain a single 
aromatic ring, and polycyclic aromatics, which contain 
two or more aromatic rings [102]. On the other hand, 
heterocyclic aromatic compounds are monoaromatic or 
polycyclic aromatic compounds that contain atoms other 
than carbon, such as nitrogen or sulphur [103]. Poly-
cyclic aromatic hydrocarbons (PAHs) are a large class 

Fig. 8  Interactions between termites and yeast
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of compounds with multiple fused benzene rings that 
are produced by a variety of natural and anthropogenic 
activities [104]. While volcanic eruptions and forest fires 
are natural sources of PAHs, the primary anthropogenic 
sources are biomass burning, coal combustion, petro-
leum volatilization, and vehicle exhaust.

Lignocellulosic biomass is a renewable energy source 
that is primarily composed of cellulose, hemicelluloses, 
and lignin. Lignin is an aromatic polymer that contributes 
rigidity, water transportation, and resistance to micro-
bial invasion. Lignin is the most abundant renewable 
biopolymer of aromatic compounds on earth, account-
ing for up to 32% of the dry weight of softwoods [105]. 
Aromatic compounds are also found in trace amounts as 
side groups in plant biomass, such as xylan, tannins, and 
pectin [106]. Although lignin units are simple phenylpro-
pane molecules, the polymer produced is extremely com-
plex in three dimensions, and only extracellular enzymes 
can access the polymer surface. The lignin bonds also 
limit enzymatic activity, leading to lignocellulosic waste 
accumulation and environmental burden [107]. Lignin 
is a highly branched aromatic polymer that is com-
posed of three main monomers, namely guaiacyl (G), 
syringyl (S), and p-hydroxyphenyl (H), which are linked 

through a variety of linkages that differ among plant spe-
cies (Fig.  10). Filamentous fungi and yeast are the most 
efficient lignin degraders [108]. The carotenogenic yeast 
Rhodosporidium toruloides showed the ability to degrade 
lignin-based aromatics into high value-added products 
used in the production of biofuels [109]. Because aro-
matics derived from lignocellulosic biomass have a wide 
range of industrial applications, aromatic polymers have 
significant potential for the sustainable production of val-
uable compounds in bioenergy.

By 2025, the World Bank estimates that waste gen-
eration will exceed 2.6 billion tons due to population 
growth [110]. Around 60% of all waste generated on a 
global scale is lignin-based aromatics (organic waste from 
agriculture and textile industry) [111]. Currently, these 
organic residues are composted or incinerated, result-
ing in secondary wastes or methane and CO2 emissions 
[112]. As a result, recycling lignin-based aromatic wastes 
into high value-added products is necessary to minimize 
environment pollutants and conserve energy. In addition, 
one of the primary obstacles to economically viable SCO 
is the search for suitable low-cost carbon sources for ole-
aginous fermentation via various fermentation pathways. 
The use of lignin-based aromatic wastes as a feedstock 

Fig. 9  The aromatic chemical structure of lignin and azo dye
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can significantly increase industrial-scale SCO produc-
tion. However, a number of challenges must be overcome 
before biodiesel-based aromatic compounds become a 
reality in the near future.

Lignocellulosic biomass is a plentiful source of renew-
able energy. Once released from carbohydrate polymers 
that are tightly bound to lignin, monomer sugars can be 
used as a carbon source for SCO synthesis. Corn stalk 
accounted for the largest proportion of agricultural crop 
residues in China, accounting for over 354.49 million 
tons, or 41.66% of total theoretical quantities, followed by 
rice straw at over 195.76 million tons (23.01%) and wheat 
straw at over 134.76 million tons (15.84%); cotton stalk 
accounted for 17.35 million tons (2.04%); oilseeds crops 
straw (primarily canola and peanut) accounted for 64.60 
million tons (7.59%); and legumes straw (1.83%) as shown 
in Fig.  11 [113]. However, in Egypt, wheat straw and 
maize stalk weighing 11.2 and 4.9 million tons, respec-
tively, representing 36.7 and 16.2% of total lignocellulosic 
residue, are depicted in Fig. 11, along with the remainder 

of lignocellulosic residue [114]. Enzymatic catalysts are 
typically used to liberate sugars from lignocellulose. 
Cellulolytic and hemicellulolytic enzymes, on the other 
hand, are frequently inefficient on their own. Thus, pre-
treatment is essential to enhance the biomass digestibility 
are sugar liberation [115].

Degradation products such as furans, carboxylic 
acids, or phenols produced by certain pretreatment 
procedures can have a significant impact on ferment-
ing microorganisms. Numerous approaches, such 
as detoxification and adaptation, are being investi-
gated in this context to alleviate the inhibitory effect 
of these products on microorganisms when lignin-
based aromatics are employed as the raw material. It 
appears that despite the inhibitors, lipids can be pro-
duced from lignocellulosic waste, and several studies 
are being conducted to investigate various fermenting 
microorganisms. Following enzymatic hydrolysis, the 
newly discovered oleaginous yeast Rhodotorula muci-
laginosa KKUSY14 and Lipomyces starkeyi DSM 70,296 

Fig. 10  The fundamental structure and compositions of lignin units in various species
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produced SCO from non-detoxified durian peel hydro-
lysates and paper mill waste, respectively [116, 117]. 
Cryptococcus curvatus produced significantly more 
lipids in the untreated wheat straw hydrolysate (33.5% 
w/w lipids per DW) than in the detoxified wheat straw 

hydrolysate (27.1% w/w lipids per DW), indicating that 
this oleaginous yeast is highly resistant to inhibitors. 
Although Cryptococcus curvatus demonstrated high 
resistance to furfural, 5-HMF, and acetic acid, it also 
demonstrated a high capacity for consumption of these 
inhibitory compounds in 24 h, as well as the ability to 
utilize furfural and acetic acid as carbon sources [118].

Biomass degradation mechanisms in termite 
digestive tracts
Termites consume a cellulose-rich diet, and digestion 
necessitates the presence of both the termite and its gut 
symbionts [119]. Lignocellulosic biomass is combined 
with the termite salivary gland enzymes, and partially 
digested biomass enter the termite digestive tract, where 
the gut symbionts hydrolyze the polysaccharides via 
enzyme secretion [120]. Termite gut symbionts secrete 
cellulases, hemicellulases, and lignin-modifying enzymes 
[121]. Figure  12 illustrates the lignocellulose degrada-
tion mechanisms in the digestive tracts of lower and 
higher termites [122, 123]. Hydrolysis of cellulose was 
initiated in the foregut of lower termites initiate cellulose 
hydrolysis in the foregut via salivary gland secretion of 
β-glucosidases and endoglucanases [124]. In the hind-
gut, symbiotic flagellated protists endocytose partially 
degraded food particles, hydrolyze crystalline cellulose 
and hemicellulose, and possibly modify lignin via the 
production of cellulases, hemicellulases, and lignin-mod-
ifying enzymes [125]. It is more complicated for higher 
termites to break down lignocellulose, and the process 

Fig. 11  The availability of lignocellulosic biomass as a feedstock for 
biodiesel in China and Egypt. Source of data from Refs. [113, 114]

Fig. 12  A diagram depicting the mechanisms of lignocellulose degradation in the digestive tracts of lower and higher termites. Adapted from Refs. 
[122, 123]
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differs from one species to another. Endoglucanases are 
produced in the midgut of wood-feeding termites (Nas-
utitermitinae), whereas these enzymes are produced in 
the hindgut of Termitinae [126]. Endoglucanases, on 
the other hand, have been discovered in the midgut and 
hindgut of some Nasutitermitinae species, which is unu-
sual [127]. The activity of β-glucosidases varies among 
different species of termites, as well. Some Nasutitermes 
species, for example, produce these enzymes from their 
salivary glands and the midgut, among other places [128]. 
The β-glucosidase and endoglucanase activities of Mac-
rotermitinae can be found in both the salivary glands 
and the midgut of these termites. The β-glucosidase 
and endoglucanase activities of Odontotermes formosa-
nus (Shiraki) are produced in the salivary glands [129], 
whereas Macrotermes barneyi secrete β-glucosidase and 
endoglucanase in the midgut [123]. As opposed to other 
subfamilies of higher termites, the activity of lignocel-
lulose-degrading enzymes in Macrotermitinae is more 
complex, owing to the presence of basidiomycete fungi 
within the nest, which are distinguished by their ligno-
cellulose degradation abilities [130]. When wood frag-
ments are ingested by Macrotermitinae, it is believed 
that they combine with salivary β-glucosidase and endo-
glucanase and are then broken down into small particles 
in the foregut before moving to the midgut for digestion 
[131]. Endoglucanase and β-glucosidase enzymes are 
also secreted by the midgut, which act synergistically 
with salivary cellulases to hydrolyze amorphous regions 
of cellulose [132]. Macrotermitinae have also been found 
to have high levels of xylanase activity in their midguts 
[133]. Once partially digested food reaches the hindgut, 
it is attacked by lignocellulolytic enzymes secreted by the 
gut symbionts, resulting in food waste digestion and par-
tial lignin modification [134].

Azo dyes as aromatic textile wastewater pollutants
Dyes are chemical compounds that impart color to a 
substance [135]. Dyes are composed of two major com-
ponents: (I) the auxochrome moiety, which determines 
their water solubility and binding to textile fibers, and 
(II) the chromophore group, which imparts color to fab-
rics [136]. The classification of textile dyes in Fig.  13 is 
based on their chemical structures and the color index 
system [137–143]. The majority of dyes contain chemi-
cal functional groups such as carboxylic, amine, or azo 
groups, which are occasionally conjugated to form aro-
matic structures [144]. The presence of more aromatic 
nuclei in the dye matrix enhances double bonds and mol-
ecule complexity [145]. Due to these incredibly complex 
structures, synthetic dyes typically exhibit extremely low 
degradability and recalcitrance [146]. The textile indus-
try is a large consumer of water [147]. Additionally, the 

wastewater generated by this industry is a significant 
source of pollution due to its oxidative substances, per-
sistent color, low biodegradability, and alkalinity [148]. 
Furthermore, the discharged liquid is a descendant runoff 
from a series of chemical baths that generates large vol-
umes [149]. Textile dyes have a high molecular stability 
when subjected to chemical oxidation and light degrada-
tion. Furthermore, they may have biomagnification, tox-
icity, and even carcinogenic properties, all of which can 
be harmful to human health [15, 150, 151]. As a result, 
textile wastewaters are a source of concern and should be 
carefully treated to mitigate their environmental impact 
[152–155].

Numerous chemical and physical techniques, including 
Fenton oxidation, membrane filtration, ozonation, coagu-
lation/flocculation, electrochemical treatment, advanced 
oxidation process, and adsorption, were investigated 
under this scope for the treatment of dye-containing tex-
tile wastewater [15, 156]. However, these methods are 
frequently not preferred due to a number of drawbacks, 
including toxic byproducts and sludge production, high 
costs, extensive infrastructure requirements, and limited 
applicability [15, 157]. Furthermore, the presence of high 
temperatures, chemical oxygen demand (COD), biologi-
cal oxygen demand (BOD), pH, color, and heavy metals 
frequently impedes their use in textile wastewater treat-
ment [158].

The demand for fresh water is expanding quickly as 
a result of urbanization and industrialization, and is 
expected to exceed 55% by the year 2025 [159]. Recently, 

Fig. 13  Chemical structure of textile dye groups
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the "wastewater treatment field" has become a hot topic 
in both the academic and industrial communities, with 
the goal of removing chemical and microbiological pol-
lutants from municipal/industrial wastewater [156]. 
Nonetheless, reusing treated effluent water can con-
stitute a major health risk due to contamination from 
microbiological contaminants and organic matter. To 
date, biological treatment is widely recognized as one 
of the most environmentally friendly and cost-effective 
methods of removing toxins from wastewater [15, 160]. 
Notably, the use of oleaginous microorganisms in bio-
logical wastewater treatment is far more appealing than 
traditional aerobic and anaerobic digestion technologies, 
which necessitate sophisticated systems [161]. While 
oleaginous microorganisms can be cost-effective, they 
also have the ability to quickly clean wastewater and 
produce high-value-added products [162]. Utilizing ole-
aginous microorganisms in low-cost substrates such as 
nutrient-rich wastewaters is clearly a circular economy 
concept that has the potential to sustain industries asso-
ciated with wastewater treatment plants. Textile indus-
try consumes a significant amount of potable water in 
the production of fibers, resulting in massive amounts of 
wastewater (Fig.  14) [163, 164]. One kilogram of textile 
material requires approximately 200 L of water to manu-
facture. This quantity of water is required when chemi-
cals are applied to fabrics and when the finished products 
are rinsed. China exports the most textiles of all kinds, 
followed by the European Union, India, and the United 
States [165].

Azo dye classification and toxicity
Azo dyes are among the most hazardous types of syn-
thetic dyes produced in textile manufacturing effluents 
due to their chemical structure, which contains azoic 
linkages, amino groups, and aromatic rings. The global 

annual production of synthetic textile dyestuff is esti-
mated to be over 1 × 106 ton [166]. Azo dyes account 
for more than 70% (9,000,000 tonnes) of all synthetic 
dyestuffs and global manufacturing needs [167]. In com-
parison to natural dyes, azo dyes are more widely used in 
textile, pharmaceutical, and other industries (Fig.  15A) 
due to their ease of manufacture, resistance to fading, and 
color diversity. Figure 15B depicts the classification of azo 
dyes. According to the radical group attached to the azo 
bond, azo dyes are classified into two groups: the first 
group contains a radical attached to an aromatic amine 
moiety (NH2–R–N=N–R′), whereas the second group 
contains only radical compounds (R–N=N–R′) and 
generates aromatic amines upon reduction [145]. While 
reduction is the predominant reaction type involved in 
the degradation of the majority of azo dyes by specific 
enzymes called azo reductases, a few dyes are cleaved via 
oxidation using oxidases and peroxidases [145].

Azo dyes and their metabolites containing AAs are 
toxic, carcinogenic and mutagenic [168]. It has been 
reported that 15–50% of azo dyes are deposited in waste-
water, which is frequently used for irrigation in develop-
ing countries [169]. Azo dyes also alter soil chemistry, 
disrupting the microbial soil balance and impairing plant 
germination and flowering [145]. Azo dyes found in tex-
tile industry effluents can cause environmental stress and 
increase abscisic acid secretion in plants, impairing their 
normal growth [170]. Surprisingly, azo dyes from textile 
effluents were found in contaminated plants, where they 
wreaked havoc on plant physiology and growth [171]. It 
has been demonstrated that the azo dye Black Dye Com-
mercial Product (BDCP) is both an aneugen and a clas-
togen, causing chromosomal aberrations, micronuclei 
formation, and cell death in Allium cepa meristematic 
cells after exposure to 1.0  ppb of BDCP [172]. The bio-
degradation of BDCP by a consortium of diverse bacte-
rial strains and yeast revealed that the toxic metabolites 
were more cytotoxic and genotoxic than the parent com-
pound. The AAs produced by the bacterial and yeast azo 
reductases upon azo bond cleavage are most likely the 
cause of the azo metabolites’ more adverse effects [25, 
26, 173]. Water coloring is caused by the release of textile 
effluents, particularly red, orange, and yellow azo dyes, 
into the water, thereby reducing sunlight penetration and 
thus plant photosynthesis and growth rate [15]. Addi-
tionally, azo dyes dispersed in water provide an abundant 
substrate for bacterial populations and aquatic microor-
ganisms. The AA precursors formed during the biodeg-
radation of azo dyes contribute to the overall increase 
in the water content of toxic amines, which have a more 
detrimental effect on fish and aquatic organisms.

Azo dyes and their degraded byproducts also have det-
rimental effect on humans (Fig.  16). The AAs formed 

Fig. 14  Quantity of wastewater produced by textile industries. 
Source of data from Refs. [163, 164]
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as a byproduct of azo dyes have the potential to be car-
cinogenic. Numerous symptoms have been observed 
in zebrafish when exposed to azo dye at concentrations 
ranging from 5 to 50  mM, including spinal deformities, 
placenta swelling, and heart swelling [174]. The most 

common routes of exposure for humans to azo dyes are 
inhalation, skin contact, and oral ingestion. Allergic con-
junctives and rhinitis are the initial symptoms that affect 
workers and typically occur prior to the onset of occu-
pational asthma [175]. Allergic conditions develop as a 

Fig. 15  Applications of azo dyes (A) and their classification (B)
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result of histamine’s association with immunoglobulin 
(IgE) antibodies produced against circulating antigens 
that were previously formed by the reaction of reactive 
azo dyes with human serum albumin [176]. The skin 
is a critical route for xenobiotics to enter the human 
body. Corynebacterium, Enhydrobacter, Micrococcus, 
Propionibacterium, Staphylococcus, Streptococcus, and 
Veillonella are the most abundant bacterial strains physi-
ologically present on human skin [177]. The majority of 
these dermal species cleave azo dyes, such as Orange II 
and Methyl Red, into toxic AAs, which may be absorbed 
directly into the skin tissue and induce carcinogenesis 
[178]. Additionally, dermal mutagenesis was induced by 
direct contact with 40 mutagenic AAs derived from 180 
parent azo dyes used in the textile industry [178].

Consumption of azo dye-contaminated water can 
result in acute toxicity symptoms such as irritation, 
inflammation, or system failure. Crystal Violet is an azo 
dye that may be present in textile industry wastewater, 
causing irritation of the gastrointestinal tract, inflam-
mation of the urinary bladder, and kidney failure [179]. 
Chronic exposure to azo dyes or their AAs byproducts 
can initiate carcinogenesis. Disperse Red 1, an azo dye 

widely used in textile coloring, increased the occurrence 
of micronuclei in human hepatoma cells and lymphocyte 
culture in  vitro, while the damage caused by Disperse 
Red 1 established its clastogenic effect on chromo-
somes [180]. Additionally, when the Disperse Red 1 dye 
was tested in vivo on mature male mice, it induced tes-
ticular cytotoxicity, abnormal sperm morphology, and 
genotoxic DNA damage to spermatogonia in the testes 
[181]. Azure-B, another widely used azo dye in the textile 
industry, influenced human behavior by inhibiting mono-
amine oxidases A in the nervous system [182]. Human 
and other mammalian intestinal microflora anaerobically 
degrade azo dyes to their AAs, resulting in carcinogenic 
nodules in the liver, as well as breast and hematopoietic 
cancer [183]. The AAs degraded by the intestinal micro-
biome are diverse in general. For example, the Sudan II 
azo dye, which is widely used in the textile industry, can 
be biodegraded to a variety of metabolites, including 2,4 
dimethylaniline AA. After three hours of post-treatment 
with 2,4 dimethylaniline via gastric gavage, damaged 
DNA was detected in the lungs, kidney, and liver tis-
sues [184]. It has been reported that p-phenylenediamine 
can cause acute kidney failure in humans. Additionally, 

Fig. 16  Impact of azo dye on humans
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O-Toluidine can cause DNA damage and aneuploidy in 
cultured mammalian cells [185]. Benzidine, the reduction 
product of Congo Red and other azo dyes, is well-known 
for its carcinogenicity to various organs and cells in the 
body, including the stomach, large intestine, liver, gall 
bladder, bile duct, and pancreas. Additionally, it has the 
potential to cause cancer in the respiratory and genitou-
rinary systems, most notably in the lungs and kidney cells 
[186]. Notably, when benzidine is released into water 
following the treatment of textile effluents, acute oral 
toxicity symptoms such as nausea, dizziness, headache, 
cyanosis, and mental confusion can manifest [187].

Mechanisms by which yeasts degrade azo dyes
While yeasts have several advantages over filamentous 
fungi and bacteria when it comes to degrading textile 
dyes, their ability to develop rapidly and tolerate stress-
ful conditions are two of the most significant advantages 
[24]. Only a few reports, however, have highlighted the 
degradation and removal of azo dyes by yeasts. Several 
yeast strains, including Pichia occidentalis, Scheffersomy-
ces spartinae, and Sterigmatomyces halophilus, have been 
shown to be capable of degrading a variety of textile dyes, 
including azo dyes, as well as to withstand severe condi-
tions, such as high salt concentrations in textile wastewa-
ter [25, 26, 188]. The ability of Saccharomyces uvarum, 
Torulopsis candida, and Saccharomycopsis lipolytica 
to biosorb Reactive Brilliant Red K-2B was determined 
[189]. Saccharomyces cerevisiae was also evaluated for 
its ability to remove Remazol Blue, with results indicat-
ing that biosorption treatment can reduce the COD value 
and color absorbance of wastewater containing Remazol 
Blue dye by 61.8 and 100%, respectively [190].

Regarding the biodegradation mechanism, reductive or 
oxidative reactions are commonly involved in the biodeg-
radation of azo dyes using a yeast-mediated enzymatic 
system. Lignin-modifying enzymes have a high potential 
for decolorizing and degrading azo dyes used in textiles 
[28]. In general, reductive reactions result in the azo dyes 
cleaving of AAs into less toxic compounds that mineralize 
into CO2 and H2O. Azoreductase and NADH-dependent 
reductases are putatively involved in this phase [26]. 
Yang et  al. [191] demonstrated the efficiency of Reac-
tive Black 5 degradation by manganese peroxidase-
producing Debaryomyces polymorphus, whereas Jadhav 
et  al. [192] found an increase in lignin peroxidase and 
other enzyme activity in Saccharomyces cerevisiae dur-
ing Methyl Red decolorization. Qu et al. [193] described 
the mechanism by which yeasts remove azo dyes, which 
included asymmetric azo bond cleavage, adsorption, and 
hydroxylation. The dye is first converted to AAs such 
as 3-amino-4-hydroxy-naphthalene-1-sulfonate and 

4-amino-naphthalene-1-sulfonate, which are then oxi-
dized to ortho-hydroxyl compounds. In general, lignino-
lytic enzymes oxidize azo dyes to form a carbonium ion, 
which then undergoes nucleophilic water attack to form 
a diazene derivative and a benzoquinone. Following dia-
zene oxidation, molecular nitrogen is liberated, resulting 
in the formation of hydroperoxide derivatives.

Biodiesel (lipid) production
Biodiesel production by several oleaginous microorgan-
isms, such as microalgae, fungi, and bacteria, have been 
extensively studied [19, 194–196]. Lipids mainly accu-
mulate in the TAG form, polar lipids, and free fatty acids 
in cell biomass. Oleaginous microorganisms have been 
defined as organisms with a lipid content exceeding 20% 
of total biomass [2]; therefore, they can be considered 
as sustainable biofuel precursors. Especially yeasts rep-
resent promising lipid producers among the oleaginous 
microbes, as they are characterized by a high growth rate, 
they have a high lipid yield and are also able to use low-
cost substrates such as agricultural residues, resulting in 
high content of C16–C18 fatty acids [2, 18, 75, 197].

Biosynthetic pathways of lipids by oleaginous 
yeasts for biodiesel production
Figure  17 depicts the biosynthetic pathways for lipids 
by oleaginous yeasts, which are based on previously 
reported key enzymes and genes [72, 83, 198, 199]. In 
oleaginous yeasts, lipids are synthesized via two distinct 
biosynthetic pathways. Lignocellulosic biomass sug-
ars are used as a hydrophilic carbon substrate in the de 
novo pathway [200]. However, oils are used as a hydro-
phobic carbon substrate for lipid biosynthesis in the ex 
novo pathway. Acetyl-CoA and nicotinamide adenine 
dinucleotide phosphate (NADPH) are required for the de 
novo lipid biosynthesis pathway. Acetyl-CoA is synthe-
sized from fatty acids, sugars, and amino acids, whereas 
NADPH is synthesized via the pentose phosphate path-
way [201]. A condition in which the fermentation broth 
contains an excess of carbon and a deficiency of nitro-
gen can result in lipid synthesis [202]. As illustrated in 
Fig.  17, the majority of the enzyme-catalyzed reactions 
involved in the Kennedy pathway’s lipid production have 
been identified. Lipomyces starkeyi exhibited some novel 
lipid accumulation pathways in comparison to other 
lipid-producing yeasts such as Rhodotorula glutinis, Yar-
rowia lipolytica, and Rhodosporidium toruloides [203]. 
Due to the fact that Yarrowia lipolytica was considered 
a degrading yeast, metabolic engineering operations 
were required to achieve efficient lipid accumulation in 
this wild-type yeast [204]. In comparison to non-oleagi-
nous yeasts, the oleaginous yeast Lipomyces starkeyi was 
unique in the citrate/malate shuttle for citrate transport 
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Fig. 17  TAG synthesis pathways in yeast using glucose and xylose as carbon sources, as well as the explored (red) and unexplored (violet) genes 
encoding enzymes. Adapted from Refs. [72, 83, 198, 199]
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and the pyruvate dehydrogenase pathways [198]. Addi-
tionally, yeast fermentation can be used to utilize xylose, 
which is the second most abundant sugar in biomass 
hydrolysate. It was previously reported that xylose uti-
lization was significantly lower in wild-type Lipomyces 
starkeyi than glucose utilization [205]. This indicated that 
an increase in the rate of xylose metabolism was required 
via metabolic regulation mechanisms. The carbohydrate 
xylose can be converted to D-xylulose, which can then be 
converted to xylulose 5-phosphate, then be converted to 
acetyl phosphate via the enzyme phosphoketolase, which 
finally enters the PK-PTA-AADH pathway and contrib-
utes to lipid synthesis (Fig. 17).

Biodegradation pathways of lignin‑based 
aromatics by yeasts inhabiting termite guts 
and biodiesel production
Among various organisms, termites represent the most 
efficient lignocellulose-degrading systems for the three 
main polymers of biomass namely, cellulose, hemicel-
lulose and lignin (Fig.  18). The degradation of lignin by 
wood-feeding termites is fascinating, and while much 
evidence has recently been gathered, several critical pro-
cessing characteristics remain ambiguous. A termite gut 

system is generally considered an anaerobic environment 
due to the large community of strictly anaerobic micro-
organisms such as yeasts found in the termite guts. For 
lignin degradation, laccase and phenol-oxidase gene 
expression, as well as pyrogallol oxidation activity, were 
confirmed to occur in the salivary glands of the termite, 
Reticulitermes flavipes [22]. In order to decompose lignin 
and assimilate its aromatic building blocks, yeasts have 
evolved a number of sophisticated metabolic pathways. 
Several laccases and peroxidases are used to break dif-
ferent linkages connecting the S, G, and H-lignin mono-
mers in these metabolic pathways, which are required for 
lignin degradation (Fig.  19) [206]. Glutathione S-trans-
ferases, etherases, thiolases, and cytochrome P450 have 
also been linked to lignin depolymerization. Cutaneotri-
chosporon oleaginous ATCC 20,509 can grow on lignin, 
can tolerate high concentrations of 15 different monoaro-
matic compounds, and can accumulate lipids in excess of 
69% of dry weight [207]. The strain’s tolerance for stirring 
and several inhibitors, as well as their metabolic flexibil-
ity, reflect their ability to utilize undefined and impure 
lignin feedstocks in nonsterile conditions, thereby low-
ering the process’s cost. Rhodosporidium toruloides 
DSM-4444 and IFO 0880 are two additional yeasts that 

Fig. 18  Representative lignocellulolytic systems and their efficiency of conversion for the major biomass polymers (cellulose, hemicellulose, and 
lignin)
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have been shown to metabolize aromatic lignin mono-
mers [207, 208]. Only Rhodosporidium toruloides DSM-
4444, on the other hand, was able to metabolize the four 
models of lignin monoaromatics using lignin as the sole 
carbon source [208]. The advancement of multi-omics 
technology has increased accessibility to lignin-related 
metabolic pathways. Clearly, yeasts and fungi depolym-
erize lignin and lignin-based aromatic compounds more 
efficiently than bacteria [209]. When lignin depolymer-
izes to monomers and/or low-molecular-weight aro-
matics, yeasts use them to assimilate carbon and energy 
through their well-adapted metabolic pathways.

Pathways for lignin‑based aromatics degradation 
by yeast inhabiting termites and biodiesel 
production
Termites, an influential group of social insects known 
for destroying human property, are now considered an 
informative bioreactor that can efficiently degrade lig-
nocellulosic biomass [210]. Indeed, termites contrib-
ute significantly to the global carbon recycling process 
occurring within natural ecosystems [211]. Their capac-
ity to dissipate 74–99% of the cellulose and 65–87% of 
the hemicellulose they consume is remarkable, allow-
ing them to use the material as their primary source of 
energy [24]. Termite digestome "termites and their gut 
symbionts" is an ideal biological model for improving the 

current inefficient biorefinery processing of lignin-based 
aromatic wastes due to their ability to thrive on recalci-
trant lignocellulosic biomass and their widespread distri-
bution [24].

Lignin polymer networks are primarily composed of 
p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units, 
which are formed by dehydrogenating and polymerizing 
three different hydroxycinnamyl alcohols (monolignols), 
namely p-coumaryl alcohol, coniferyl alcohol, and 
sinapyl alcohol [22]. The G-lignin unit comprises 37.8 
and 98.3% of the lignin in poplar (a typical hardwood) 
and pine (a typical softwood), respectively [212]. Ferulic 
acid has been used as a model compound for G-lignin 
for many years. It is structurally connected to the C-5 
of the l-arabinofuranosyl residue, which is attached to 
the xylan backbone and acts as a lignification anchor in 
herbaceous biomass [213]. Although it is known that 
coniferyl aldehyde is converted directly to ferulic acid in 
the yeast Saccharomyces cerevisiae, the enzymes respon-
sible for this conversion are unknown [214]. As a result, 
a set of candidate genes and degradation pathways for 
G-lignin-derived aromatics have been proposed in yeasts 
(Fig. 20). According to the literature, the yeasts Brettano-
myces anomalus, Saccharomyces cerevisiae, and Debaro-
myces hansenii, all convert p-vinyl guaiacol to vanillin 
[215–217]. The conversion of ferulic acid to vanillic acid 
has been observed in the oleaginous yeasts Cryptococcus 

Fig. 19  A representative diagram of bond cleavage catalyzed by various ligninase families
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Fig. 20  The scheme of G-lignin-based aromatics degradation pathways in yeasts. The red lines represent the potential ferulic acid pathway. The use 
of question marks indicates that the enzyme has not been identified. The suggested gene, which encodes for specific enzymes, was found in the 
mentioned species
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curvatus, Trichosporon guehoae, and Rhodosporidium 
toruloides, but the exact mechanism is unknown [208]. 
It has been reported that Candida parapsilosis demeth-
ylated vanillic acid via a non-heme iron monooxygenase 
mechanism [218]. In conclusion, vanillic acid and vanil-
lin are significant G-unit monolignols because they were 
detected during the degradation of lignin [219]. Vanil-
lin can be converted by yeast in two pathways, depend-
ing on the strain: as vanillic acid or as vanillyl alcohol. 
Before being cleaved from the ring, it is converted into 
three major compounds: protocatechuic acid, catechol, 
and hydroxyquinol. While yeasts and fungi frequently 
possess a pathway leading to hydroxyquinol, bacteria do 
not [220]. As a result, demethylation of vanillic acid via 
a non-heme iron monooxygenase mechanism is likely to 
be a major pathway in yeast and bacteria, whereas dem-
ethylation of vanillic acid to protocatechuic acid (PCA) is 
the primary pathway in filamentous fungi.

When it comes to poplar and pine wood, the H-lignin 
unit accounts for 0.3 and 1.7% of the total lignin content, 
respectively [212]. Pei et  al. [221] reported that p-cou-
maric acid, a derivative of the monolignol p-coumaryl 
alcohol and a ferulic acid homologue, can be linked to 
polysaccharides and has antioxidant and antimicrobial 
properties. Cinnamic acid is converted to p-coumaric 
acid during the synthesis of lignin in plants [222]. Fig-
ure  21 depicts the degradation pathways for H-lignin-
based aromatics in yeast. Suárez et  al. [223] found that 
the yeast genera Brettanomyces and Dekkera were capa-
ble of converting p-vinylphenol into p-ethylphenol. How-
ever, no evidence has been found for the conversion of 
p-coumaric acid to p-hydroxybenzoic acid in the pres-
ence of yeast [214]. On the other hand, in poplar and 
pine wood, the S-lignin unit accounts for 61.9 and 0.0% 
of the lignin, respectively [212]. In comparison to G- and 
H-lignin, which contain one and zero methoxy groups on 
the aromatic ring, S-lignin contains two methoxy groups. 
As a result, degrading S-lignin is more difficult than 
degrading G- or H-lignin. Due to the structure of syrin-
gic acid, it is regarded as a model compound for S-lignin. 
Sinapic acid, a derivative of the monolignol sinapyl alco-
hol, is an aromatic compound with poorly understood 
aromatic metabolic pathways. In yeast, aromatic com-
pounds derived from S-lignin are degraded via the path-
ways depicted in Fig. 22.

PCA and catechol are abundant in a variety of lignin 
hydrolysates. As can be seen, G- and H-lignin compo-
nents are metabolized via the PCA 4,5-cleavage path-
way, while S-lignin components are degraded via the 
PCA 4,5-cleavage pathway. As illustrated in Fig.  23, the 
degradation of PCA in microbes has been classified into 

three pathways: 3,4-cleavage [224], 4,5-cleavage [225], 
and 2,3-cleavage [226]. Although no PCA ring cleavage 
pathways have been discovered in yeasts, the yeast Arx-
ula adeninivorans converts PCA to catechol via a process 
catalyzed by Gdc [227]. It has been demonstrated that the 
yeasts Candida parapsilosis and Trichosporon cutaneum 
possess a second pathway in which PCA is converted to 
hydroxyquinol via the Mnx1 [228]. Figure 24 illustrates a 
schematic representation of the PCA and catechol degra-
dation pathways in yeast. Tsai and Li [229] demonstrated 
that Candida albicans utilizes the catechol 1,2-dioxy-
genase (Hqd2) to cleave the aromatic ring of catechol. 
This enzyme is substrate specific and does not catalyze 
hydroxyquinol or catechol-related compounds. Hydrox-
yquinol is derived from a variety of aromatic compounds, 
including p-hydroxybenzoic and vanillic acids. It has 
been discovered that hydroxyquinol rings can be broken 
down in two distinct pathways. Maleylacetate is formed 
by oxidative cleavage of the intradiol ring. It is then con-
verted to acetyl-CoA and succinate, which enter the TCA 
cycle via the first pathway [230]. The second pathway 
converts hydroxyquinol to 2,4-dihydroxymuconic semi-
aldehyde, which is then converted to acetylpyruvate and 
formate via a series of reactions. Finally, acetylpyruvate is 
converted to acetate and pyruvate, which are then pro-
cessed and utilized in the TCA cycle. The hydroxyqui-
nol dioxygenase 1 (Hdx1) enzyme in the yeast Candida 
parapsilosis catalyzes the hydroxyquinol intradiol ring 
cleavage to form maleylacetate, which is further broken 
down into 3-oxoadipate and 3-oxoadipate-SCoA [228]. 
Gentisate dioxygenase (Gdx1) is a Candida parapsilo-
sis yeast enzyme that catalyzes the cleavage of gentisic 
acid’s aromatic ring to form maleylpyruvate [228]. The 
enzyme fumarylpyruvate dioxygenase 1 (Fph1) converts 
maleylpyruvate to fumarylpyruvate, which is then split 
into fumarate and pyruvate. It is worth noting that pyro-
gallol is converted to 2-hydroxymuconic acid in the yeast 
Arxula adeninivorans [227], and the pathway is identical 
to that described in detail for the catechol extradiol ring 
cleavage pathway.

In conclusion, the efficient wood-degrading process 
evolved in termite gut systems provides support to a 
novel concept that complete lignin degradation. Numer-
ous species have been identified with aromatic metabolic 
pathways. However, one can speculate that the natural 
habitat of a microorganism has a significant effect on the 
metabolic pathways that are activated. The majority of 
aromatic metabolic enzymes in bacteria have been iden-
tified, whereas only a few have been identified in yeasts. 
In many microorganisms, the ferulic acid metabolic path-
way is important because of the interaction of ferulic 
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acid with polysaccharides such as xylan and pectin. This 
interaction could explain the overlap between the feru-
lic acid metabolic pathways of bacteria and fungi. How-
ever, it appears that fungi and yeasts have their own set 
of pathways that are distinct from others. The knowledge 
gained about wood-feeding termites could be used to 
improve and modify existing biomass pretreatment tech-
nologies. In addition, combining nature’s and mankind’s 
achievements should result in new scientific and techno-
logical breakthroughs that are critical for using aromatic 
wastes as renewable resources for producing biofuels and 
bioproducts.

Some key scientific questions or challenges we 
have to face
The use of the non-natural yeast cells and their enzy-
matic/metabolic system for lipid synthesis is a clean, 
efficient, and renewable path to achieve "a sustainable 
development" towards biodiesel production. With this 
hypothesis, we have to face the following challenges in 
terms of science and the potential applications:

	 I.	 Lack of the potent/robust oleaginous yeast species 
or strains served as a potential cell factory to pro-
duce lipids from various aromatic waste material, 
such as azo dye, lignin analogous wastes, with this 
demand, we need to develop a technology system 
to screen and evaluate those potential robust ole-
aginous yeasts.

	II.	 A complicated and unknown network regulation 
system commonly presented in the natural ole-
aginous yeast cells, with the demand to develop a 
robust oleaginous yeast cell factory for lipid con-
version from waste biomass/organic dyes, we have 
to face the challenges for how to rebuild the yeast 
metabolic pathway with the synthetic biology 
methods in terms of the well understanding yeast 
regulation network by various "omics" technolo-
gies.

	III.	 How to develop an optimized fermentation system 
of oleaginous yeasts to maximize the function of 
yeast lipid conversion capability from those aro-
matic biomass wastes is a fundamental challenge 
for us, where the yeast cell growth factors and 
some relevant co-factors in fermentation should be 
well understood and managed.

The novel solutions and methodology we will 
propose
Aromatic wastes can be efficiently utilized by oleaginous 
yeasts
To develop the biodiesel industry in a sustainable man-
ner, and to truly industrialize it, we must address three 
issues comprehensively: the first is diversified raw mate-
rial sources; the second is diversified conversion and utili-
zation production technology; and the third is diversified 
product development. Oleaginous yeasts are capable of 
bio-converting lignin into lipids, the raw material used 
to make biodiesel. Cs-fad2, a Δ 12-fatty acid desaturase 
gene, was heterologously expressed in Saccharomyces 
cerevisiae for linoleic acid biosynthesis [231]. Increased 
inoculum size can increase Cryptococcus curvatus’ toler-
ance for phenolic compounds found in lignin and result 
in increased production of lipids. Vanillin was the most 
toxic, whereas p-hydroxybenzaldehyde and syringalde-
hyde inhibited Cryptococcus curvatus at concentrations 
ranging from 0–1.0 g/l [232]. Hu et al. [233] reported that 
Trichosporon cutaneum fermented on lignin model com-
pounds (4-Hydroxybenzaldehyde) produced 0.85  g/l of 
lipids, with the major fatty acids being 42.9% stearic acid, 
36.6% oleic acid, and 20.5% palmitic acid.

Numerous oleaginous yeasts, including Cryptococcus 
curvatus, Rhodosporidium toruloides, and Yarrowia lipo-
lytica, have been found to grow on hydrolysates of inedi-
ble lignocellulosic biomass [234, 235]. When hydrolysates 
of the non-edible crops Cassava and Jerusalem artichoke 
were provided, Rhodosporidium toruloides could produce 
63.2% and 56.5% lipid content (w/w), respectively [118]. 
In the United States, Asia, and Europe, the most prom-
ising non-edible lignocellulose biomasses/feedstocks are 
sugarcane bagasse, sugarcane husk, wheat straw, rice 
straw, and corn stover [236–241]. Rhodotorula muci-
laginosa IIPL32 produced 15.3  g/l biomass and 0.17  g 
SCO per gram of xylose consumed when grown on the 
pentose fraction of acid pretreated sugarcane bagasse 
as a carbon source [242]. When Rhodosporidium toru-
loides was grown on a nonsterile distillery and domestic 
mixed wastewater medium, it produced 36.9% lipid con-
tent [243]. Rhodosporidium toruloides used acetic acid 
as another low-cost carbon source, accumulating 48.2% 
lipid content with 4.35  g/l cell dry biomass [244]. Rho-
dotorula kratochvilovae HIMPA1 is an oleaginous yeast 
with the unique ability to use pulp and paper industry 

Fig. 21  The scheme of H-lignin-based aromatics degradation pathways in yeasts. The prospect pathway for p-coumaric acid is represented by red 
lines. The use of question marks indicates that the enzyme has not been identified. The suggested gene, which encodes for specific enzymes, was 
found in the mentioned species

(See figure on next page.)
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Fig. 21  (See legend on previous page.)
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Fig. 22  The scheme of S-lignin-based aromatics degradation pathways in yeasts. The prospect pathway for p-coumaric acid is represented by red 
lines. The use of question marks indicates that the enzyme has not been identified. The suggested gene, which encodes for specific enzymes, was 
found in the mentioned species



Page 27 of 40Ali et al. Biotechnology for Biofuels and Bioproducts           (2022) 15:35 	

effluent as a culture medium and accumulate a high 
amount of cell dry weight (13.87  g/l) with a total lipid 
yield of 8.56  g/l within the cellular compartment [243]. 
As a result, oleaginous yeast utilization has received a lot 
of attention.

Termite guts as an unexplored reservoir 
of aromatics‑degrading yeasts
Termites proliferate in large numbers in terrestrial eco-
systems [22]. While the mechanisms of cellulose diges-
tion in termites have become more understood, the 
degradation of lignin and aromatics remains a mys-
tery. Termites play an important role in the global car-
bon cycle due to their ability to degrade lignocellulose; 
thus, lignocellulose-degrading enzymes from the "ter-
mite digestome" have many potential bioenergy applica-
tions [245, 246]. With the removal of cellulose (74–99%), 
hemicellulose (65–87%), and lignin (5.0–83%), termite 
digestion of lignocellulose is highly efficient, with typical 
bioconversion exceeding 95% within a day [24]. Recent 
research indicates that termite symbionts contain cel-
lulolytic or lignin-derived components and are capable 
of degrading aromatic hydrocarbon compounds [247]. 
Thus, termite symbionts would be advantageous for 
industrial purposes. Despite the longer reaction time 
and more stringent control of microbial growth condi-
tions, a biological system involving termite gut symbionts 
appears to be more appealing.

Several species of host organisms have been recently 
identified, including Reticulitermes chinensis, Cop-
totermes formosanus, and Mastotermes darwiniensis, 
while the newly isolated yeasts represent an untapped 

source of bioactive compounds, enzymes, and derived 
biotechnological applications. Intestinal yeasts can effec-
tively remediate textile wastewater and decolorize both 
individual and mixtures of azo dyes, owing to their enzy-
matic activity and tolerance to high salt concentration 
[25, 26]. Concurrently, yeasts from wood-feeding termite 
guts constitute effective lignin, cellulose, and hemicellu-
lose degraders and can be further exploited for the val-
orization of recalcitrant lignocellulosic biomass, as in the 
case of the xylanolytic Candida pseudorhagii, an efficient 
bioethanol producer upon xylose fermentation [96]. Fur-
thermore, additional yeast benefits have been recently 
highlighted, including cold adaptation and tolerance to 
lignin-derived inhibitors [2, 27]. Lastly, novel yeast con-
sortia can be efficiently constructed, with improved per-
formance compared to the included individual isolates, 
mainly Yarrowia sp., Meyerozyma guilliermondii, Sterig-
matomyces halophilus, Barnettozyma californica, Mey-
erozyma caribbica, Debaryomyces hansenii, and Vanrija 
humicola, or by combining the activity of yeast and bac-
terial isolates [96, 97].

Reconstruction of oleaginous yeast metabolic 
network/pathway can be a powerful strategy 
to enhance lipid accumulation/transformation 
from aromatics
The limitations of using oleaginous yeasts in biodiesel 
production include limited feedstock availability and 
falling short of theoretical lipid yields. These con-
straints could be overcome by screening and identify-
ing potential alternative oleaginous yeast species, as well 

Fig. 23  The proposed PCA biodegradation pathway during the production of biodiesel and other byproducts
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as investigating their industrial applications. The use 
of these alternative yeasts would theoretically improve 
hydrolysate specificity, carbohydrate utilization, and tol-
erance to osmotic pressures, pH changes, and growth 
inhibitors, lowering the cost of oleochemical production 

and, thus, end-product prices. Furthermore, by avoiding 
stringent pretreatment of feedstocks and working with 
strains that can tolerate competition from microbes in 
the surrounding environment and input waste, flexible 
culture conditions can be developed (Fig.  25). In recent 

Fig. 24  The scheme of PCA and catechl degradation pathways in yeasts. The prospect pathway for p-coumaric acid is represented by red lines. The 
use of question marks indicates that the enzyme has not been identified. The suggested gene, which encodes for specific enzymes, was found in 
the mentioned species
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years, based on omics and synthetic biology, the use of 
oleaginous yeasts to transform lignin biomass waste 
(and organic dye wastewater) into biodiesel products 
has become a new research hotspot and technological 
development direction, with good prospects for industri-
alization application [2, 18, 27, 28]. Preliminary research 
results have shown that high-oily yeast or a composite 
flora combination of different yeasts can not only effi-
ciently degrade lignin waste and a variety of organic 
dye wastewater similar in structure to lignin, but also 
through biotransformation and fermentation. Treatment 
to achieve the purpose of decolorization and detoxifica-
tion; at the same time, metabolites of lignin biomass or 
organic dyes can be effectively converted into high-qual-
ity biodiesel products in the metabolic process, kill two 
birds with one stone. Compared with the requirements 
of microalgae raw materials, the requirements of oleagi-
nous yeast for raw materials do not have seasonality and 
higher energy and equipment input, and the economic 
performance of industrialization is higher.

Yarrowia lipolytica, an oil-producing yeast, has 
attracted much attention due to its ability to accumu-
late high lipid content using a variety of substrates and 
its flexibility in genetic manipulation [248]. The intra-
cellular lipid metabolism in Yarrowia lipolytica was 

customized to produce fatty acids, which are renewable 
lipid chemicals and precursors for the production of a 
new generation of biofuels [249]. The aromatic products 
of lignin depolymerization contain a lot of monocyclic 
and polycyclic aromatic compounds [250]. The synthesis 
of lipids in Yarrowia lipolytica was a complex metabolic 
network which is composed of lignin depolymerization 
pathways and fatty acid synthesis pathways [251]. Elu-
cidating the metabolic network in Yarrowia lipolytica 
from lignin depolymerization to fatty acid synthesis is 
an important prerequisite for improving lignin conver-
sion and constructing high-yield fatty acid-producing 
oleaginous yeast. Recently, we found that oleaginous 
yeast can effectively biodegrade lignin and its structural 
analogs of organic dyes and synthesize neutral oils effi-
ciently. Figure 26 shows the proposed metabolic route of 
the lignin and lignin-like dye valorization into biodiesel 
by lipid-accumulating oleaginous yeast [18]. In addition, 
the physical and chemical quality of its synthetic bio-
diesel is also competitive (Table  2) [2]. The oleaginous 
yeast Meyerozyma caribbica SSA1654 was screened 
from wood‑feeding termite gut symbionts. Its synthetic 
oil conversion ability can reach up to 0.08 g/l/h, and the 
oil content of yeast can reach 47.25% (w/w) [2], showing 
attractive prospects for industrialization applications.

Fig. 25  The advantages and disadvantages of using nontraditional oleaginous yeasts
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Fig. 26  The proposed metabolic pathway for aromatics conversion into biodiesel by oleaginous yeast. Adapted from Ref. [18]
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Technical bottlenecks/challenges and proposed 
solutions
Although yeast transforming aromatic wastes (lignin bio-
mass and organic dye wastewater) into biodiesel has a 
certain potential for industrialization, there are still sev-
eral technical bottlenecks and challenges that we need 
to face and solve through the following points. Figure 27 
depicts a proposed road map and methodology for pro-
ducing biodiesel from aromatics-degrading oleaginous 
yeast inhabiting wood-feeding termites.

Strain screening and modification
The lipids produced from oleaginous yeast species 
have similar composition and energy values to plant 
and animal oils, thus, they may offer alternatives to 
several vegetable oil-based applications with no com-
petition for food resources. They can become ideal 
bioeconomic feedstocks if grown using low-cost raw 
waste materials, such as lignin and its derivatives (e.g., 
lignocellulosic biomass and organic dye wastewater) 
and, thus have also a role in waste management. There-
fore, the first proposed solution is how to construct a 
breeding technology and a comprehensive evaluation 
system for high lipid productivity-producing ole-
aginous yeasts. This challenge will be carried out by 
screening and identification of potential alternative 
oleaginous yeast species, as well as exploration of their 
industrial applications, may be required to overcome 
limitations, such as limited feedstock accessibility 
and falling short of theoretical lipid yields. Identifica-
tion of robust oleaginous yeast strain(s) with specific 
characteristics, such as lignin and its aromatic-based 
derivatives utilization, tolerance to osmotic pressures, 
tolerance to pH changes, tolerance to growth inhibi-
tors, and tolerance to high concentration dye wastewa-
ter, is therefore critical.

A proposed novel metabolic pathway and strategy
Lipid metabolism has evolved in eukaryotes as a com-
plex metabolic network with a large number of enzyme-
catalyzed reactions connecting different compartments 
of the cell. In terms of fatty acid precursors and corre-
sponding enzymes, there are mechanistic differences 
between oleaginous and non-oleaginous yeast species, 
which are tightly linked with other metabolic pathways 
and regulated at various branch points. As a result, the 
enzymes involved in lipid biosynthesis are important tar-
gets for increasing lipid accumulation. A few oleaginous 
yeast species, such as Yarrowia lipolytica, Rhodotorula 
toruloides, and Lipomyces starkeyi, have recently gained 
popularity and are now used for a variety of indus-
trial applications. The availability of abundant genetic 
resources, optimized culture conditions, and insights 
into physiological, biochemical, and molecular responses 
to varying growth conditions have aided in the develop-
ment of tailored gene-editing technologies and amenable 
transformation methods for these species. Despite exten-
sive research, they have some drawbacks, particularly 
access to limited feedstock and falling short of theoreti-
cal lipid yields. Therefore, the second proposed solution 
is how to reconstruct the metabolic pathway/network 
of the process of yeast transforming aromatic wastes to 
maximize the lipid transformation and accumulation 
rate from the lignin and lignin-based aromatics with the 
applications of various “omics” technologies or a syn-
thetic biology approach. This challenge will be carried 
out on selected oil-producing yeast strain as below.

Multi‑omics analysis
To elucidate the metabolic network of aromatics depo-
lymerization and fatty acid synthesis, the combined 
analysis of transcriptomics, proteomics and metabo-
lomics will be performed. Through omics analysis, the 

Table 2  Biodiesel properties produced by Meyerozyma caribbica SSA1654 in comparison with those of olive oil and the international 
biodiesel standard EN 14,214

Data obtained from Ali et al. [2]

Biodiesel properties M. caribbica SSA1654 Olive oil EN 14214

Long chain saturated factor (%, wt) 3.34 4.2 Not specified

Kinematic viscosity (mm2/s) 3.98 4.5 3.5–5.0

Iodine value (gI2/100 g) 92.37 84.0  ≤ 120

Cetane number 52.32 57.0  ≥ 51

Saponification value (mg KOH) 199.4 Not determined Not specified

Linolenic acid (C18:3) 4.07 0.6  ≤ 12

Degree of unsaturation (%, wt) 95.85 92.7 Not specified

Density (g/cm3) 0.88 Not specified 0.86–0.9

Oxidation stability (h) 8.3 3.3  ≥ 6
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Fig. 27  The proposed road map and methodology for producing biodiesel from aromatics-degrading oleaginous yeast inhabiting wood-feeding 
termites
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key pathways, catalytic enzymes, regulatory factors and 
key intermediate metabolites involved in the degrada-
tion of aromatic compounds and fatty acid synthesis will 
be identified. Based on the combined omics analysis, the 
metabolic network from aromatics to fatty acid in oleagi-
nous yeast will be elucidated.

The research for the stress response mechanism 
of oleaginous yeast in the presence of aromatics
When aromatic is used as a substrate, the stress response 
mechanism of oleaginous yeast to environmental stress 
is analyzed by comparative multi-omics analysis. Due to 
the cytotoxicity of lignin and its derived aromatic com-
pounds, it is necessary to clarify the variation of gene 
expression profile, transcription levels of key enzymes 
and transcription regulators, expression levels of 
enzymes in the presence of these aromatic compounds, 
and the variation of the transmembrane transport system 
in response to the environmental stress. This proposed 
solution will help to understand the physiological char-
acteristics of yeast cells in the presence of lignin and its 
derived aromatic compounds and provide a theoretical 
basis for the genetic engineering of yeast cells.

Construction of high fatty acid‑producing strain
In order to improve the efficiency and accumulation of 
fatty acid synthesis, metabolic network reconstruction, 
including overexpression of genes, will be performed to 
improve the precursor supply of fatty acid biosynthesis, 
reduce the consumption of fatty acid in natural pathway 
of robust yeast, and promote the excessive synthesis of 
fatty acid through: (i) increasing the synthesis of acetyl-
CoA; (ii) deleting the genes responsible for fatty acid acti-
vation and peroxisome transport via gene knockout; and 
(iii) overexpression of target genes to increase fatty acid 
production.

Conclusion and perspectives
Innovation points and future technology development

	 I.	 This review proposed a novel concept in utiliza-
tion oleaginous yeasts as the cell factory to convert 
aromatic wastes to lipid, indicating a completely 
new type of feedstock potentially valuable for com-
mercial biodiesel product using the robust yeasts 
explored in the gut of wood-feeding termites.

	II.	 This review also proposed a novel strategy for 
rebuilding the metabolic pathway of oleaginous 
yeasts in converting aromatic wastes to lipids, with 
the goals of (1) analyzing the genome characteris-
tics of the targeted yeast; (2) developing a new base 

mutation gene editing technology; and (3) clarify-
ing the impact of the insertion position of aromatic 
compounds and other biosynthetic pathways in the 
industrial chassis genome on the expression level 
and genome stability.

	III.	 This review has uniquely designed a new strategy 
to adopt advanced "multi-omics" technology for a 
better understanding of the metabolic regulation 
mechanism of those targeted yeasts regarding its 
regulation processing in depolymerizing lignin 
and other aromatic textile dyes, where it will fur-
ther allow us to easily identify a variety of involved 
enzyme functions, and further realize the recon-
struction of the metabolic network of the targeted 
compounds, and eventually improve the ability of 
oil synthesis and transformation.

	IV.	 This review developed and evaluated a new set of 
standards and approaches for screening and evalu-
ating robust oleaginous yeasts, as well as the quality 
of terminal biodiesel product converted from aro-
matic wastes.

Values in science and industry
Aromatics, which include lignin biomass and azo dye 
wastewater, are the most abundant renewable aro-
matic resources in nature, but they are also a source of 
organic pollutants. Three major issues for Egypt/China 
are how to adequately utilize such abundant aromatics 
and environmental pollutants to obtain a satisfying pro-
duction capacity, how to reasonably use such biodiesel 
in each region, and how to scientifically encourage the 
development of Egyptian/Chinese biodiesel industries. 
Meyerozyma caribbica, Yarrowia lipolytica, and other oil-
producing yeast strains we have isolated from termite gut 
symbionts, in recent, has received a lot of our attention 
due to its ability to accumulate high lipid content using a 
variety of substrates. Therefore, developing a novel bio-
conversion pathway from lignin and environmental pol-
lutants to biodiesel using robust aromatics-degrading 
oleaginous yeasts as a cell factory is a promising explora-
tion in terms of its scientific and industrial values.

Abbreviations
CO2: Arbon dioxide; TAG​: Triacylglycerides; AAs: Aromatic amines; CO: Carbon 
monoxide; HC: Hydrocarbons; PM: Particulate matter; SO2: Sulphur dioxide; 
NOx: Nitrogen oxides; GHG: Greenhouse gases; WOCs: Waste cooking oils; 
LUC: Land use change; SCO: Single cell oils; VFAs: Volatile fatty acids; -N = N-: 
Azo bond; PAHs: Polycyclic aromatic hydrocarbons; COD: Chemical oxygen 
demand; BOD: Biological oxygen demand; PCA: Protocatechuic acid; Hqd2: 
Catechol 1,2-dioxygenase; Hdx1: Hydroxyquinol dioxygenase 1; Gdx1: Gen‑
tisate dioxygenase; Fph1: Fumarylpyruvate dioxygenase 1; PDC1: Pyruvate 
decarboxylase; R5P: Ribulose-5-phosphate; SCT1: Glycerol-3-phosphate 
acyltransferase; OAA: Oxaloacetate; TAL: Transaldolase; LRO1: Phospholipid/
diacylglycerol acyltransferase; SLC1: Lyso-phosphatidic acid acyltransferase; 



Page 34 of 40Ali et al. Biotechnology for Biofuels and Bioproducts           (2022) 15:35 

RPE: Ribulose 5-phosphate 3-epimerase; ACAD: Acyl-CoA dehydrogenase; 
3-HCAD: 3-Hydroxybutyryl-CoA dehydrogenase; TKL: Transketolase; ECAH: 
Enoyl-CoA hydratase; LPA: Lysophosphatidate; FBPA: Fructose-bisphosphate 
aldolase; XR: Xylose reductase; FBP: Fructose 1,6-bisphosphate; PK: Phos‑
phoketolase; GND2: 6-Phosphogluconate dehydrogenase; IDH: Isocitrate 
dehydrogenase; AKG: α-Ketoglutarate; ENO: Enolase; PGI: Phosphoglucose 
isomerase; PGK: Phosphoglycerate kinase; PGL: 6-Phosphogluconolactone; 
PTA: Phosphotransacetylase; XL: Xylonolactonase; 3PG: 3-Phosphoglycerate; 
G3P: Glyceraldehyde-3-phosphate; G3PD: Glyceraldehyde-3-phosphate dehy‑
drogenase; G6P: Glucose-6-phosphate; SOL3: 6-Phosphogluconolactonase; PA: 
Phosphatidate; ACC1: Acetyl-CoA carboxylase; ACL1/ACL2: ATP-citrate lyase; 
LsFad2/LsFad3: Fatty acid desaturase; 2PG: 2-Phosphoglycerate; RPI: Ribose-
5-phosphate isomerase; FAS1/FAS2: Fatty acid synthase subunit; MDH1: Malate 
dehydrogenase 1; PL: Phospholipids; ALE1: Acyltransferase for lysophosphati‑
dylethanolamine; XD: Xylonite dehydratase; GPD1: Gly3P dehydrogenase; 
GUT2: Gly3P dehydrogenase; ACS: Acetyl-CoA synthetase; XI: Xylose isomer‑
ase; PGM: Phosphoglycerate mutase; PFK: Phosphofructokinase; DGA1/DGA2: 
Diacylglycerol acyltransferase; PAH1: Phosphatidate phosphatase; LsElo1/
LsElo2: Fatty acid elongase; AADH: Acetylating acetaldehyde dehydrogenase; 
F6P: Fructose-6-phosphate; HXK: Hexokinase; PYK: Pyruvate kinase; ALD: Acet‑
aldehyde dehydrogenase; ADH: Alcohol dehydrogenase; MAE1: Malic enzyme; 
DAG: Diacylglycerol; DGK1: Diacylglycerol kinase; PG: 6-Phosphogluconate; 
XDH: Xylitol dehydrogenase; PP: Phosphoenol pyruvate; XK: Xylulokinase; ADH: 
Alcohol dehydrogenase.

Acknowledgements
Not applicable.

Authors’ contributions
All authors contributed to the writing of this review. All authors read and 
approved the final manuscript.

Funding
This work was supported by the National Key R&D Program of China 
(2018YFE0107100), the National Natural Science Foundation of China 
(31772529), and the project funded by the Priority of Academic Program 
Development of Jiangsu Higher Education Institutions (PAPD 4013000011).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no conflicts of interest.

Author details
1 School of the Environment and Safety Engineering, Biofuels Institute, Jiangsu 
University, Zhenjiang 212013, China. 2 Botany Department, Faculty of Sci‑
ence, Tanta University, Tanta 31527, Egypt. 3 Biochemistry Division, Chemistry 
Department, Faculty of Science, Tanta University, Tanta 31527, Egypt. 4 Biore‑
finery Group, Food Research Department, School of Chemistry, Autonomous 
University of Coahuila, 25280 Saltillo, Coahuila, Mexico. 5 Institute of Textiles 
and Clothing, The Hong Kong Polytechnic University, Hong Kong, China. 

Received: 8 November 2021   Accepted: 13 March 2022

References
	 1.	 D’Hondt K, Kostic T, McDowell R, Eudes F, Singh BK, Sarkar S, Markakis 

M, Schelkle B, Maguin E, Sessitsch A. Microbiome innovations for a 
sustainable future. Nat Microbiol. 2021;6:138–42.

	 2.	 Ali SS, Al-Tohamy R, Koutra E, Kornaros M, Khalil M, Elsamahy T, El-
Shetehy M, Sun J. Coupling azo dye degradation and biodiesel produc‑
tion by manganese-dependent peroxidase producing oleaginous 
yeasts isolated from wood-feeding termite gut symbionts. Biotechnol 
Biofuels. 2021;14:61.

	 3.	 Ali SS, Sun J. Physico-chemical pretreatment and fungal biotreatment 
for park wastes and cattle dung for biogas production. Springerplus. 
2015;4:712.

	 4.	 Ali SS, Abomohra AE, Sun J. Effective bio-pretreatment of sawdust 
waste with a novel microbial consortium for enhanced biomethana‑
tion. Bioresour Technol. 2017;238:425–32.

	 5.	 Ali SS, Al-Tohamy R, Manni A, Luz FC, Elsamahy T, Sun J. Enhanced 
digestion of bio-pretreated sawdust using a novel bacterial consortium: 
microbial community structure and methane-producing pathways. 
Fuel. 2019;254:115604.

	 6.	 Ali SS, Nessem AA, Sun J, Li X. The effects of water hyacinth pretreated 
digestate on Lupinus termis L. seedlings under salinity stress: a comple‑
mentary study. J Environ Chem Eng. 2019;7:103159.

	 7.	 Ali SS, Elsamahy T, Koutra E, Kornaros M, El-Sheekh M, Abdelkarim 
EA, Zhu D, Sun J. Degradation of conventional plastic wastes in the 
environment: a review on current status of knowledge and future 
perspectives of disposal. Sci Total Environ. 2021;771:144719.

	 8.	 Ali SS, Elsamahy T, Al-Tohamy R, Zhu D, Mahmoud YA, Koutra E, 
Metwally MA, Kornaros M, Sun J. Plastic wastes biodegradation: 
mechanisms, challenges and future prospects. Sci Total Environ. 
2021;780:146590.

	 9.	 Ali SS, Al-Tohamy R, Sun J. Performance of Meyerozyma caribbica as a 
novel manganese peroxidase-producing yeast inhabiting wood-feed‑
ing termite gut symbionts for azo dye decolorization and detoxifica‑
tion. Sci Total Environ. 2022;806:150665.

	 10.	 Al-Tohamy R, Sun J, Khalil MA, Kornaros M, Ali SS. Wood-feeding termite 
gut symbionts as an obscure yet promising source of novel manganese 
peroxidase-producing oleaginous yeasts intended for azo dye decolori‑
zation and biodiesel production. Biotechnol Biofuels. 2021;14:229.

	 11.	 Khan RJ, Lau CY, Guan J, Lam CH, Zhao J, Ji Y, Wang H, Xu J, Lee DJ, Leu 
SY. Recent advances of lignin valorization techniques toward sustain‑
able aromatics and potential benchmarks to fossil refinery products. 
Bioresour Technol. 2022;346:126419.

	 12.	 Cajnko MM, Oblak J, Grilc M, Likozar B. Enzymatic bioconversion pro‑
cess of lignin: mechanisms, reactions and kinetics. Bioresour Technol. 
2021;340:125655.

	 13.	 He W, Gao W, Fatehi P. Oxidation of kraft lignin with hydrogen peroxide 
and its application as a dispersant for kaolin suspensions. ACS Sustain 
Chem Eng. 2017;5:10597–605.

	 14.	 Sajjadi M, Ahmadpoor F, Nasrollahzadeh M, Ghafuri H. Lignin-derived 
(nano) materials for environmental pollution remediation: current chal‑
lenges and future perspectives. Int J Biol Macromol. 2021;178:394–423.

	 15.	 Al-Tohamy R, Ali SS, Li F, Okasha KM, Mahmoud YA, Elsamahy T, Jiao 
H, Fu Y, Sun J. A critical review on the treatment of dye-containing 
wastewater: Ecotoxicological and health concerns of textile dyes and 
possible remediation approaches for environmental safety. Ecotoxicol 
Environ Saf. 2022;231:113160.

	 16.	 Nguyen LT, Phan DP, Sarwar A, Tran MH, Lee OK, Lee EY. Valorization of 
industrial lignin to value-added chemicals by chemical depolymeriza‑
tion and biological conversion. Ind Crop Prod. 2021;161:113219.

	 17.	 Tomás-Pejó E, Morales-Palomo S, González-Fernández C. Microbial 
lipids from organic wastes: outlook and challenges. Bioresour Technol. 
2021;323:124612.

	 18.	 Ali SS, Al-Tohamy R, Koutra E, El-Naggar AH, Kornaros M, Sun J. 
Valorizing lignin-like dyes and textile dyeing wastewater by a newly 
constructed lipid-producing and lignin modifying oleaginous yeast 
consortium valued for biodiesel and bioremediation. J Hazard Mater. 
2021;403:123575.

	 19.	 Murillo G, Ali SS, Sun J, Yan Y, Bartocci P, El-Zawawy N, Azab M, He Y, 
Fantozzi F. Ultrasonic emulsification assisted immobilized Burkholderia 
cepacia lipase catalyzed transesterification of soybean oil for biodiesel 
production in a novel reactor design. Renew Energ. 2019;135:1025–34.

	 20.	 Murillo G, He Y, Yan Y, Sun J, Bartocci P, Ali SS, Fantozzi F. Scaled-up 
biodiesel synthesis from Chinese Tallow Kernel oil catalyzed by 
Burkholderia cepacia lipase through ultrasonic assisted technology: a 



Page 35 of 40Ali et al. Biotechnology for Biofuels and Bioproducts           (2022) 15:35 	

non-edible and alternative source of bio energy. Ultrason Sonochem. 
2019;58:104658.

	 21.	 Murillo G, Sun J, Ali SS, Yan Y, Bartocci P, He Y. Evaluation of the 
kinematic viscosity in biodiesel production with waste vegetable oil, 
ultrasonic irradiation and enzymatic catalysis: a comparative study in 
two-reactors. Fuel. 2018;227:448–56.

	 22.	 Sun J, Ding SY, Peterson JD, editors. Biological conversion of biomass for 
fuels and chemicals: Explorations from natural utilization systems. Royal 
Society of Chemistry; 2013.

	 23.	 Rajeswari G, Jacob S, Chandel AK, Kumar V. Unlocking the potential 
of insect and ruminant host symbionts for recycling of lignocellu‑
losic carbon with a biorefinery approach: a review. Microb Cell Fact. 
2021;20:107.

	 24.	 Ali SS, Al-Tohamy R, Sun J, Wu J, Huang M. The role of gut symbionts 
from termites: a unique hidden player from yeasts. Acta Microbiol Sin. 
2018;58(6):1004–15.

	 25.	 Al-Tohamy R, Kenawy ER, Sun J, Ali SS. Performance of a newly isolated 
salt-tolerant yeast strain Sterigmatomyces halophilus SSA-1575 for azo 
dye decolorization and detoxification. Front Microbiol. 2020;11:1163.

	 26.	 Al-Tohamy R, Sun J, Fareed MF, Kenawy ER, Ali SS. Ecofriendly biodegra‑
dation of Reactive Black 5 by newly isolated Sterigmatomyces halophilus 
SSA1575, valued for textile azo dye wastewater processing and detoxifi‑
cation. Sci Rep. 2020;10:12370.

	 27.	 Ali SS, Sun J, Koutra E, El-Zawawy N, Elsamahy T, El-Shetehy M. 
Construction of a novel cold-adapted oleaginous yeast consortium 
valued for textile azo dye wastewater processing and biorefinery. Fuel. 
2021;285:119050.

	 28.	 Ali SS, Al-Tohamy R, Khali MA, Ho S-H, Fu Y, Sun J. Exploring the 
potential of a newly constructed manganese peroxidase-producing 
yeast consortium for tolerating lignin degradation inhibitors while 
simultaneously decolorizing and detoxifying textile azo dye wastewa‑
ter. Bioresour Technol. 2022. https://​doi.​org/​10.​1016/j.​biort​ech.​2022.​
126861.

	 29.	 Xu YJ, Li GX, Sun ZY. Development of biodiesel industry in China: Upon 
the terms of production and consumption. Renew Sust Energ Rev. 
2016;54:318–30.

	 30.	 Shaaban M, Scheffran J, Böhner J, Elsobki MS. Sustainability assessment 
of electricity generation technologies in Egypt using multi-criteria deci‑
sion analysis. Energies. 2018;11:1117.

	 31.	 Pan X, Wang L, Dai J, Zhang Q, Peng T, Chen W. Analysis of China’s oil 
and gas consumption under different scenarios toward 2050: an inte‑
grated modeling. Energy. 2020;195:116991.

	 32.	 Petroleum B. Statistical review of world energy. 69th ed. London: BP; 
2020.

	 33.	 Aktemur C. An overview of natural gas as an energy source for various 
purposes. Int J Eng Technol IJET. 2017;3:91–104.

	 34.	 Syafiuddin A, Chong JH, Yuniarto A, Hadibarata T. The current scenario 
and challenges of biodiesel production in Asian countries: a review. 
Bioresour Technol Rep. 2020;12:100608.

	 35.	 Zhang S, Gao X, Koshi EN. A comparative study on the dynamic correla‑
tion effect of foreign and domestic gasoline and diesel price fluctua‑
tions. Appl math Nonlinear Sci. 2020;5:581–92.

	 36.	 Liu Z, Guan D, Crawford-Brown D, Zhang Q, He K, Liu J. A low-carbon 
road map for China. Nature. 2013;500:143–5.

	 37.	 Zingbagba M, Nunes R, Fadairo M. The impact of diesel price on 
upstream and downstream food prices: evidence from São Paulo. 
Energy Econ. 2020;85:104531.

	 38.	 Shouman ER, El Shenawy ET, Badr MA. Economics analysis of diesel and 
solar water pumping with case study water pumping for irrigation in 
Egypt. Int J Appl Eng Res. 2016;11:950–4.

	 39.	 Arya M, Rout AK, Samanta S. A review on the effect of engine perfor‑
mance and emission characteristics of CI Engine using Diesel-Biodiesel-
Additives fuel blend. Mater Today Proc. 2021. https://​doi.​org/​10.​1016/j.​
matpr.​2021.​11.​359.

	 40.	 Singh D, Sharma D, Soni SL, Sharma S, Sharma PK, Jhalani A. A review 
on feedstocks, production processes, and yield for different generations 
of biodiesel. Fuel. 2020;262:116553.

	 41.	 Coronado CR, de Carvalho Jr JA, Silveira JL. Biodiesel CO2 emissions: a 
comparison with the main fuels in the Brazilian market. Fuel Process 
Technol. 2009;90:204–11.

	 42.	 Pasha MK, Dai L, Liu D, Guo M, Du W. An overview to process design, 
simulation and sustainability evaluation of biodiesel production. Bio‑
technol Biofuels. 2021;14:129.

	 43.	 Zaki T, Khayal A. Country report on the solid waste management in 
Egypt. The regional solid waste exchange of the information expertise 
network in Mashreq and Maghreb Countries. 2010.

	 44.	 Soliman WM, He X. The potentials of jatropha plantations in Egypt: a 
review. Mod Econ. 2015;6:190.

	 45.	 Said M. Agro-ecological studies on canola in Egypt. LAP LAMBERT 
Academic Publishing; 2016.

	 46.	 Ahmed YN, Delin H. Current situation of Egyptian cotton: Econometrics 
study using ARDL model. J Agric Sci. 2019;11:88–97.

	 47.	 Yu SM, Sun JC, Chen BT. Guizhou Jatropha curcas L. resources and their 
exploitation. J West China For Sci. 2006;35:14–7.

	 48.	 Li W, Zhou Z, Meng Y, Xu N, Fok M. Modeling boll maturation period, 
seed growth, protein, and oil content of cotton (Gossypium hirsutum L.) 
in China. Field Crops Res. 2009;112:131–40.

	 49.	 Chen H, Chen GQ. Energy cost of rapeseed-based biodiesel as alterna‑
tive energy in China. Renew energy. 2011;36:1374–8.

	 50.	 Shen-de DI. Study of waste cooking oils recycling in China. J Anhui 
Agric Sci. 2013;1:100–9.

	 51.	 Atabani AE, Silitonga AS, Badruddin IA, Mahlia TM, Masjuki H, Mekhilef S. 
A comprehensive review on biodiesel as an alternative energy resource 
and its characteristics. Renew Sust Energ Rev. 2012;16:2070–93.

	 52.	 Outlook OF. OECD agriculture statistics (database). 2016. http://dx.doi.
org/https://​doi.​org/​10.​1787/​agr-​outl-​data-​en

	 53.	 Abubakr H, Vasquez JC, Mahmoud K, Darwish MM, Guerrero JM. 
Comprehensive review on renewable energy sources in Egypt–current 
status, grid codes and future vision. IEEE Access. 2022.

	 54.	 EIA (U.S. Energy Information Administration), Country Analysis Brief: 
Egypt. 2018. https://​www.​eia.​gov/​inter​natio​nal/​conte​nt/​analy​sis/​count​
ries_​long/​Egypt/​egypt.​pdf

	 55.	 Costa MW, Oliveira AA. Social life cycle assessment of feedstocks for 
biodiesel production in Brazil. Renew Sust Energ Rev. 2022;159:112166.

	 56.	 Mohiddin MN, Tan YH, Seow YX, Kansedo J, Mubarak NM, Abdullah MO, 
San Chan Y, Khalid M. Evaluation on feedstock, technologies, catalyst 
and reactor for sustainable biodiesel production: a review. J Ind Eng 
Chem. 2021;98:60–81.

	 57.	 Davis R, Aden A, Pienkos PT. Techno-economic analysis of autotrophic 
microalgae for fuel production. Appl Energy. 2011;88:3524–31.

	 58.	 Huang C, Chen XF, Xiong L, Ma LL, Chen Y. Single cell oil production 
from low-cost substrates: the possibility and potential of its industriali‑
zation. Biotechnol Adv. 2013;31:129–39.

	 59.	 Patel A, Karageorgou D, Rova E, Katapodis P, Rova U, Christakopoulos P, 
Matsakas L. An overview of potential oleaginous microorganisms and 
their role in biodiesel and omega-3 fatty acid-based industries. Microor‑
ganisms. 2020;8(3):434.

	 60.	 Chen Z, Wang L, Qiu S, Ge S. Determination of microalgal lipid content 
and fatty acid for biofuel production. Biomed Res Int. 2018;2018:1–17.

	 61.	 Ganesan R, Manigandan S, Samuel MS, Shanmuganathan R, Brind‑
hadevi K, Chi NT, Duc PA, Pugazhendhi A. A review on prospective 
production of biofuel from microalgae. Biotechnol Rep. 2020;27:e00509.

	 62.	 Rafa N, Ahmed SF, Badruddin IA, Mofijur M, Kamangar S. Strategies to 
produce cost-effective third-generation biofuel from microalgae. Front 
Energy Res. 2021;9:749968.

	 63.	 Chisti Y. Biodiesel from microalgae. Biotechnol Adv. 2007;25:294–306.
	 64.	 Hu Q, Sommerfeld M, Jarvis E, Ghirardi M, Posewitz M, Seibert M, Dar‑

zins A. Microalgal triacylglycerols as feedstocks for biofuel production: 
perspectives and advances. Plant J. 2008;54:621–39.

	 65.	 Karim A, Islam MA, Khalid ZB, Faizal CK, Khan MM, Yousuf A. Microalgal 
cell disruption and lipid extraction techniques for potential biofuel pro‑
duction. In: Microalgae cultivation for biofuels production. Academic 
Press; 2020. p. 129–147.

	 66.	 Kumar BR, Mathimani T, Sudhakar MP, Rajendran K, Nizami AS, Brind‑
hadevi K, Pugazhendhi A. A state of the art review on the cultivation of 
algae for energy and other valuable products: application, challenges, 
and opportunities. Renew Sust Energ Rev. 2021;138:110649.

	 67.	 Slade R, Bauen A. Micro-algae cultivation for biofuels: cost, energy bal‑
ance, environmental impacts and future prospects. Biomass Bioenerg. 
2013;53:29–38.

https://doi.org/10.1016/j.biortech.2022.126861
https://doi.org/10.1016/j.biortech.2022.126861
https://doi.org/10.1016/j.matpr.2021.11.359
https://doi.org/10.1016/j.matpr.2021.11.359
https://doi.org/10.1787/agr-outl-data-en
https://www.eia.gov/international/content/analysis/countries_long/Egypt/egypt.pdf
https://www.eia.gov/international/content/analysis/countries_long/Egypt/egypt.pdf


Page 36 of 40Ali et al. Biotechnology for Biofuels and Bioproducts           (2022) 15:35 

	 68.	 Chandrasekhar K, Raj T, Ramanaiah SV, Kumar G, Banu JR, Varjani S, 
Sharma P, Pandey A, Kumar S, Kim SH. Algae biorefinery: a promising 
approach to promote microalgae industry and waste utilization. J 
Biotechnol. 2022;345:1–16.

	 69.	 Mata TM, Martins AA, Caetano NS. Microalgae for biodiesel pro‑
duction and other applications: a review. Renew Sust Energ Rev. 
2010;14:217–32.

	 70.	 Ma XN, Chen TP, Yang B, Liu J, Chen F. Lipid production from Nanno‑
chloropsis. Mar Drugs. 2016;14(4):61.

	 71.	 Sun J, Xiong X, Wang M, Du H, Li J, Zhou D, Zuo J. Microalgae biodiesel 
production in China: a preliminary economic analysis. Renew Sust 
Energ Rev. 2019;104:296–306.

	 72.	 Zhang L, Lee JT, Ok YS, Dai Y, Tong YW. Enhancing microbial lipids yield 
for biodiesel production by oleaginous yeast Lipomyces starkeyi fermen‑
tation: a review. Bioresour Technol. 2022;344:126294.

	 73.	 Sundaramahalingam MA, Sivashanmugam P, Rajeshbanu J, Ashokku‑
mar M. A review on contemporary approaches in enhancing the innate 
lipid content of yeast cell. Chemosphere. 2022;293:133616.

	 74.	 Patra P, Das M, Kundu P, Ghosh A. Recent advances in systems and 
synthetic biology approaches for developing novel cell-factories in 
non-conventional yeasts. Biotechnol Adv. 2021;47:107695.

	 75.	 Ali SS, Al-Tohamy R, Xie R, El-Sheekh MM, Sun J. Construction of a new 
lipase-and xylanase-producing oleaginous yeast consortium capable 
of reactive azo dye degradation and detoxification. Bioresour Technol. 
2020;313:123631.

	 76.	 Bruder S, Hackenschmidt S, Moldenhauer EJ, Kabisch J. Conventional 
and oleaginous yeasts as platforms for lipid modification and produc‑
tion. In: Lipid modification by enzymes and engineered microbes. 
AOCS Press; 2018. p. 257–292.

	 77.	 Severo IA, Siqueira SF, Depra MC, Maroneze MM, Zepka LQ, Jacob-Lopes 
E. Biodiesel facilities: What can we address to make biorefineries com‑
mercially competitive? Renew Sust Energ Rev. 2019;112:686–705.

	 78.	 Friedlander J, Tsakraklides V, Kamineni A, Greenhagen EH, Consiglio AL, 
MacEwen K, Crabtree DV, Afshar J, Nugent RL, Hamilton MA, Joe SA. 
Engineering of a high lipid producing Yarrowia lipolytica strain. Biotech‑
nol Biofuels. 2016;9:77.

	 79.	 Francisco EC, Neves DB, Jacob-Lopes E, Franco TT. Microalgae as 
feedstock for biodiesel production: carbon dioxide sequestration, 
lipid production and biofuel quality. J Chem Technol Biotechnol. 
2010;85:395–403.

	 80.	 Zhou K, Zhou JF. Microbial fermentation via genetically engineered 
microorganisms for production of bioenergy and biochemicals. In: 
Biomass, biofuels, biochemicals. Elsevier; 2022. p. 215–232.

	 81.	 Leiva-Candia DE, Pinzi S, Redel-Macías MD, Koutinas A, Webb C, Dorado 
MP. The potential for agro-industrial waste utilization using oleaginous 
yeast for the production of biodiesel. Fuel. 2014;123:33–42.

	 82.	 Dey T, Bhattacharjee T, Nag P, Ghati A, Kuila A. Valorization of agro-waste 
into value added products for sustainable development. Bioresour 
Technol Rep. 2021;16:100834.

	 83.	 Chattopadhyay A, Maiti MK. Lipid production by oleaginous yeasts. Adv 
Appl Microbiol. 2021;116:1–98.

	 84.	 Chi Z, Zheng Y, Ma J, Chen S. Oleaginous yeast Cryptococcus curva-
tus culture with dark fermentation hydrogen production effluent 
as feedstock for microbial lipid production. Int J Hydrog Energy. 
2011;36:9542–50.

	 85.	 Vasconcelos B, Teixeira JC, Dragone G, Teixeira JA. Oleaginous yeasts 
for sustainable lipid production—from biodiesel to surf boards, 
a wide range of “green” applications. Appl Microbiol Biotechnol. 
2019;103:3651–67.

	 86.	 Chouvenc T, Šobotník J, Engel MS, Bourguignon T. Termite evolution: 
mutualistic associations, key innovations, and the rise of Termitidae. Cell 
Mol Life Sci. 2021;78:2749–69.

	 87.	 Kumari R, Sachdev M, Prasad R, Garg AP, Sharma S, Giang PH, Varma A. 
Microbiology of termite hill (mound) and soil. In: Intestinal microorgan‑
isms of termites and other invertebrates. Berlin, Heidelberg: Springer; 
2006. p. 351–372.

	 88.	 Evangelista DA, Wipfler B, Béthoux O, Donath A, Fujita M, Kohli MK, 
Legendre F, Liu S, Machida R, Misof B, Peters RS. An integrative phylog‑
enomic approach illuminates the evolutionary history of cockroaches 
and termites (Blattodea). Proc R Soc B. 1895;2019(286):20182076.

	 89.	 Brennan Y, Callen WN, Christoffersen L, Dupree P, Goubet F, Healey S, 
Hernández M, Keller M, Li K, Palackal N, Sittenfeld A. Unusual microbial 
xylanases from insect guts. Appl Environ Microbiol. 2004;70(6):3609–17.

	 90.	 Stefanini I. Yeast-insect associations: it takes guts. Yeast. 2018;35:315–30.
	 91.	 Nandy SK, Srivastava RK. A review on sustainable yeast biotechnological 

processes and applications. Microbiol Res. 2018;207:83–90.
	 92.	 Engel P, Moran NA. The gut microbiota of insects–diversity in structure 

and function. FEMS Microbiol Rev. 2013;37:699–735.
	 93.	 Urubschurov V, Janczyk P. Biodiversity of yeasts in the gastrointestinal 

ecosystem with emphasis on its importance for the host. The dynami‑
cal processes of biodiversity-Case studies of evolution and spatial 
distribution. 2011. p. 277–302.

	 94.	 Dudeja SS, Suneja-Madan P, Paul M, Maheswari R, Kothe E. Bacterial 
endophytes: molecular interactions with their hosts. J Basic Microbiol. 
2021;61:475–505.

	 95.	 Mathew GM, Sindhu R, Huang CC, Pandey A, Binod P. Microbial diversity 
in termite gut ecosystem and their role in lignocellulosic degradation. 
In: Microbial diversity in hotspots. Academic Press; 2022. p. 155–175.

	 96.	 Ali SS, Wu J, Xie R, Zhou F, Sun J, Huang M. Screening and characterizing 
of xylanolytic and xylose-fermenting yeasts isolated from the wood-
feeding termite, Reticulitermes chinensis. PLoS ONE. 2017;12:e0181141.

	 97.	 Ali SS, Al-Tohamy R, Sun J, Wu J, Huizi L. Screening and construction of a 
novel microbial consortium SSA-6 enriched from the gut symbionts of 
wood-feeding termite, Coptotermes formosanus and its biomass-based 
biorefineries. Fuel. 2019;236:1128–45.

	 98.	 Lo N, Tokuda G, Watanabe H. Evolution and function of endog‑
enous termite cellulases. In: Biology of termites: a modern synthesis. 
Dordrecht: Springer; 2010. p. 51–67.

	 99.	 Cadete RM, Lopes MR, Rosa CA. Yeasts associated with decompos‑
ing plant material and rotting wood. In: Yeasts in natural ecosystems: 
diversity. Cham: Springer; 2017. p. 265–292.

	100.	 Maurice N, Erdei L. Termite gut microbiome. In: Termites and sustain‑
able management. Cham: Springer; 2018. p. 69–99.

	101.	 Vega FE, Blackwell M, editors. Insect-fungal associations: ecology and 
evolution. Oxford University Press; 2005.

	102.	 Revathy T, Jayasri MA, Suthindhiran K. Biodegradation of PAHs by 
Burkholderia sp. VITRSB1 isolated from marine sediments. Scientifica. 
2015;2015:867586.

	103.	 Morya R, Salvachúa D, Thakur IS. Burkholderia: an untapped but promis‑
ing bacterial genus for the conversion of aromatic compounds. Trends 
Biotechnol. 2020;38:963–75.

	104.	 Mallah MA, Changxing L, Mallah MA, Noreen S, Liu Y, Saeed M, Xi H, 
Ahmed B, Feng F, Mirjat AA, Wang W. Polycyclic aromatic hydrocarbon 
and its effects on human health: an updated review. Chemosphere. 
2022;296:133948.

	105.	 Kowalczyk JE, Peng M, Pawlowski M, Lipzen A, Ng V, Singan V, Wang 
M, Grigoriev IV, Mäkelä MR. The white-rot basidiomycete Dichomitus 
squalens shows highly specific transcriptional response to lignocellu‑
lose-related aromatic compounds. Front Bioeng Biotechnol. 2019;7:229.

	106.	 Mäkelä MR, Marinović M, Nousiainen P, Liwanag AJ, Benoit I, Sipilä J, 
Hatakka A, de Vries RP, Hilden KS. Aromatic metabolism of filamentous 
fungi in relation to the presence of aromatic compounds in plant 
biomass. Adv Appl Microbiol. 2015;91:63–137.

	107.	 Ruiz-Dueñas FJ, Martínez ÁT. Microbial degradation of lignin: how a 
bulky recalcitrant polymer is efficiently recycled in nature and how we 
can take advantage of this. Microb Biotechnol. 2009;2:164–77.

	108.	 Janusz G, Pawlik A, Sulej J, Świderska-Burek U, Jarosz-Wilkołazka 
A, Paszczyński A. Lignin degradation: microorganisms, enzymes 
involved, genomes analysis and evolution. FEMS Microbiol Rev. 
2017;41(6):941–62.

	109.	 Yaegashi J, Kirby J, Ito M, Sun J, Dutta T, Mirsiaghi M, Sundstrom ER, 
Rodriguez A, Baidoo E, Tanjore D, Pray T. Rhodosporidium toruloides: a 
new platform organism for conversion of lignocellulose into terpene 
biofuels and bioproducts. Biotechnol Biofuels. 2017;10:241.

	110.	 Diwan B, Parkhey P, Gupta P. From agro-industrial wastes to single 
cell oils: a step towards prospective biorefinery. Folia microbiol. 
2018;63:547–68.

	111.	 Kaza S, Yao L, Bhada-Tata P, Van Woerden F. What a waste 2.0: a global 
snapshot of solid waste management to 2050. World Bank Publications; 
2018.



Page 37 of 40Ali et al. Biotechnology for Biofuels and Bioproducts           (2022) 15:35 	

	112.	 Nordahl SL, Devkota JP, Amirebrahimi J, Smith SJ, Breunig HM, Preble 
CV, Satchwell AJ, Jin L, Brown NJ, Kirchstetter TW, Scown CD. Life-cycle 
greenhouse gas emissions and human health trade-offs of organic 
waste management strategies. Environ sci Technol. 2020;54:9200–9.

	113.	 Ji LQ. An assessment of agricultural residue resources for liquid biofuel 
production in China. Renew Sust Energ Rev. 2015;44:561–75.

	114.	 FAO (Food and Agriculture Organization of the United Nations). The 
state of world fisheries and aquaculture. http://​www.​fao.​org/​fishe​ry/​
en. Accessed Jan 23 2017.

	115.	 Ning P, Yang G, Hu L, Sun J, Shi L, Zhou Y, Wang Z, Yang J. Recent 
advances in the valorization of plant biomass. Biotechnol Biofuels. 
2021;14:102.

	116.	 Di Fidio N, Liuzzi F, Mastrolitti S, Albergo R, De Bari I. Single cell oil pro‑
duction from undetoxified Arundo donax L. hydrolysate by Cutaneotri‑
chosporon curvatus. J Microbiol Biotechnol. 2019;29:256–67.

	117.	 Siwina S, Leesing R. Bioconversion of durian (Durio zibethinus Murr.) 
peel hydrolysate into biodiesel by newly isolated oleaginous yeast 
Rhodotorula mucilaginosa KKUSY14. Renew Energy. 2021;163:237–45.

	118.	 Yu X, Zheng Y, Dorgan KM, Chen S. Oil production by oleaginous yeasts 
using the hydrolysate from pretreatment of wheat straw with dilute 
sulfuric acid. Bioresour Technol. 2011;102:6134–40.

	119.	 da Costa RR, Hu H, Pilgaard B, Vreeburg SM, Schückel J, Pedersen 
KS, Kračun SK, Busk PK, Harholt J, Sapountzis P, Lange L. Enzyme 
activities at different stages of plant biomass decomposition in 
three species of fungus-growing termites. Appl Environ Microbiol. 
2018;84:e01815-e1817.

	120.	 Brune A. Symbiotic digestion of lignocellulose in termite guts. Nat Rev 
Microbiol. 2014;12:168–80.

	121.	 Liu N, Li H, Chevrette MG, Zhang L, Cao L, Zhou H, Zhou X, Zhou Z, 
Pope PB, Currie CR, Huang Y. Functional metagenomics reveals abun‑
dant polysaccharide-degrading gene clusters and cellobiose utilization 
pathways within gut microbiota of a wood-feeding higher termite. 
ISME J. 2019;13:104–17.

	122.	 Li H, Yelle DJ, Li C, Yang M, Ke J, Zhang R, Liu Y, Zhu N, Liang S, Mo X, 
Ralph J. Lignocellulose pretreatment in a fungus-cultivating termite. 
Proc Natl Acad Sci. 2017;114:4709–14.

	123.	 Ahmad F, Yang GY, Liang SY, Zhou QH, Gaal HA, Mo JC. Multipartite sym‑
bioses in fungus-growing termites (Blattodea: Termitidae, Macrotermi‑
tinae) for the degradation of lignocellulose. Insect Sci. 2021;28:1512–29.

	124.	 Shimada K, Maekawa K. Gene expression and molecular phylogenetic 
analyses of beta-glucosidase in the termite Reticulitermes speratus 
(Isoptera: Rhinotermitidae). J Insect Physiol. 2014;65:63–9.

	125.	 Li H, Yelle DJ, Li C, Yang M, Ke J, Zhang R, Liu Y, Zhu N, Liang S, Mo X, 
Ralph J. Lignocellulose pretreatment in a fungus-cultivating termite. 
Proc Natl Acad Sci USA. 2017;114:4709–14.

	126.	 Slaytor M. Energy metabolism in the termite and its gut microbiota. In: 
Termites: evolution, sociality, symbioses, ecology. Dordrecht: Springer; 
2000. p. 307–332.

	127.	 Rashamuse K, Ronneburg T, Sanyika W, Mathiba K, Mmutlane E, Brady 
D. Metagenomic mining of feruloyl esterases from termite enteric flora. 
Appl Microbiol Biotechnol. 2014;98:727–37.

	128.	 Tokuda G, Watanabe H, Hojo M, Fujita A, Makiya H, Miyagi M, Arakawa 
G, Arioka M. Cellulolytic environment in the midgut of the wood-
feeding higher termite Nasutitermes takasagoensis. J Insect Physiol. 
2012;58:147–54.

	129.	 Tokuda G, Lo N, Watanabe H, Arakawa G, Matsumoto T, Noda H. Major 
alteration of the expression site of endogenous cellulases in members 
of an apical termite lineage. Mol Ecol. 2004;13:3219–28.

	130.	 Poulsen M, Hu H, Li C, Chen Z, Xu L, Otani S, Nygaard S, Nobre T, 
Klaubauf S, Schindler PM, Hauser F. Complementary symbiont contribu‑
tions to plant decomposition in a fungus-farming termite. Proc Natl 
Acad Sci. 2014;111:14500–5.

	131.	 Mo J, Yang T, Song X, Cheng J. Cellulase activity in five species of impor‑
tant termites in China. Appl Entomol Zool. 2004;39:635–41.

	132.	 Ni J, Wu Y, Yun C, Yu M, Shen Y. cDNA cloning and heterologous expres‑
sion of an endo-β-1, 4-glucanase from the fungus-growing termite 
Macrotermes barneyi. Arch Insect Biochem Physiol. 2014;86:151–64.

	133.	 Rouland-Lefèvre C. Symbiosis with fungi. In: Abe T, Bignell DE, Higashi 
M, editors. Termites: evolution, sociality, symbioses, ecology. Dordrecht: 
Springer; 2000. p. 289–306.

	134.	 Hu H, da Costa RR, Pilgaard B, Schiøtt M, Lange L, Poulsen M. Fungicul‑
ture in termites is associated with a mycolytic gut bacterial community. 
Msphere. 2019;4:e00165-e219.

	135.	 Noreen S, Bhatti HN, Iqbal M, Hussain F, Sarim FM. Chitosan, starch, 
polyaniline and polypyrrole biocomposite with sugarcane bagasse 
for the efficient removal of Acid Black dye. Int J Biol Macromol. 
2020;147:439–52.

	136.	 Gupta VK. Application of low-cost adsorbents for dye removal–a review. 
J Environ Manage. 2009;90:2313–42.

	137.	 Shankarling GS, Deshmukh PP, Joglekar AR. Process intensification in 
azo dyes. J Environ Chem Eng. 2017;5:3302–8.

	138.	 Urbani M, Ragoussi ME, Nazeeruddin MK, Torres T. Phthalocyanines for 
dye-sensitized solar cells. Coord Chem Rev. 2019;381:1–64.

	139.	 Rauf MA, Hisaindee S. Studies on solvatochromic behavior of dyes 
using spectral techniques. J Mol Struct. 2013;1042:45–56.

	140.	 Wainwright M, Kristiansen JE. Quinoline and cyanine dyes—putative 
anti-MRSA drugs. Inter J Antimicr agents. 2003;22:479–86.

	141.	 Arenas CN, Vasco A, Betancur M, Martínez JD. Removal of indigo 
carmine (IC) from aqueous solution by adsorption through abrasive 
spherical materials made of rice husk ash (RHA). Process Saf Environ 
Protect. 2017;106:224–38.

	142.	 Belyaev ES, Shkirdova AO, Kozhemyakin GL, Tyurin VS, Emets VV, 
Grinberg VA, Cheshkov DA, Ponomarev GV, Tafeenko VA, Radchenko AS, 
Kostyukov AA. Azines of porphyrinoids. Does azine provide conjugation 
between chromophores? Dyes Pigm. 2021;191:109354.

	143.	 Li Y, Tan T, Wang S, Xiao Y, Li X. Highly solvatochromic fluorescence 
of anthraquinone dyes based on triphenylamines. Dyes Pigm. 
2017;144:262–70.

	144.	 Temesgen F, Gabbiye N, Sahu O. Biosorption of reactive red dye (RRD) 
on activated surface of banana and orange peels: economical alterna‑
tive for textile effluent. Surf Interfaces. 2018;12:151–9.

	145.	 Benkhaya S, M’rabet S, El Harfi A. A review on classifications, recent 
synthesis and applications of textile dyes. Inorg Chem Commun. 
2020;115:107891.

	146.	 Artifon W, Cesca K, de Andrade CJ, de Souza AA, de Oliveira D. Dyestuffs 
from textile industry wastewaters: trends and gaps in the use of biofloc‑
culants. Process Biochem. 2021;111:181–90.

	147.	 Hendaoui K, Ayari F, Rayana IB, Amar RB, Darragi F, Trabelsi-Ayadi M. Real 
indigo dyeing effluent decontamination using continuous electrocoag‑
ulation cell: study and optimization using response surface methodol‑
ogy. Process Saf Environ Protect. 2018;116:578–89.

	148.	 O’Neill C, Hawkes FR, Hawkes DL, Lourenço ND, Pinheiro HM, Delée W. 
Colour in textile effluents–sources, measurement, discharge consents 
and simulation: a review. J Chem Technol Biotechnol. 1999;74:1009–18.

	149.	 Harane RS, Adivarekar RV. Sustainable processes for pre-treatment of 
cotton fabric. Text Cloth Sustain. 2017;2:1–9.

	150.	 Law XN, Cheah WY, Chew KW, Ibrahim MF, Park YK, Ho SH, Show PL. 
Microalgal-based biochar in wastewater remediation: its synthesis, 
characterization and applications. Environ Res. 2022;204:111966.

	151.	 Li S, Li X, Ho SH. Microalgae as a solution of third world energy crisis 
for biofuels production from wastewater toward carbon neutrality: an 
updated review. Chemosphere. 2022;291:132863.

	152.	 Peter AP, Khoo KS, Chew KW, Ling TC, Ho SH, Chang JS, Show PL. 
Microalgae for biofuels, wastewater treatment and environmental 
monitoring. Environ Chem Lett. 2021;19:2891–904.

	153.	 Duan X, Zhou X, Wang R, Wang S, Ren NQ, Ho SH. Advanced oxidation 
processes for water disinfection: features, mechanisms and prospects. 
Chem Eng J. 2021;409:128207.

	154.	 Zhang C, Li S, Ho SH. Converting nitrogen and phosphorus wastewater 
into bioenergy using microalgae-bacteria consortia: a critical review. 
Bioresour Technol. 2021;342:126056.

	155.	 Wang Y, Ho SH, Cheng CL, Guo WQ, Nagarajan D, Ren NQ, Lee DJ, 
Chang JS. Perspectives on the feasibility of using microalgae for indus‑
trial wastewater treatment. Bioresour Technol. 2016;222:485–97.

	156.	 Mazhar S, Ditta A, Bulgariu L, Ahmad I, Ahmed M, Nadiri AA. Sequential 
treatment of paper and pulp industrial wastewater: prediction of water 
quality parameters by Mamdani Fuzzy Logic model and phytotoxicity 
assessment. Chemosphere. 2019;227:256–68.

	157.	 Crini G, Lichtfouse E. Advantages and disadvantages of techniques 
used for wastewater treatment. Environ Chem Lett. 2019;17:145–55.

http://www.fao.org/fishery/en
http://www.fao.org/fishery/en


Page 38 of 40Ali et al. Biotechnology for Biofuels and Bioproducts           (2022) 15:35 

	158.	 Behera M, Nayak J, Banerjee S, Chakrabortty S, Tripathy SK. A review on 
the treatment of textile industry waste effluents towards the develop‑
ment of efficient mitigation strategy: an integrated system design 
approach. J Environ Chem Eng. 2021;9:105277.

	159.	 Meena RA, Kannah RY, Sindhu J, Ragavi J, Kumar G, Gunasekaran M, 
Banu JR. Trends and resource recovery in biological wastewater treat‑
ment system. Bioresour Technol Rep. 2019;7:100235.

	160.	 Sousi M, Liu G, Salinas-Rodriguez SG, Chen L, Dusseldorp J, Wes‑
sels P, Schippers JC, Kennedy MD, van der Meer W. Multi-parametric 
assessment of biological stability of drinking water produced from 
groundwater: reverse osmosis vs. conventional treatment. Water Res. 
2020;186:116317.

	161.	 Colussi I, Cortesi A, Della Vedova L, Gallo V, Robles FC. Start-up proce‑
dures and analysis of heavy metals inhibition on methanogenic activity 
in EGSB reactor. Bioresour Technol. 2009;100:6290–4.

	162.	 Leong HY, Chang CK, Khoo KS, Chew KW, Chia SR, Lim JW, Chang JS, 
Show PL. Waste biorefinery towards a sustainable circular bioeconomy: 
a solution to global issues. Biotechnol Biofuels. 2021;14:87.

	163.	 Sarayu K, Sandhya S. Current technologies for biological treat‑
ment of textile wastewater–a review. Appl Biochem Biotechnol. 
2012;167:645–61.

	164.	 Hossain L, Sarker SK, Khan MS. Evaluation of present and future waste‑
water impacts of textile dyeing industries in Bangladesh. Environ Dev. 
2018;26:23–33.

	165.	 Ghaly AE, Ananthashankar R, Alhattab MV, Ramakrishnan VV. Produc‑
tion, characterization and treatment of textile effluents: a critical review. 
J Chem Eng Process Technol. 2014;5:1–9.

	166.	 Pandey A, Singh P, Iyengar L. Bacterial decolorization and degradation 
of azo dyes. Int Biodeter Biodegr. 2007;59:73–84.

	167.	 Kapoor RT, Danish M, Singh RS, Rafatullah M, HPS AK. Exploiting 
microbial biomass in treating azo dyes contaminated wastewater: 
Mechanism of degradation and factors affecting microbial efficiency. J 
Water Process Eng. 2021;43:102255.

	168.	 Crettaz S, Kämpfer P, Brüschweiler BJ, Nussbaumer S, Deflorin O. Survey 
on hazardous non-regulated aromatic amines as cleavage products of 
azo dyes found in clothing textiles on the Swiss market. J Consum Prot 
Food Saf. 2020;15:49–61.

	169.	 Ahlström LH, Eskilsson CS, Björklund E. Determination of banned azo 
dyes in consumer goods. Trends Analyt Chem. 2005;24:49–56.

	170.	 Zhu X, Chen J, Qiu K, Kuai B. Phytohormone and light regulation of 
chlorophyll degradation. Front Plant Sci. 2017;8:1911.

	171.	 Pinheiro LR, Gradíssimo DG, Xavier LP, Santos AV. Degradation of 
Azo Dyes: bacterial potential for bioremediation. Sustainability. 
2022;14:1510.

	172.	 Ventura-Camargo BD, Maltempi PP, Marin-Morales MA. The use of the 
cytogenetic to identify mechanisms of action of an azo dye in Allium 
cepa meristematic cells. J Environ Anal Toxicol. 2011;1:1–2.

	173.	 Ledakowicz S, Paździor K. Recent achievements in dyes removal 
focused on advanced oxidation processes integrated with biological 
methods. Molecules. 2021;26:870.

	174.	 Rathi BS, Kumar PS. Sustainable approach on the biodegradation of azo 
dyes: a short review. Curr Opin Green Sustain Chem. 2022;33:100578.

	175.	 Dykewicz MS. Occupational asthma: current concepts in pathogenesis, 
diagnosis, and management. J Allergy Clin Immunol. 2009;123:519–28.

	176.	 Galli SJ. The mast cell-IgE paradox: from homeostasis to anaphylaxis. 
Am J Pathol. 2016;186:212–24.

	177.	 Boxberger M, Cenizo V, Cassir N, La Scola B. Challenges in exploring and 
manipulating the human skin microbiome. Microbiome. 2021;9:1–4.

	178.	 Brüschweiler BJ, Merlot C. Azo dyes in clothing textiles can be cleaved 
into a series of mutagenic aromatic amines which are not regulated 
yet. Regul Toxicol Pharmacol. 2017;88:214–26.

	179.	 Mani S, Bharagava RN. Exposure to crystal violet, its toxic, genotoxic 
and carcinogenic effects on environment and its degradation and 
detoxification for environmental safety. Rev Environ Contam Toxicol. 
2016;237:71–104.

	180.	 Chequer FM, Angeli JP, Ferraz ER, Tsuboy MS, Marcarini JC, Mantovani 
MS, de Oliveira DP. The azo dyes Disperse Red 1 and Disperse Orange 
1 increase the micronuclei frequencies in human lymphocytes and in 
HepG2 cells. Mutat Res Genet Toxicol Environ Mutagen. 2009;676:83–6.

	181.	 Fernandes A, Pacheco MJ, Ciríaco L, Lopes AJ. Review on the electro‑
chemical processes for the treatment of sanitary landfill leachates: 
present and future. Appl Catal B. 2015;176:183–200.

	182.	 Petzer A, Harvey BH, Wegener G, Petzer JP. Azure B, a metabolite of 
methylene blue, is a high-potency, reversible inhibitor of monoamine 
oxidase. Toxicol Appl Pharmacol. 2012;258:403–9.

	183.	 National Toxicology Program. NTP toxicology and carcinogenesis stud‑
ies of decabromodiphenyl oxide (CAS No. 1163-19-5) in F344/N rats 
and B6C3F1 mice (feed studies). National Toxicology Program technical 
report series. 1986;309:1–242.

	184.	 Kohara A, Matsumoto M, Hirose A, Hayashi M, Honma M, Suzuki T. 
Mutagenic properties of dimethylaniline isomers in mice as evalu‑
ated by comet, micronucleus and transgenic mutation assays. Genes 
Environ. 2018;40:1.

	185.	 Danford N. The genetic toxicology of ortho-toluidine. Mutat Res Genet 
Toxicol Environ Mutagen. 1991;258:207–36.

	186.	 Chung A, Rimal RN. Social norms: a review. Rev Commun Res. 
2016;4:1–28.

	187.	 Lellis B, Fávaro-Polonio CZ, Pamphile JA, Polonio JC. Effects of textile 
dyes on health and the environment and bioremediation potential of 
living organisms. Biotechnol Res Innov. 2019;3:275–90.

	188.	 Song C, Wu L, Xie Y, He J, Chen X, Wang T, Lin Y, Jin T, Wang A, Liu Y, Dai 
Q. Air pollution in China: status and spatiotemporal variations. Environ 
pollut. 2017;227:334–47.

	189.	 Yu Z, Wen X. Screening and identification of yeasts for decolorizing 
synthetic dyes in industrial wastewater. Int Biodeterior Biodegradation. 
2005;56:109–14.

	190.	 Mahmoud MS. Decolorization of certain reactive dye from aqueous 
solution using Baker’s Yeast (Saccharomyces cerevisiae) strain. HBRC J. 
2016;12:88–98.

	191.	 Yang Q, Yediler A, Yang M, Kettrup A. Decolorization of an azo dye, 
Reactive Black 5 and MnP production by yeast isolate: Debaryomyces 
polymorphus. Biochem Eng J. 2005;24:249–53.

	192.	 Jadhav JP, Parshetti GK, Kalme SD, Govindwar SP. Decolourization of azo 
dye methyl red by Saccharomyces cerevisiae MTCC 463. Chemosphere. 
2007;68:394–400.

	193.	 Qu Y, Cao X, Ma Q, Shi S, Tan L, Li X, Zhou H, Zhang X, Zhou J. Aerobic 
decolorization and degradation of Acid Red B by a newly isolated 
Pichia sp. TCL J Hazard Mater. 2012;223:31–8.

	194.	 Mota GF, de Sousa IG, de Oliveira AL, Cavalcante AL, da Silva Moreira 
K, Cavalcante FT, da Silva Souza JE, de Aguiar Falcão ÍR, Rocha TG, 
Valério RB, de Carvalho SC. Biodiesel production from microalgae 
using lipase-based catalysts: current challenges and prospects. Algal 
Res. 2022;62:102616.

	195.	 Lin L. Bottom-up synthetic ecology study of microbial consortia to 
enhance lignocellulose bioconversion. Biotechnol Biofuels Bioprod. 
2022;15:14.

	196.	 Koutra E, Mastropetros SG, Ali SS, Tsigkou K, Kornaros M. Assessing 
the potential of Chlorella vulgaris for valorization of liquid digestates 
from agro-industrial and municipal organic wastes in a biorefinery 
approach. J Clean Prod. 2021;280:124352.

	197.	 Patel A, Arora N, Sartaj K, Pruthi V, Pruthi PA. Sustainable biodiesel 
production from oleaginous yeasts utilizing hydrolysates of various 
non-edible lignocellulosic biomasses. Renew Sustain Energy Rev. 
2016;62:836–55.

	198.	 Chattopadhyay A, Mitra M, Maiti MK. Recent advances in lipid 
metabolic engineering of oleaginous yeasts. Biotechnol Adv. 
2021;53:107722.

	199.	 Sreeharsha RV, Mohan SV. Obscure yet promising oleaginous yeasts 
for fuel and chemical production. Trends Biotechnol. 2020;38:873–87.

	200.	 Wang Y, Sun J, Ali SS, Gao L, Ni X, Li X, Wu Y, Jiang J. Identification and 
expression analysis of Sorghum bicolor gibberellin oxidase genes 
with varied gibberellin levels involved in regulation of stem biomass. 
Ind Crops Prod. 2020;145:111951.

	201.	 Sutanto S, Zullaikah S, Tran-Nguyen PL, Ismadji S, Ju YH. Lipomyces 
starkeyi: its current status as a potential oil producer. Fuel Process 
Technol. 2018;177:39–55.



Page 39 of 40Ali et al. Biotechnology for Biofuels and Bioproducts           (2022) 15:35 	

	202.	 McNeil BA, Stuart DT. Lipomyces starkeyi: an emerging cell factory for 
production of lipids, oleochemicals and biotechnology applications. 
World J Microbiol Biotechnol. 2018;34:1.

	203.	 Yook SD, Kim J, Gong G, Ko JK, Um Y, Han SO, Lee SM. High-yield 
lipid production from lignocellulosic biomass using engineered 
xylose-utilizing Yarrowia lipolytica. Glob Change Biol Bioenergy. 
2020;12:670–9.

	204.	 Liu H, Marsafari M, Wang F, Deng L, Xu P. Engineering acetyl-CoA 
metabolic shortcut for eco-friendly production of polyketides 
triacetic acid lactone in Yarrowia lipolytica. Metab Eng. 2019;56:60–8.

	205.	 Lee JW, Yook S, Koh H, Rao CV, Jin YS. Engineering xylose metabolism 
in yeasts to produce biofuels and chemicals. Curr Opin Biotechnol. 
2021;67:15–25.

	206.	 Khlystov NA, Yoshikuni Y, Deutsch S, Sattely ES. A plant host, Nico-
tiana benthamiana, enables the production and study of fungal 
lignin-degrading enzymes. Commun Biol. 2021;4:1–3.

	207.	 Yaguchi A, Robinson A, Mihealsick E, Blenner M. Metabolism of 
aromatics by Trichosporon oleaginosus while remaining oleaginous. 
Microb Cell Fact. 2017;16:1–2.

	208.	 i Nogué VS, Black BA, Kruger JS, Singer CA, Ramirez KJ, Reed ML, 
Cleveland NS, Singer ER, Yi X, Yeap RY, Linger JG. Integrated diesel 
production from lignocellulosic sugars via oleaginous yeast. Green 
Chem. 2018;20:4349–65.

	209.	 Ahmad M, Taylor CR, Pink D, Burton K, Eastwood D, Bending GD, Bugg 
TD. Development of novel assays for lignin degradation: compara‑
tive analysis of bacterial and fungal lignin degraders. Mol Biosyst. 
2010;6:815–21.

	210.	 Carvalho DB, Paixão DA, Persinoti GF, Cota J, Rabelo SC, Grandis A, 
Souza AP, Buckeridge M, Ruller R, Zanphorlin LM, Squina FM. Deg‑
radation of sugarcane bagasse by cockroach consortium bacteria. 
BioEnergy Res. 2022;13:1–3.

	211.	 Penicuik SU. Global impact of termites on the carbon cycle and 
atmospheric trace gases. Termites: evolution, sociality, symbioses, 
ecology. Springer; 2014. p. 409.

	212.	 Mansfield SD, Kim H, Lu F, Ralph J. Whole plant cell wall characteriza‑
tion using solution-state 2D NMR. Nat Protoc. 2012;7:1579–89.

	213.	 Jönsson LJ, Martín C. Pretreatment of lignocellulose: formation of 
inhibitory by-products and strategies for minimizing their effects. 
Bioresour Technol. 2016;199:103–12.

	214.	 Adeboye PT, Bettiga M, Aldaeus F, Larsson PT, Olsson L. Catabolism of 
coniferyl aldehyde, ferulic acid and p-coumaric acid by Saccharomyces 
cerevisiae yields less toxic products. Microb Cell Fact. 2015;14:1–4.

	215.	 Ghosh R, Nadiminty N, Fitzpatrick JE, Alworth WL, Slaga TJ, Kumar AP. 
Eugenol causes melanoma growth suppression through inhibition of 
E2F1 transcriptional activity. J Biol Chem. 2005;280:5812–9.

	216.	 Mathew S, Abraham TE, Sudheesh S. Rapid conversion of ferulic acid to 
4-vinyl guaiacol and vanillin metabolites by Debaryomyces hansenii. J 
Mol Catal B Enzym. 2007;44:48–52.

	217.	 Tsujiyama SI, Ueno M. Formation of 4-vinyl guaiacol as an intermedi‑
ate in bioconversion of ferulic acid by Schizophyllum commune. Biosci 
Biotechnol Biochem. 2008;72:212–5.

	218.	 Eppink MH, Boeren SA, Vervoort J, Van Berkel WJ. Purification and prop‑
erties of 4-hydroxybenzoate 1-hydroxylase (decarboxylating), a novel 
flavin adenine dinucleotide-dependent monooxygenase from Candida 
parapsilosis CBS604. J Bacteriol. 1997;179:6680–7.

	219.	 Gupta VK, Minocha AK, Jain N. Batch and continuous studies on treat‑
ment of pulp mill wastewater by Aeromonas formicans. Chem Technol 
Biotechnol Int Res Process Environ Clean Technol. 2001;76:547–52.

	220.	 El-Mansi EM, Anderson SC. The hydroxylation of vanillate and its 
conversion to methoxyhydroquinone by a strain of Pseudomonas fluore-
scens devoid of demethylase and methylhydroxylase activities. World J 
Microbiol Biotechnol. 2004;20:827–32.

	221.	 Pei K, Ou J, Huang J, Ou S. p-Coumaric acid and its conjugates: dietary 
sources, pharmacokinetic properties and biological activities. J Sci Food 
Agric. 2016;96:2952–62.

	222.	 Humphreys JM, Chapple C. Rewriting the lignin roadmap. Curr Opin 
Plant Biol. 2002;5:224–9.

	223.	 Suárez R, Suárez-Lepe JA, Morata A, Calderón F. The production of eth‑
ylphenols in wine by yeasts of the genera Brettanomyces and Dekkera: a 
review. Food Chem. 2007;1(102):10–21.

	224.	 Yamanashi T, Kim SY, Hara H, Funa N. In vitro reconstitution of the 
catabolic reactions catalyzed by PcaHG, PcaB, and PcaL: the protocat‑
echuate branch of the β-ketoadipate pathway in Rhodococcus jostii 
RHA1. Biosci Biotechnol Biochem. 2015;79:830–5.

	225.	 Kamimura N, Masai E. The protocatechuate 4, 5-cleavage pathway: 
overview and new findings. Biodegradative bacteria. Springer; 2014. p. 
207–26.

	226.	 Kasai D, Fujinami T, Abe T, Mase K, Katayama Y, Fukuda M, Masai E. 
Uncovering the protocatechuate 2, 3-cleavage pathway genes. J Bacte‑
riol. 2009;191:6758–68.

	227.	 Meier AK, Worch S, Böer E, Hartmann A, Mascher M, Marzec M, Scholz 
U, Riechen J, Baronian K, Schauer F, Bode R. Agdc1p–a Gallic acid 
decarboxylase involved in the degradation of tannic acid in the yeast 
Blastobotrys (Arxula) adeninivorans. Front Microbiol. 2017;8:1777.

	228.	 Holesova Z, Jakubkova M, Zavadiakova I, Zeman I, Tomaska L, Nosek J. 
Gentisate and 3-oxoadipate pathways in the yeast Candida parap-
silosis: identification and functional analysis of the genes coding for 
3-hydroxybenzoate 6-hydroxylase and 4-hydroxybenzoate 1-hydroxy‑
lase. Microbiology. 2011;157:2152–63.

	229.	 Tsai SC, Li YK. Purification and characterization of a catechol 1, 2-dioxy‑
genase from a phenol degrading Candida albicans TL3. Arch Microbiol. 
2007;187:199–206.

	230.	 Endo R, Kamakura M, Miyauchi K, Fukuda M, Ohtsubo Y, Tsuda M, 
Nagata Y. Identification and characterization of genes involved in the 
downstream degradation pathway of γ-hexachlorocyclohexane in 
Sphingomonas paucimobilis UT26. J Bacteriol. 2005;187:847–53.

	231.	 Watanabe T, Tsuda S, Nishimura H, Honda Y, Watanabe T. Characteriza‑
tion of a Δ12-fatty acid desaturase gene from Ceriporiopsis subvermis-
pora, a selective lignin-degrading fungus. Appl Microbiol Biotechnol. 
2010;87:215–24.

	232.	 Yu X, Zeng J, Zheng Y, Chen S. Effect of lignocellulose degradation 
products on microbial biomass and lipid production by the oleaginous 
yeast Cryptococcus curvatus. Process Biochem. 2014;49:457–65.

	233.	 Hu J, Zhang S, Xiao R, Jiang X, Wang Y, Sun Y, Lu P. Catalytic transfer 
hydrogenolysis of lignin into monophenols over platinum-rhenium 
supported on titanium dioxide using isopropanol as in situ hydrogen 
source. Bioresour Technol. 2019;279:228–33.

	234.	 Singh S, Pandey D, Saravanabhupathy S, Daverey A, Dutta K, Arunacha‑
lam K. Liquid wastes as a renewable feedstock for yeast biodiesel pro‑
duction: opportunities and challenges. Environ Res. 2022;207:112100.

	235.	 Bhatia SK, Kim SH, Yoon JJ, Yang YH. Current status and strategies for 
second generation biofuel production using microbial systems. Energy 
Convers Manag. 2017;148:1142–56.

	236.	 Ali SS, Sun J. Effective thermal pretreatment of water hyacinth (Eich‑
hornia crassipes) for the enhancement of biomethanation: VIT® gene 
probe technology for microbial community analysis with special refer‑
ence to methanogenic Archaea. J Environ Chem Eng. 2019;7:102853.

	237.	 Ali SS, Mustafa AM, Kornaros M, Sun J, Khalil M, El-Shetehy M. Biodegra‑
dation of creosote-treated wood by two novel constructed microbial 
consortia for the enhancement of methane production. Bioresour 
Technol. 2021;323:124544.

	238.	 Ali SS, Mustafa AM, Sun J. Wood-feeding termites as an obscure yet 
promising source of bacteria for biodegradation and detoxification of 
creosote-treated wood along with methane production enhancement. 
Bioresour Technol. 2021;338:125521.

	239.	 Ali SS, Mustafa AM, Kornaros M, Manni A, Sun J, Khalil MA. Construction 
of novel microbial consortia CS-5 and BC-4 valued for the degradation 
of catalpa sawdust and chlorophenols simultaneously with enhancing 
methane production. Bioresour Technol. 2020;301:122720.

	240.	 Ali SS, Kornaros M, Manni A, Sun J, El-Shanshoury AE, Kenawy ER, Khalil 
MA. Enhanced anaerobic digestion performance by two artificially con‑
structed microbial consortia capable of woody biomass degradation 
and chlorophenols detoxification. J Hazard Mater. 2020;389:122076.

	241.	 Ali SS, Jiao H, Mustafa AM, Koutra E, El-Sapagh S, Kornaros M, Elsa‑
mahy T, Khalil M, Bulgariu L, Sun J. Construction of a novel microbial 
consortium valued for the effective degradation and detoxification of 
creosote-treated sawdust along with enhanced methane production. J 
Hazard Mater. 2021;418:126091.



Page 40 of 40Ali et al. Biotechnology for Biofuels and Bioproducts           (2022) 15:35 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	242.	 Khot M, Ghosh D. Lipids of Rhodotorula mucilaginosa IIPL32 with 
biodiesel potential: oil yield, fatty acid profile, fuel properties. J Basic 
Microbiol. 2017;57:345–52.

	243.	 Ling J, Tian Y, de Toledo RA, Shim H. Cost reduction for the lipid produc‑
tion from distillery and domestic mixed wastewater by Rhodosporidium 
toruloides via the reutilization of spent seed culture medium. Energy. 
2017;136:135–41.

	244.	 Huang XF, Liu JN, Lu LJ, Peng KM, Yang GX, Liu J. Culture strategies for 
lipid production using acetic acid as sole carbon source by Rho-
dosporidium toruloides. Bioresour Technol. 2016;206:141–9.

	245.	 Patel A, Arora N, Pruthi V, Pruthi PA. Biological treatment of pulp and 
paper industry effluent by oleaginous yeast integrated with produc‑
tion of biodiesel as sustainable transportation fuel. J Clean Prod. 
2017;142:2858–64.

	246.	 Ware J, Megan W. Termites, social cockroaches. Reference module in life 
sciences. Cham: Elsevier; 2022.

	247.	 Brink DP, Ravi K, Lidén G, Gorwa-Grauslund MF. Mapping the diversity 
of microbial lignin catabolism: experiences from the eLignin database. 
Appl Microbiol Biotechnol. 2019;103:3979–4002.

	248.	 Madzak C. Yarrowia lipolytica strains and their biotechnological applica‑
tions: how natural biodiversity and metabolic engineering could 
contribute to cell factories improvement. J Fungi. 2021;7:548.

	249.	 Ghogare R, Chen S, Xiong X. Metabolic engineering of oleaginous yeast 
Yarrowia lipolytica for overproduction of fatty acids. Front Microbiol. 
2020;11:1717.

	250.	 Vichaphund S, Wimuktiwan P, Soongprasit C, Sricharoenchaikul V, Atong 
D. Aromatic and aliphatic production of catalytic pyrolysis of lignin 
using ZSM-5/Al-SBA-15 catalyst derived from high-calcium fly ash. 
Energy Rep. 2021;7:232–47.

	251.	 Qiao K, Wasylenko TM, Zhou K, Xu P, Stephanopoulos G. Lipid produc‑
tion in Yarrowia lipolytica is maximized by engineering cytosolic redox 
metabolism. Nat Biotechnol. 2017;35:173–7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Could termites be hiding a goldmine of obscure yet promising yeasts for energy crisis solutions based on aromatic wastes? A critical state-of-the-art review
	Abstract 
	Background
	Energy crisis and the transition from petrodiesel to biodiesel
	Oleaginous yeasts as an alternative to algae for biodiesel production
	Yeast–termite association and significance
	Biodiesel production advances based on toxic aromatic compounds
	Lignin as aromatic polymer derived from lignocellulosic biomass
	Biomass degradation mechanisms in termite digestive tracts
	Azo dyes as aromatic textile wastewater pollutants
	Azo dye classification and toxicity
	Mechanisms by which yeasts degrade azo dyes
	Biodiesel (lipid) production
	Biosynthetic pathways of lipids by oleaginous yeasts for biodiesel production
	Biodegradation pathways of lignin-based aromatics by yeasts inhabiting termite guts and biodiesel production
	Pathways for lignin-based aromatics degradation by yeast inhabiting termites and biodiesel production
	Some key scientific questions or challenges we have to face
	The novel solutions and methodology we will propose
	Aromatic wastes can be efficiently utilized by oleaginous yeasts
	Termite guts as an unexplored reservoir of aromatics-degrading yeasts

	Reconstruction of oleaginous yeast metabolic networkpathway can be a powerful strategy to enhance lipid accumulationtransformation from aromatics
	Technical bottleneckschallenges and proposed solutions
	Strain screening and modification
	A proposed novel metabolic pathway and strategy
	Multi-omics analysis
	The research for the stress response mechanism of oleaginous yeast in the presence of aromatics
	Construction of high fatty acid-producing strain
	Conclusion and perspectives
	Innovation points and future technology development
	Values in science and industry

	Acknowledgements
	References




