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Abstract α-Ketoglutarate (α-KG), one of short-chain car-
boxylates of high commercial relevance, has beenwidely used
in food, medicine, chemical, and cosmetic fields. Compared to
other carboxylates, α-KG occupies key positions in the
tricarboxylate cycle (TCA cycle) and amino acid metabolic
pathway, the over-accumulation of α-KG is restricted both
by tighter carbon and nitrogen regulation process.
Biotechnology production of α-KG on large industrial level
has been impeded by many obstacles. This review aims at
highlighting and stating recent efforts toward improving the
yield and titer of α-KG in the strains of Yarrowia lipolytica to
reach industrial relevance. Fermentation process optimization
concerning feedstock utilization, dissolved oxygen control-
ling, pHmanipulation and establishment of fed-batch process,
have been assessed and evaluated. Moreover, pathway engi-
neering routes have been applied for enhancing carbon com-
mitment to α-KG, blocking competing pathways,
regenerating of co-factors and regulating of carboxylate trans-
porters to facilitate production and accumulation of α-KG.

Although no engineered strain can satisfy the require-
ments of industrial production relevance to date, these
strategies provide many clues for accelerating strain de-
velopment for α-KG production.

Keywords α-Ketoglutarate . Yarrowia lipolytica . TCA
cycle . Pathway engineering

Introduction

The increasing depletion of fossil resources and
environment-damaged production processes stress the con-
cern about traditional fossil resource-based chemical routes
(Hatti-Kaul et al. 2007). Therefore, the renewable biomass-
based production has recently gained tremendous interests
and attentions (Yu et al. 2011). Although bio-based industry
products currently only contribute few in global supply
(Chisti 2007; Kallio et al. 2014), the market share of bio-
based chemicals is expanding by a rate of 5–20 % driven
from chemical and economic point of view (Sauer et al.
2008). Compared to fossil-based conversion processes, bio-
based chemical production is still in its infancy and faces
many challenges (Bozell and Petersen 2010), but a prom-
ising prospect that bio-based chemicals will occupied all
aspects in our daily life can be envisioned.

Short-chain carboxylates have fundamental roles in food,
pharmacy and many other aspects in our daily life, especially
serve as chemical precursors for bulk chemicals and important
polymers (Alonso et al. 2015; Holladay et al. 2007).
Therefore, the markets for microbial production of short-
chain carboxylates have been expanded (Chen and Nielsen
2016). Because of the sensitivity among industrial competi-
tors, accurate demand of carboxylates is not available (Sauer
et al. 2008); however, the estimated annual production can still
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be acquired from literatures. From 2008 to 2011, the annual
production of lactic acid increased from 150,000 to 370,000
tons, the annual production of citric acid increased from 1.6
million tons to 1.7 million tons, succinic acid increased from
16,000 tons to a scale of 30,000–50,000 tons (Chen and
Nielsen 2016; Sauer et al. 2008). Nevertheless, commercial
application of bio-catalysis for short-chain carboxylates still
faces the challenges of low productivity, low yield, low titer,
pH and inhibitor tolerance (Bozell and Petersen 2010).

α-Ketoglutarate (α-KG), an important intermediate in the
TCA cycle with high commercial value, could be utilized as
building block for synthesis of N-heterocyclic compounds,
nutraceuticals and antioxidant in cosmetic (Kamzolova et al.
2012a). α-KG occupies key position in carbon and nitrogen
pathways and plays crucial roles in various cellular metabolic
processes. Mediated by ketoglutarate dehydrogenase com-
plex, α-KG is catalyzed to form succinic acid and NADH
which directly participates in cellular electron transport chain.
As carbon skeleton, α-KG is also attached by NH4

+ to form
glutamate (Fendt et al. 2013). These features of α-KG have
contributed to diverse roles in maintaining of cellular homeo-
stasis. In cells of human, α-KG and its amino acid derivatives
possess functions of immuno-enhancing and prolonging life.
In cells of animal, α-KG can modulate protein synthesis and
bone development (Wu et al. 2016). Consequently, light have
been shed on α-KG as a nutraceutical for food supplement,
cosmetics and animal feed supplement (Yin et al. 2015).

Compared to commercialized lactic acid, citric acid and
succinic acid, no bio-based production of α-KG on industrial
scale has been established. Cost-effective production ofα-KG
is still restricted by challenges of low titer, low productivity,
synthesis of non-targeted carboxylates and maneuverability
for industry. Presently, advances in the development of robust
and efficient bio-based production of α-KG, including fer-
mentation process optimization and pathway engineering,
were highlighted and discussed.

Current α-KG production routes

Multiple chemical synthesis process

Currently, α-KG is synthesized via multiply chemical pro-
cesses on industry scale, and the dominating chemical route
utilized succinic acid and oxalic acid diethyl esters with a yield
of 75 %, also with high risk of manipulation of hazardous
chemicals (Stottmeister et al. 2005). Whereas, another route
relies on oxidation of glyoxylic acid with sodium glutamate
using a copper catalyst which is absent of selectivity (Verseck
et al. 2009). The drawbacks of these chemical routes were low
yield, high risk of manipulation of harsh chemicals and gen-
eration of environmental hazards. These drawbacks sharply
increased downstream cost of refine and restricted utili-
zation of α-KG in fields of food, the medicine and

cosmetics, which driven the light on seeking for bio-
technology routes (Yin et al. 2015).

Overproduce of α-KG by microorganisms

It has been reported that some species of microorganism could
overproduce α-KG for many decades. Some bacteria, includ-
ing Arthrobacter paraffineus, Pseudomonas fluorescens,
Serratia marcescens, Corynebacterium glutamicum and
Bacillus ssp, could accumulate α-KG with titer of no more
than 70 g·L−1 (Otto et al. 2011). Whereas, these strains were
proven to be insufficient in ATP generation for cellular ho-
meostasis maintenance under condition of acidogenosis
(Yuzbashev et al. 2010). This inherited property has restricted
these strains for α-KG production. Compared to bacteria spe-
cies, yeast species are more efficient for ATP generation.
Theoretically, cells of yeast strains are more effective for α-
KG accumulation.

Some yeast species have also been reported as α-KG pro-
ducers, including of Torulopsis glabrata (Hua et al. 1999),
Y. lipolytica (Tsugawa et al. 1969) and some strains from
Candida and Pichia (Chernyavskaya et al. 1997). Strains of
these yeast species have been proven to be multivitamin auxo-
trophic cells: strains of T. glabratawere simultaneously auxo-
trophic mutants for thiamine, biotin, nicotinic acid and pyri-
doxine (Liu et al. 2007), strains from Candida and Pichia
were simultaneously auxotrophic mutants for thiamine and
biotin (Otto et al. 2011), cells of Y. lipolyticawere auxotrophic
mutants for thiamine. As co-factors, these vitamins played key
roles on activity of enzymes which located in TCA cycle, and
exogenous level of these vitamins also played key roles on α-
KG accumulation. Compared with other yeast species, Y.
lipolytica is more efficient for accumulation ofα-KG and also
represents the optimal strain for α-KG production, due to the
simplest cultivation nutrition demand and vitamin supplement
(Otto et al. 2011).

Fermentation process optimization and controlling

Expanding feedstock range As Y. lipolytica were isolated
from environments of oil-contained soils and waters, the
strains of Y. lipolytica can readily utilize hydrophobic sub-
strates, which is the most distinguishing characteristics of
the yeast from other yeast species (Fickers et al. 2005).
Consequently, petroleum-based alkane, paraffin and ethanol
have been investigated to be utilized as solo carbon and ener-
gy sources by the strains of Y. lipolytica to accumulate prod-
ucts with biological and commercial relevance for decades
(Bankar et al. 2009). Maintaining high concentration of car-
bon source (alkanes, paraffin and ethanol) and limited nitro-
gen source (C to N from 40:1 to 400:1) in the medium is one
of the required conditions forα-KG production.When a hyper
producer, Y. lipolytica H355, was utilized, 195 g·L−1 α-KG
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was synthesized on the medium containing a mixture of n-
paraffins (C12–C18). An α-KG productivity of 1.3 g·L−1 h−1

was also achieved during the fermentation process
(Weissbrodt et al. 1989). Integrated with optimization of ex-
ogenous thiamine and nitrogen content, α-KG with the titer of
49 g·L−1 can be accumulated on medium containing ethanol
by Y. lipolyticaN1(Otto et al. 2011). A maximum α-KG yield
of 120 % (petrolatum, w/w, 108.7 g·L−1) can be achieved on
medium containing n-alkanes (Finogenova et al. 2005).

Although considerable amounts of α-KG have been syn-
thesized in fermentation processes utilizing petroleum and its
derivate as substrates, the geopolitical instability in petroleum-
producing areas and finite nature of fossil fuels cemented with
the notion of exploration of alternative carbon source. The
industrial and agricultural wastes, including raw glycerol and
rapeseed oil, were measured and used. The raw glycerol, as
by-product of bio-diesel industry, was initially utilized as sub-
strate for production of citric acid (Papanikolaou et al. 2002)
and lipids (Papanikolaou and Aggelis 2002) by strains of Y.
lipolytica. It was reported that α-KG could be converted from
raw glycerol, but production on industry-scale was still
prohibited by accumulation of by-products (Yovkova et al.
2014). A comprehensive comparison between pharmaceutical
glycerol and raw glycerol was performed in shake flask and
bioreactor using Y. lipolytica H355 and its mutants. It was
demonstrated that 36.2 % more α-KG was accumulated in
the medium containing pharmaceutical glycerol, whereas the
maximal titer of 138 g·L−1 α-KG was obtained from raw
glycerol in a 1.4-L bioreactor (Otto et al. 2012).

Similarly, conversion from rapeseed oil, as a renewable
source, to valuable products was initially concentrated in pro-
duction of citric/isocitric acid and lipids in the yeast strains
(Papanikolaou et al. 2003). When Y. lipolytica VKMY-2373
was cultured with rapeseed oil, the cellular growth and yield
of citric acid were comparable to those parameters obtained
when raw glycerol was utilized (Kamzolova et al. 2007). The
route for production of α-KG from rapeseed oil was also de-
vised when Y. lipolytica VKMY-2412 was used, and the titer
of α-KG reached 103 g·L−1 accompanied by the productivity
of 0.8 g·L−1·h−1(Kamzolova and Morgunov 2013).

Cellulose, as the most abundant renewable feedstock, has
been intensively engineered and explored for production of
many chemicals with high-value by microbial strains (Lynd
et al. 2002). However, cells of Y. lipolytica could not consume
cellulose directly. Facilitated with commercial cellulase, a mi-
crobial biocatalyst system using cells of Y. lipolytica was con-
structed and optimized to convert cellulose to α-KG (Ryu
et al. 2015). Under optimized condition, the biocatalyst sys-
tem produced 5.5 g·L−1 α-KG, up to 92 % of the maximum
theoretical yield. The strains of Y. lipolytica were engineered
for utilizing cellobiose via expressing the cellodextrin trans-
porter (cdt-1) and intracellular β-glucosidase (gh1-1) (Lane
et al. 2015). Moreover, efforts of heterogeneous expression

of cellulase (Wei et al. 2014), xylanase (Wang et al. 2014)
and β-glucosidase (Guo et al. 2015b) also have been orches-
trated to utilize cellulose. Whereas, the goal of consuming
cellulose directly by engineered strains of Y. lipolytica has
been achieved, but these efforts proposed potential clues for
engineering cells of Y. lipolytica to synthesize α-KG.

Sucrose, as a large component of molasses and glucose
syrup, was widely utilized for bio-production of many
chemicals of industrial and commercial relevance. However,
it was excluded from the substrate spectrum of wild-type
strains of Y. lipolytica (Kruse et al. 2004). Although previous
studies were only concentrated in citric acid production, the
hyper acidogenic yeast strains were constructed to qualify for
sucrose utilization by introduction of invertase (encoded by
SUC2) for α-KG production (Föerster et al. 2007). Protein
waste, the by-product of biofuel refineries, is another interest-
ing feedstock for keto acids conversion (Huo et al. 2011).
Specifically, it was reported that α-KG was converted
from L-glutamic acid by engineered strains of Escherichia
coli or Bacillus subtilis, in which L-amino acid deaminase of
Proteus mirabilis was heterogeneous expressed respectively
(Hossain et al. 2014).

Manipulating dissolved oxygen level The cells of Y.
lipolytica are obligate aerobes in which oxidative phosphory-
lation and TCA cycle are ultimately utilized (Yuzbashev et al.
2010). Theoretically, all oxygen atoms in metabolites and cell
components were derived from dissolved oxygen (DO) in
fermentation broths. Consequently, the level of DO plays cru-
cial roles in cellular growth and metabolites accumulation.
High DO demand (0.26–0.56 mmol·L−1 min−1 O2) was ob-
served forα-KG production in the medium containing ethanol
in shake flasks. Once the DO level was lower than 0.2 mmol·
L−1·min−1 O2, the excretion of the carboxylate was ceased
(Kamzolova et al. 2012a). The similar correlation between
DO level and α-KG accumulation was also observed when
rapeseed oil was utilized as carbon source. If DO level was
extremely low (5 % air saturation), the production of α-KG
also reduced (Kamzolova andMorgunov 2013). Accordingly,
the DO level in fermentation broths was maintained at a
high and constant level (50–60 % air saturation) in
fermenter.

Whereas, low oxygen concentration (5 % air saturation)
was favorable for cellular growth. The biomass increased by
25 % and nitrogen assimilation was also accelerated under
condition of low oxygen concentration (5 % air saturation)
(Chernyavskaya et al. 2000). Based on these observations, a
two-stage DO control strategy was designed and widely uti-
lized to enhance α-KG production. When Y. lipolytica H222
and its mutants were engineered for α-KG production, the air
concentration was shifted from 50 to 10 % air saturation after
initial growth phase (12–13 h) in the medium containing raw
glycerol in a 1.4-L bioreactor (Holz et al. 2011).
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Applying pH control strategies pH is one of the fundamental
physicochemical factors, which is involved in many biologi-
cal processes including survival of bacteria and the virulence
of some fungi. Moreover, for microorganism species, which
can grow over a wide range of pH, ambient pH tailors gene
expression to respond to the variation of the ambient pH con-
ditions (Blanchin-Roland 2011). For acidogenic species of Y.
lipolytica, the pH was initiated at 5.0–5.5 and maintained in
cellular growth phase. Once cellular growth ceased owing to
exogenous thiamine deficiency, the pH was lowered and con-
trolled to the end of fermentation process (Morgunov et al.
2013). Such pH control strategies were universally utilized
for enhancing α-KG accumulation among several strains of
Y. lipolytica. Using such pH control strategy, 45.5 % more α-
KG was synthesized by cells of Y. lipolytica WSH-Z06 in
batch fermentation process (Yu et al. 2012). Similarly, the titer,
yield and productivity of α-KG were also enhanced resulted
from such pH control strategies in cells of Y. lipolytica H222
and Y. lipolytica VKM Y-2412 (Kamzolova and Morgunov
2013; Yovkova et al. 2014).

Endeavors were made to uncover the underlining mecha-
nisms of environmental pH stress and cellular responses by
several groups. Under acidic environmental stress, extracellu-
lar protons can pass through cellular membrane freely without
energy cost (Orij et al. 2011). The influx of proton mainly
triggered acidification of cytosolic matrix and organelles
(Casey et al. 2010). As a cellular defensing strategy for intra-
cellular pH homeostasis, proton extrudation relied on proton-
ATPase pumps and proton-pumping respiration chain were
promoted to extrude protons (Krulwich et al. 2011). In cells
of Y. lipolytica, NADH generated from proton-pumping respi-
ration chain and concomitantly contributed to prime source of
intracellular reactive oxygen species (ROS) (Pastor et al.
2009). Metabolic flux was redirected to α-KG to cope with
high level intracellular ROS under such condition (Rui et al.
2010). Furthermore, the α-KG was converted to γ-
aminobutyric acid to cope with acidic environmental stress
and prevent cytosol ic matr ix f rom acidi f icat ion
(Boonburapong et al. 2015).

Establishing fed-batch fermentation process As classic fer-
mentation control strategy, fed-batch process originally was
designed for heterologous protein production in recombinant
strains of Y. lipolytica (Chang et al. 1998). Empirically, α-KG
synthesis would be ceased when exogenous carbon source
was exhausted. It was demonstrated that the cells of Y.
lipolytica WSH-Z06 still had potential for α-KG production
in later phase of batch fermentation process, whereas more
carboxylate production was hampered by the unavailability
of glycerol. Therefore, different glycerol feeding strategies
were investigated for enhancing α-KG production. A fed-
batch strategy, which integrated with pH-shifting control strat-
egy, was designed and established (Yu et al. 2012). Compared

to batch fermentation process, maximum α-KG titer was im-
proved up to 66.2 g·L−1 and 0.5 g·g−1 of α-KG yield was
achieved when the feeding strategy was integrated.

Applying pathway engineering to produce carboxylates
Accumulation of untargeted carboxylates (pyruvic, citric,
succinic, fumaric and malic acid) was the Achilles’s Heel of
α-KG production on industrial scale (Otto et al. 2012).
Enhanced production of target metabolite is always benefited
from overexpression of enzymes from assimilation pathway.
Similarly, the roles of enzymes in α-KG synthesis route were
assessed and evaluated, and production of α-KG was benefit-
ed from some of these targets (Table 1). Current studies are
concentrated on enhancing α-KG production and reduction of
untargeted carboxylates.

Enhance carbon commitment to targeted carboxylates
Since all of the strains of Y. lipolytica could not synthesize
the pyrimidine structure of the thiamine molecule, the yeast
cells were proven to be auxotrophic mutation for thiamine
(Kamzolova et al. 2012b). Deficiency of thiamine is the main
trigger for acidogenosis in cells of Y. lipolytica, thiamine also
participates in catalysis of both pyruvate dehydrogenase and
ketoglutarate dehydrogenase. Based on this thiamine profil-
ing, α-KG synthesis was accompanied by pyruvate accumu-
lation under condition of limiting exogenous thiamine (Guo
et al. 2014). The accumulation of pyruvate not only impaired
carbon flux to α-KG, also sharply increased the cost of the
following isolation and refining processes. Enhanced carbon
commitment from pyruvate into TCA cycle was designed and
engineered by overexpression of pyruvate carboxylase or py-
ruvate dehydrogenase complex.

A comparison between pyruvate carboxylase from
Saccharomyces cerevisiae (encoded by ScPYC1) and
Rhizopus oryzae (encoded by RoPYC2) was constructed
through heterologous expression to replenish carbon flux into
TCA cycle in Y. lipolytica WSH-Z06 (Yin et al. 2012). The
engineered strain, harboring RoPYC2, gained advantages on
reduction of pyruvate and accumulation of α-KG over its
counterparts of engineered strain harboring ScPYC1. Finally,
35.3 % more α-KG and 69.8 % less pyruvate were synthe-
sized in shake flask in Y. lipolytica-RoPYC2. 62.5 g·L−1α-KG
was accumulated, which was accompanied by the QαKG of
35.8 mg·g−1·h−1 (the biomass-specific rate of α-KG) in 3 L
bioreactor fermentation process. Since introduction of pyru-
vate carboxylation pathway into the yeast cells have been
evidenced to be beneficial for reduction of pyruvate, the ques-
tion, whether regulation of this target can synergistically effect
with other key enzymes to redirect carbon flux toward α-KG,
should be proven.

Therefore, pyruvate carboxylase (encoded by PYC1) and
fumarase (encoded by FUM1) were targeted and co-expressed
in the strain of Y. lipolytica (Otto et al. 2012). When pyruvate
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carboxylase or fumarase was separately expressed, the titer of
α-KG was 134.1 and 126.9 g·L−1 in cells of Y. lipolytica
H355(FUM1) and Y. lipolytica H355(PYC1) respectively,
which was comparable to 133.0 g L−1 in parental strain Y.
lipolytica H355. The reduction of by-products (from 6.3 to
2.9 g·L−1) was only observed when pyruvate carboxylase
was expressed. Whereas, by-products increased by 53.9 %
(from 6.3 to 9.6 g·L−1) was observed in Y. lipolytica
H355(PYC1). Nevertheless, no synergistic effects were ob-
served neither for α-KG production nor reduction of by-
products when co-expression of both of enzymes was
engineered. When pyruvate carboxylase (encoded by PYC1)
and fumarase (encoded by FUM1) were co-expressed,
138.0 g·L−1 of α-KG and 8.6 g·L−1 of by-products were ob-
served in mutant strain Y. lipolytica H355(FUM1-PYC1).

Pyruvate dehydrogenase complex was assembled bymulti-
copy of E1, E2 and E3 components, and the balanced assem-
bling stoichiometry among each component was prerequisite

for finely orchestrated and sophisticated catalysis process of
the enzyme complex (Balakrishnan et al. 2012). A metabolic
strategy for the separate overexpression of theα andβ subunit
of pyruvate dehydrogenase E1, E2 and E3 components was
designed to reduce pyruvate accumulation (Guo et al. 2014).
Only elevation of α subunit of pyruvate dehydrogenase E1
component was proved to be beneficial for α-KG production,
whereas elevated protein level of β subunits of pyruvate de-
hydrogenase E1, E2 or E3 component impaired the balanced
assembling of structure core of the enzyme complex and in-
valid for reduction of by-products. Compared to wild-type
strain, 19.9 % more α-KG (from 34.6 to 43.3 g·L−1) was
synthesized by engineered strain in which α subunit of pyru-
vate dehydrogenase E1 component was overexpressed. The
pyruvate decreased from 34.2 to 20.1 g·L−1 when subunit of
pyruvate dehydrogenase E1 component was expressed. The
increased intracellular level of acetyl-CoA was verified and
concluded for elevation of synthesis of α-KG.

Table 1 The genomic targets have been engineered for α-KG production

Host cell of Y. lipolytica Target engineered Titer of α-KG
(g · L−1)

QαKG

(mg·g−1 · h−1)*
Reference

Y. lipolytica H222 Wild type 97.0 47.0 Holz et al. 2011

KGD1-KGD2-LPD1 72.0 35.0 Holz et al. 2011

Y. lipolytica H355 Wild type 156.9 47.9 Yovkova et al. 2014

PYC1 126.9 25.4 Otto et al. 2012

FUM1 134.1 43.1 Otto et al. 2012

PYC1-FUM1 138.0 32.5 Otto et al. 2012

IDP1 167.6 64.3 Yovkova et al. 2014

PYC1-IDP1 186.0 50.7 Yovkova et al. 2014

Y. lipolytica WSH-Z06 Wild-type 34.6 23.6 Guo et al. 2014

ScPYC1 53.6 31.5 Yin et al. 2012

RoPYC2 62.5 35.8 Yin et al. 2012

ScASC1 52.6 29.9 Zhou et al. 2012

MmACL1 56.5 33.0 Zhou et al. 2012

PDA1 43.3 25.7 Guo et al. 2014

PDB1 22.7 22.9 Guo et al. 2014

LPD1 44.7 / Guo et al. 2014

LAT1 37.7 / Guo et al. 2014

KGD2 50.0 49.6 Guo et al. 2016

JEN1 36.1 / Guo et al. 2015a

JEN2 38.6 / Guo et al. 2015a

JEN3 44.0 / Guo et al. 2015a

JEN4 37.0 / Guo et al. 2015a

JEN5 46.7 / Guo et al. 2015a

JEN6 39.0 / Guo et al. 2015a

QαKG the biomass-specific rate of α-KG, / data was not available
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Since elevation of intracellular acetyl-CoA content could
contribute to increase of α-KG accumulation, supply of the
acetyl-CoAwas engineered and regulated forα-KG synthesis.
Acetyl-CoA synthase from S. cerevisiae (encoded by ACS1)
and ATP-citrate lyase fromMus musculus (encoded by ACL1)
was expressed respectively in Y. lipolytica WSH-Z06,
resulting in engineered strain of Y. lipolytica-ACS1 and Y.
lipolytica-ACL1 (Zhou et al. 2012). More than one order of
magnitude higher enzyme activities of ACS and ACL were
detected, which also resulted in increased intracellular level of
acetyl-CoA from 2.2 to 5.8 and 6.0 nmol mg−1·DCW in cells
of Y. lipolytica-ACS1 and Y. lipolytica-ACL1 respectively.
Increasing the availability of intracellular acetyl-CoA contrib-
uted to 24.1 and 33.3 % higher α-KG titer respectively in Y.
lipolytica-ASC1 and Y. lipolytica-ACL1 in 3 L fermentation
process. These heterogeneous expressions also resulted
in pyruvate decrease from 35.1 to 25.4 g·L−1 and
20.2 g·L−1 in cells of Y. lipolytica-ACS1 and Y.
lipolytica-ACL1 respectively.

Blockage of competing pathways In order to achieve the
goal of high titer and high productivity of target metab-
olite, blockage of competing pathways has always been
manifested and employed to control carbon flux.
Empirically, carbon flux branches from α-KG mediated

by ketoglutarate dehydrogenase and glutamate dehydro-
genase (Fig. 1). Genomic disruption of glutamate dehy-
drogenase have been undertaken and proven to be ben-
eficial for α-KG production in C. glutamicum (Jo et al.
2012). Whereas, as an obligate aerobe, Y. lipolytica use
oxidative phosphorylation and the TCA cycle ultimately
for cellular growth, genomic disruption of these key
dehydrogenases would result in high risk for cellular
lethality (Yuzbashev et al. 2010).

As an alternative route, the catabolism of α-KG via
TCA cycle was regulated by assembly of ketoglutarate
dehydrogenase complex (Guo et al. 2016). Two con-
served active site residues (His419 and Asp423) of
dihydrolipoamide succinyltransferase (DLST), which
served as catalytic and structural core of ketoglutarate
dehydrogenase complex in Y. lipolytica, were identified
through homolog alignment and docking calculations.
Subsequently, mutagenesis of His419 and Asp423 resi-
dues reduced the enzyme catalytic efficiency by
impairing catalysis activity and substrate binding respec-
tively. Moreover, overexpression of the mutants of
DLST also impaired the balanced assembly of the en-
zyme complex by variation the stoichiometry among
components. The engineered strains with mutated
DLST overexpressed individually accumulated highest

α-Ketoglutarate

α-Ketoglutarate

α-Ketoglutarate
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Cellulose GlucoseEthanol
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Fig. 1 The metabolic strategies for α-KG production in Y. lipolytica
BLG1 and BLG2 β-glucosidase from Y. l ipolytica , CBH1
cellobiohydrolase, cdt-1 cellodextrin transporter from Neurospora
crassa, gh-1 β-glucosidase from Neurospora crassa, XlnD exo-1,4-b-
xylosidase from Aspergillus niger, XynII endo-1, 4-b-xylanases from
Trichoderma harzianum, SUC2 invertase from S. cerevisiae, ASC1
acetyl-CoA synthase from S. cerevisiae, ACL1 ATP-citrate lyase from
M. musculus, PDA1 α subunit of E1 component of pyruvate

dehydrogenase, PDB1 β subunit of E1 component of pyruvate
dehydrogenase, LPD1 E2 component of pyruvate dehydrogenase, LAT1
E3 component of pyruvate dehydrogenase, PYC1 pyruvate carboxylase
from S. cerevisiae, PYC2 pyruvate carboxylase from R. oryzae, FUM1
fumarase from Y. lipolytica, LDP1 NADP+-dependent isocitrate
dehydrogenase, KGD1 E1 component of ketoglutarate dehydrogenase,
KGD2 E2 component of ketoglutarate dehydrogenase, JEN1-6 keto
acid transporters from Y. lipolytica
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content of α-KG of 50.4 g·L−1, which was 40 % higher
titer when compared to parental strain. Whereas, co-
expression of E1(KGD1), E2 (KGD2) and E3 (LPD1)
components of ketoglutarate dehydrogenase complex in-
creased the overall specific activity of ketoglutarate de-
hydrogenase complex, which resulted in reduction of α-
KG (Holz et al. 2011).

Co-factor regeneration to facilitate synthesis of targeted
carboxylates Regulation of intracellular co-factors con-
tent was comparable with the effects of overexpression
of key enzymes in the pathways on α-KG synthesis.
The synthesis of α-KG would be facilitated by increase
of intracellular content of NAD+ and NADP+. Dynamic
analysis of intracellular content of NAD+ illustrated that
the co-factor decreased sharply (22.0 to 3.8 mM) from
growth phase to acid accumulation phase, while the
specific activity of NAD+-depended isocitrate dehydro-
genase remained constant level (0.15–0.17 μmol·L−1 per
mg protein) (Morgunov et al. 2004). Nevertheless, the
specific activity of NADP+-depended isocitrate dehydro-
genase decreased by 20 %, which should be owed to
low content of NADP+. Therefore, the supply of
NADP+ was engineered by overexpression of isocitrate
dehydrogenase (encoded IDP1) (Yovkova et al. 2014).
Owing to integration of multicopy vector-derived of
IDP1 in genomic DNA of cells of Y. lipolytica, six
times higher specific activity of isocitrate dehydrogenase
was observed in engineered strains. This integration also
contributed to 6.8 % higher titer of α-KG, when co-
expressed with pyruvate carboxylase, 186.0 g·L−1

(29.1 g·L−1 higher) of α-KG was accumulated in 3 L
fermentation process which was accompanied by a
QαKG of 50.7 mg·g−1·h−1(Yovkova et al. 2014).

Regulation of targeted carboxylates transportation Under
physiological conditions, the intracellular pH of eukary-
otic cells is maintained near neutrality (Orij et al. 2011).
Accord ing to Henderson-Hasselbalch equat ion
pH = pka + log (A−/HA), the short-chain carboxylates
predominately distributed in the form of anions (Skory
et al. 2010). These carboxylic anions cannot be
transported across cellular membrane freely without spe-
cific transporters, and carboxylate transporters should
play crucial role on accumulation of α-KG accordingly.
Previous phylogenetic analysis suggested that the roles
of six putative carboxylate transporters, Jen1-6p
(YALI0B19470p, YALI0C15488p, YALI0C21406p,
YALI0D24607p, YALI0D20108p and YALI0E32901p)
from Y. lipolytica, distinguished from identified Jen1
and Jen2 subfamily members (Lodi et al. 2007). To
assess and characterize the role of each putative trans-
porter, sextuple-deletion mutant strain ΔYLjen1-6 was

constructed. Combined with the growth profiles of
engineered strains in which each of YlJen1-6p was in-
troduced into cells of ΔYLjen1-6 individually, it was
concluded that all these transporters were responsible
for carboxylates transport but with different substrate
specificity (Dulermo et al. 2015).

Based on the expression profiles on mRNA level, it
was concluded that YlJen1p (YALI0C15488p) and
YlJen5p (YALI0B19470p) were mainly in charge of car-
boxylates transport during pyruvate and α-KG up-taking
processes (Guo et al. 2015a). Individual heterologous
expression of these transporters in a carboxylate-
transport-deficient strain of S. cerevisiae could restore
the cell growth of the carboxylate-transport-deficient
strain on all tested carboxylate containing medium.
Accordingly, these restoral suggested that all trans-
porters possessed carboxylate-transporting characteristics
and flexibly of substrate spectrum. Six engineered
strains of Y. lipolytica WSH-Z06 were constructed in
which additional genomic copy of each transporter was
added via integration of vector-derived of each gene.
The engineered line of Y. lipolytica harboring YlJen5p
showed advantage over other five mutant lines on α-KG
production, with 30.6 % less pyruvate content (12.3 g·
L−1) and 27.6 % higher titer (46.7 g·L−1) (Guo et al.
2015a).

Although biotechnology production of α-KG has been
achieved with the highest titer of 195 g·L−1 and the max-
imal volumetric productivity of 1.75 g·L−1·h−1, the pro-
duction was restricted on laboratory scale with a working
volume of 600 mL (Yovkova et al. 2014). The largest
working volume reported in literatures was 4 L from lit-
eratures (Yu et al. 2012), and the biotechnology produc-
tion of α-KG on industry scale was mainly limited by
complicated nutrition demand of the species of the yeast,
especially for thiamine, which was crucial for accumula-
tion of α-KG but difficult for manipulation in industry.

For industrial production, lights should be shed on
establishing novel metabolic strategies to promote α-
KG accumulation, which is independent on thiamine
supply. Compared to other model yeast species, met-
abolic engineering toward cells of Y. lipolytica was
impeded by less engineering tools at translating and
transcription levels, which also limited the application
of metabolic perturbation and remolding on global
levels. Light also should be shed on modeling and
flux analysis in silicon to identify key regulating
nodes and bott lenecks for α-KG accumulat ion.
Although much of progress has been made through
applying these strategies, the goal of high titer and
productivity has not been achieved. Nevertheless,
these efforts provide many clues for accelerating
strain development for α-KG production.
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