World J Microbiol Biotechnol (2017) 33:54
DOI 10.1007/s11274-017-2225-6

@ CrossMark

REVIEW

Exploitation of genus Rhodosporidium for microbial lipid

production

Jingyang Xu!”? - Dehua Liu®

Received: 14 December 2016 / Accepted: 9 February 2017 / Published online: 20 February 2017

© Springer Science+Business Media Dordrecht 2017

Abstract Oleaginous microorganisms are receiving sig-
nificant attention worldwide for their utility in biodiesel
production and the potentiality to produce some specialty-
type lipids. There is an increasing interest in isolation/
adaption of robust microbe strains and design of innovative
fermentation processes to make microbial lipid production
a more efficient and economically feasible bio-process.
Currently, the genus Rhodosporidium has been considered
an important candidate, for the reason that several strains
belonging to this genus have shown excellent capabili-
ties of lipid accumulation, broad adaptabilities to various
substrates, and co-production of some carotenoids. This
paper reviews the current trends in the exploitation of Rho-
dosporidium species for microbial lipid production, includ-
ing the utilization of various (single or mixed, pure or
waste-derived) substrates, progress of genetic modification
and metabolic engineering, innovations in fermentation
mode, lipid characterizations and their potential applica-
tions. Finally, the constraints and perspectives of cultivat-
ing Rhodosporidium species for lipid production are also
discussed.
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Introduction

Microbial lipid, also known as single cell oil, can be syn-
thesized and accumulated intracellularly in certain ole-
aginous microorganisms. Microbial lipid production has
several advantages over planting oil crops such as short
life cycle, less need of land use, and adaptabilities to vari-
ous renewable resources. Moreover, microbial lipid shows
similarities in the fatty acid compositions to that of vegeta-
ble oils, and thus is considered an alternative non-food oil
feedstock for biodiesel preparation. Besides, some microor-
ganisms can produce specialty fats, which can be exploited
for certain value-added applications (Papanikolaou and
Aggelis 2010).

Depending on the species, microorganisms have diverse
nutritional requirements, growth and lipid synthesis kinet-
ics, lipid compositions and properties (Xu et al. 2013). In
order to make microbial lipid production a more efficient
and economically feasible process, there is an increasing
interest in isolation/adaption of robust microbe strains.
In fact, oleaginous microorganisms (those can accumu-
late lipid up to 20% of dry cellular weight) can be found
in the genera of bacteria, yeast, fungi, and algae. Bacteria
have the advantage of short doubling time, while microal-
gae have the attractive capability of utilizing CO, instead
of organic carbon substrate. The most widely studied candi-
dates, however, belong to yeast or fungi, including Candida
curvata, Crytococcus curvatus, Lipomyces starkeyi, Yar-
rowia lipolytica (Y. lipolytica), etc., largely due to their fast
growth rate, high lipid content, and availability of sophis-
ticated fermentation technologies (Xu et al. 2013). With
well characterized lipid metabolism and accessible genetic
tools, it was of particular interests to develop Y. lipolytica
as a platform yeast, on which metabolic engineering was
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successfully applied to maximize lipid synthesis ability
(Liang and Jiang 2013).

Recently, with recognition of the great potential shown
in the wild types, genus Rhodosporidium has received an
increasing interest. A number of strains have been isolated,
including but not limit to Rhodosporidium toruloides (R.
toruloides), Rhodosporiudm diobovatum (R. diobovatum),
Rhodosporium kratochvilovae (R. kratochvilovae), Rho-
dosporidium fluviale (R. fluviale), which could reach a
lipid content of 50%, some even up to 70% (Xu et al. 2012;
Munch et al. 2015; Patel et al. 2015a). Moreover, they show
native adaptability to a wide variety of carbon substrates,
good tolerance to inhibitory compounds found in unrefined
substrate resources, and have the potential of producing
some value-added products like carotenoids. These features
make Rhodosporidium an appealing research candidate for
lipid and biofuel production. To date, intensive work has
been done in this genus, which paved the way for develop-
ing a more economically feasible lipid production process.
The aim of this article is thus to summarize and interpret
the current trends in employing genus Rhodosporidium for
lipid production, including the utilization of various (sin-
gle or mixed, pure or waste-derived) substrates, progress
in genetic modification and metabolic engineering, inno-
vations in fermentation mode, lipid characterizations and
their potential applications. Finally, the constraints and per-
spectives of cultivating Rhodosporidium species for lipid
production are discussed.

Glycerol Glucose

v l/\l
Glycerol 3-phosphate

Utilization of various substrates for lipid
production

Exploitation of different carbon substrates

Since substrate cost and availability may change from time
to time, the capacity of utilizing multiple feedstocks is cru-
cial for process viability. Various carbon sources, such as
glucose, glycerol, biomass-derived sugars, fatty acids, etc.,
can be converted into lipids via different yet integrated
pathways (Fig. 1). Among these substrates, glucose is a
favored carbon source. Li et al. (2007) reported the biomass
and lipid titer of 106.5 and 71.9 g/L at the end of 134 h
fermentation, and overall glucose to lipid conversion yield
was up to 0.23 g/g in R. foruloides. In fact, various spe-
cies including R. babjevae, R. fluviale, R. kratochvilovae,
R. paludigenum, R. Paludigenum, R. sphaerocarpum, and
R. toruloides, grow well on glucose and the intracellular
lipid content can reach up to 50-60% of the cell dry weight
or even higher (Garay et al. 2016). However, in order
to improve the economic sustainability of lipid produc-
tion, more efforts are needed to explore alternative carbon
sources.

Recent progress on investigating the performance
of genus Rhdosporidium for converting various car-
bon sources are summarized in Table 1. Among these
substrates, glycerol was intensively investigated. Since
biodiesel preparation generates a significant amount of
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Fig. 1 Overview of metabolic pathways involved in converting different carbons sources into microbial lipids
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Table 1 Conversion of various carbon sources into lipids by Rhodosporidium species

Strain Carbon source Biomass (g/L) Lipid (g/L) Lipid content (%) Lipid yield (g/g) Culture mode References
R. diobovatum Crude glycerol 14.1 7.1 50 NA Batch in flask Munch et al.
(2015)
R. fluviale Crude glycerol 22.93 15.98 69.5 0.21 Two-stage cul- Polburee et al.
DMKU-RK253 ture in flask (2016)
R. kratochvilovae Glycerol 14.15 8.0 56.6 NA Batch in flask Patel et al. (2015a)
HIMPA1
R. kratochvilovae Fructose 13.22 7.5 56.73 NA Batch in flask Patel et al. (2015a)
HIMPA1
R. kratochvilovae Sucrose 13.38 7.72 57.69 NA Batch in flask Patel et al. (2015a)
HIMPA1
R. kratochvilovae Xylose 6.9 3.84 55.65 NA Batch in flask Patel et al. (2015a)
HIMPAL1
R. kratochvilovae Arobinose 7.64 4.0 52.35 NA Batch in flask Patel et al. (2015a)
HIMPAL1
R. toruloides Cassava starch 20.1 13.0 64.9 NA Co-culture in Gen et al. (2014)
21167 reactor®
R. toruloides 2F5 Inulin 15.64 11.7 70.36 0.22 Batch in reactor ~ Wang et al. (2014)
R. toruloides Crude glycerol 26.7 18.5 69 0.17 Batch in reactor ~ Xu et al. (2012)
AS2.1389
R. toruloides Glycerol 26.5 10.0 38 0.20 Two-stage in Xu et al. (2017)
AS2. 1389 flask
R. toruloides Xylose 13.4 5.6 42 NA Two-stage cul- Lin et al. (2014)
AS2.1389 ture in flask
R. toruloides Acetic acid 4.35 2.10 48.2 NA Batch in flask Huang et al.
AS2. 1389 (2016)
R. toruloides Distillery waste- 8.12 3.54 43.65 NA Batch in flask Ling et al. (2013)
AS2.1389 water
R. toruloides Non-sterile 7.25 4.6 63.45 NA Co-culture in Ling et al. (2014)
AS2.1389 distillery and flask®
domestic waste-
water
R. toruloides Glucose 37.2 24.0 64.5 0.21 Fed-batch in Tchakouteu et al.
DSM 4444 reactor (2017)
R. toruloides Crude glycerol 41.0 24.6 60.0 0.22 Fed-batch in Signori et al.
DSM 4444 reactor (2016)
R. toruloides Crude glycerol 23.8 11.2 47 0.14 Batch in flask Tchakouteu et al.
NRRL Y-27012 (2015)
R. toruloides Stearic acid 11.7 4.1 35 NA Flask culture Gierhart (1984b)
R. toruloides Glucose (1st 9.8 4.6 47 NA Two-stage cul- Gierhart (1984a)
and 2nd ture in flask
stage) + Stearic
acid (2nd stage)

NA data not shown in the reference

2Co-culture with Saccharomycopsis fibuligera

Co-cultured with Chlorella pyrenoidosa

glycerol, its reuse in microbial lipid production is con-
sidered beneficial for both processes. It was proved that
Rhodosporidium can grow well on glycerol and reach
comparable biomass and lipid titer as that of growing on
glucose. The impurity composition existed in crude glyc-
erol is dependent on the biodiesel preparation method.
Within the general concentration ranges, methanol may

cause inhibitive effect, while others (soap, glyceride,
inorganic salt, etc.) either showed no inhibitive effect
or even positive effect on lipid production. Some Rho-
dosporidium species could perform well in crude glycerol
contained media, and even reach higher biomass and lipid
titer than growing on pure glycerol (Xu et al. 2012).
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Utilization of different saccharides and energy
crop-derived sugars has also been investigated. Rho-
dosporidium species were able to utilize monosaccha-
ride (glucose, fructose, xylose, arabinose), disaccharide
(sucrose), and polysaccharide (starch, inulin) for lipid
overproduction. The natural capacity of growing on dif-
ferent carbon substrates demonstrates their great appli-
cation potential.

Some organic acids can be good carbon substrate as
well. When cultivating R. toruloides AS 2.1389 on ace-
tic acid, 4.35 g/L biomass with 48.2% lipid was obtained
in flask culture (Huang et al. 2016). This strain could
even grow on organic acid-containing wastewater (Ling
et al. 2013, 2014). Since short chain organic acids, also
known as volatile fatty acids, can be derived from food
waste, sludge, and some acidogenic bio-processes, the
potential of converting such carbon substrates into lipids
offers the possibility of combining wastewater treatment
with biofuel production.

In addition, a remarkable plethora of hydropho-
bic carbon sources have been used as substrates for ex
novo lipid accumulation. The incorporated fatty acids
are transformed into “new” fatty acid profiles and accu-
mulated as storage lipids (this process is referred to as
the “bio-modification”, involving enzyme-catalyzed
desaturation or elongation reactions). Differed from the
above described de novo lipid accumulation, that usu-
ally generate species-dependent fatty acid compositions
and is mainly performed for preparation of biodiesel
feedstock, ex novo lipid synthesis are principally used to
improve and upgrade fatty materials for generating spe-
cialty “tailor-made” lipids of high-added value, like sub-
stitutes of cocoa butter or other exotic fats (Davies and
Holdsworth 1992; Papanikolaou and Aggelis 2011a, b).
For example, Gierhart (1984b) reported the utilization
of pure stearic acid to produce lipid with similar total
saturated fatty acid content to that of cocoa butter. It was
recognized that microorganisms possessed active desatu-
rase systems (i.e., A9 and A12 dehydrogenases). Even if
the initial fatty substrates was globally of fatty materi-
als with sugar (or alternative carbon sources) may result
in significant accumulation saturated, the cellular lipids
contained unsaturated fatty acids in significant quanti-
ties (Gierhart 1984b). In some investigations, utiliza-
tion of mixtures of hydrophilic substrates with various
fatty materials has been employed. Sugars were mainly
used for growth needs while the fatty materials served
to enhance the lipid accumulation. The presence of fatty
materials does not completely cease the process of de
novo fatty acid synthesis, thus, a proper co-utilization of
lipids with similar compositions of cocoa butter (Gier-
hart 1984a).
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Utilization of mixtures of carbon sources

In addition to efforts on exploiting appropriate single car-
bon substrates, utilization of mixtures of carbon sources
has also drawn a lot of attention. A major motivation is for
exploiting lignocellulosic biomass in biofuel production,
which feedstock naturally contain a mixture of different
carbon sources. Further, synergistic effects of assimilating
mixed carbon sources have been observed in some cases. It
is believed that exploring the substrate assimilation behav-
ior of Rhodosporidium species can deepen the understand-
ing of their lipid metabolism, and supports a more flexible
lipid production process. The performance of Rhodosporid-
ium species growing on substrate mixtures is summarized
in Table 2. Compared to data obtained from utilizing single
carbon source, these results show comparable lipid titers.
However, when looking into the details of kinetics of sub-
strate assimilation, cell growth and lipid synthesis, varying
behaviors can be observed for different Rhodosporidium
species growing on different mixture of carbon substrates.
Some representative examples are discussed as follows.

The performance of Rhodosporidium species grown on
a combination of glucose and glycerol was investigated
(Bommareddy et al. 2015, 2017). Noticeably, R. foru-
loides DSMZ 4444 showed a catabolite repression. Diauxic
growth was observed: glycerol was consumed only after
glucose consumption. Interestingly, despite of the catabo-
lite repression, the addition of glycerol enhanced the lipid
yield on glucose and the specific lipid productivities. The
mixed substrate culture gained dual advantages of efficient
cell mass production (normally maximized with glucose)
and superior lipid content (normally obtained with glyc-
erol). Such phenomena demonstrate a benefit of using car-
bon substrates mixture and might be applied in other strains
according to their specific metabolisms.

Co-utilization of C6 and C5 sugars was studied for bio-
logical conversion of lignocellulosic biomass and other
biomass-derived feedstock. It was observed that behav-
iors of consuming different sugar compositions are strain
dependent. For example, R. foruloides CCT 0783 could co-
utilize glucose and fructose almost at the same rate (Matsa-
kas et al. 2015). R. kratochvilovae HIMPA1 was found to
consume glucose (29.45 g/L), fructose (17.98 g/L), xylose
(3.87 g/L) simultaneously (Patel et al. 2015b). Many other
strains, however, show sequential assimilation. When R.
toruloides As. 1389 was growing on a mixture of glucose,
xylose and arabinose, glucose was first consumed followed
by xylose. Arabinose was not utilized (Zhao et al. 2012).
To improve the efficiency of utilizing mixtures of sug-
ars, a potential strategy is to develop engineered strain to
strengthen the co-utilization characteristics, provided that
molecular methodology is available. An alternative way
is to modify biomass pre-treatment and saccharification
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Table 2 Utilization of mixtures of carbons substrates by Rhodospordium species

Biomass (g/L) Lipid (g/L) Lipid content (%) Lipid yield (g/g) Culture mode

References

Strain Carbon source
R. diobovatum Pinewood pyro-  4.93 1.23 25
08-225 lysates
R. kratochvilovae Mixture of glu- 15.56 9.26
HIMPAL1 cose, fructose,
sucrose, xylose,
glycerol and
arabinose
R. kratochvilovae Aqueous extract 8.9 4.73
HIMPAL1 of Cassia fistula
L. fruit pulp
R. toruloides Bagasse hydro- ~ 23.5 12.3 52.5
AS2.1389 lyzate
R. toruloides Sorghum stalk 41.6 13.8 33.1
CCT 0783 hydrolysate
R. toruloides Molasses 34.8 16 44
CCT 0783
R. toruloides Glucose and 17.4 11.0 63
DSMZ 4444 glycerol
R. toruloides Corn stover 54 32 59
DSMZ 4444 hydrolysate
R. toruloides Y4 Laminaria resi- 12.7 4.8 38
due hydrolysate

59.51

53.18

0.16 Batch in flask Luque et al. (2016)
NA Batch in flask Patel et al. (2015a)
NA Batch in flask Patel et al. (2015b)
NA Batch in reactor  Zhao et al. (2012)
0.105 Batch in flask Matsakas et al.
(2015)
0.22 Fed-batch in Vieira et al. (2014)
reactor
NA Batch in reactor ~Bommareddy et al.
(2017)
0.29 Fed-batch in Fei et al. (2016)
reactor
0.16 Batch in flask Shen et al. (2016)

NA data not shown in the reference

process. For instance, Morikawa et al. (2014) reported the
co-production of ethanol and lipid from wheat straw. Wheat
straw was pretreated by dilute acid to hydrolyze most part
of hemicelluloses (mainly xylan) to obtain pentose (mainly
xylose), which could be utilized by R. foruloides for lipid
synthesis; While the pretreated cellulosic solid was then
used for ethanol production by simultaneous saccharifica-
tion and fermentation. In this way, they avoided the sequen-
tial utilization effect in R. toruloides and realized whole
utilization of ligocellulosic biomass.

Noticeably, another important issue coming along with
utilization of biomass-derived carbon source is the toler-
ance of yeasts to side-products generated from biomass
processing. Since the carbohydrates in lignocelluloses are
usually refractory to hydrolysis, pretreatment are required
to make those sugars accessible to microorganisms (Harde
et al. 2016). However, existing thermochemical pretreat-
ments lead to byproducts such as furfural, hydroxylmethyl
furfural, weak acids, neutral and acidic phenolics, which
can be inhibitory to microorganisms. The toxicity was
found to be dependent on concentrations, and synergistic
effects of these compounds could dramatically decrease
the critical concentration of a single inhibitor, resulting
in significant inhibitions (Parreira et al. 2015; Zhao et al.
2012). For this reason, in order to efficiently utilize carbon
substrates from lignocellulosic biomass, it is imperative to
apply proper detoxification and to develop tolerant strains.

Exploitation of unconventional nitrogen source

In addition to substituting glucose with affordable carbon
sources, researchers also explored various nitrogen sources
for lipid production. Table 3 summarizes some representa-
tive examples of unconventional nitrogen sources, which
can be derived from agricultural, industrial and bio-process
residues. They usually contain organic nitrogen compo-
nents in the form of amino acids, and some also contains
carbohydrates and minerals, which can be assimilated by
yeast cells. Although lipid overproduction in Rhodosporid-
ium species is usually achieved under a nitrogen limit con-
dition, a considerable amount of nitrogen is still required to
support yeast growth and maintenance. Therefore, depend-
ing on the nutrient compositions, a nitrogen-sufficient
feedstock can either be directly used in combination with
a carbon-rich feedstock for lipid production, or used in the
initial fermentation stage for quickly growing yeast cells.
According to the reported data, such nitrogen sources can
substitute traditional nitrogen sources such as yeast extract,
peptone and ammonium sulfate, achieving comparable and
even higher biomass and lipid quantity. One more issue
needs to be addressed is that, similar to the problem men-
tioned in biomass-derived carbon substrates, for biomass-
derived nitrogen substrates a proper pretreatment may also
be required to release nitrogen components accessible for
the microbes. It is required to take into account all the
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Table 3 Utilization of unconventional nitrogen source for lipid production

Strain Nitrogen- Nitrogen Extra car- Biomass Lipid (g/L) Lipid con-  Lipid yield Fermenta- References
sufficient concentration  bon source  (g/L) tent (%) (g/g) tion mode
source (g/L)

R. kratoch-  Aqueous NA None 15.1 8.39 55.56 NA Batch in Patel et al.
vilovae extract of flask (2014)
HIMPA1 hemp seed

R. toru- Pretreated 0.2 (free Crude glyc- 37.4 19.2 51.3 0.17 Fed-batch  Leiva-Candia
loides sunflower amino nitro- erol in reactor etal. (2015)
DSM 4444 meal gen)

hydro-
lysate

R. toru- Bioethanol  0.179 (total Glucose 5.3 2.0 37.2 NA Fed-batch Zhou et al.
loides Y2 wastewater  nitrogen) in flask (2013)

R. toru- Rapeseed 0.3 (free Glucose 82.3 39.6 48 0.28 Fed-batch  Kiran et al.
loides Y4 meal amino nitro- in reactor (2012)

hydralyz- gen)
ate

R. toru- Rapeseed 0.3 (free Pure glyc- 43 19.7 45.8 0.20 Batch in Kiran et al.
loides Y4 meal amino nitro- erol reactor (2013)

hydro- gen)+0.215
lysate (NH,),SO,

R. toru- Spent cell 0.68 (total Cornstalk  13.1 5.5 42 NA Batch in Yang et al.
loides Y4 mass nitrogen) hydrolyz- flask (2015)

hydrolyz- ate
ate

NA data not shown in the reference

involved feedstock, pretreatment together with lipid pro-
duction, and make the techno-economic evaluation.

Progress in strain engineering

The research interest on isolating and adapting robust Rho-
dosporidium strains comes along with the target to improve
lipid yield and to efficiently utilize those sustainable car-
bon/nitrogen resources, which is highly concerned for
making commercialization of microbial lipid production
feasible. Increasing efforts have been made to isolate supe-
rior strains, understand the molecular basis of oleaginicity,
develop genetic tools and construct engineered strains. The
overview of studies on strain engineering is illustrated in
Fig. 2.

The adaptability of Rhodospordium species has been
intensively studied, particularly for the purpose of exploit-
ing biomass-derived carbon sources. Culture media derived
from such feedstock is consisted of complex substrate com-
binations and may contain inhibitors, thus organisms that
can utilize both C5 and C6 sugars and tolerate inhibitive
components are highly desired. In addition to screening and
isolating excellent strains capable of converting different
carbon sources into lipids (as is summarized in Tables 1,
2), other efforts also involve strain mutagenesis and adap-
tion. For instance, Qi et al. (2014) applied atmospheric

@ Springer

room temperature plasma mutagenesis to obtain R. toru-
loides mutants, and isolated candidates that had strong tol-
erance to the inhibitory compounds and could grow in lig-
nocellulosic hydrolyzate without detoxification.

Gene sequencing, RNA-sequencing assisted annota-
tion, transcriptomic analysis and proteomic analysis pro-
vided integrated information, which helps to understand
the molecular basis of Rhodosporidium for regulation of
central metabolism and lipid metabolism (Zhu et al. 2012,
2015; Kumar et al. 2012; Zhang et al. 2016b; Shi et al.
2013). Functions of some genes and pathways that com-
mitted to oleaginicity, such as acetyl-CoA synthetase iso-
enzymes, mitochondrial NAD(+)-dependent isocitrate
dehydrogenase, fatty acid desaturase, diacylglycerol acyl-
transferase, etc., were characterized as well (Yang et al.
2012; Cui et al. 2016; Chen et al. 2014; Liu et al. 2016).
It was found that Rhodosporidium shares a number of fea-
tures, for example, the nitrogen metabolism-induced lipo-
genesis with other well-studied yeasts, like Y. lipolytica.
But different mechanisms were also noticed, for example,
the oxidative pentose phosphate pathway is assumed to be
the sole supplier of NADPH for lipid synthesis in Y. lipo-
lytica (Wasylenko et al. 2015); While in R. foruloides, an
alternative NADPH supply from cytosolic NADH-depend-
ent isocitrate dehydrogenase was recognized (Zhu et al.
2012). These studies opened doors to understand the lipid
metabolism in Rhodosporidium species. Furthermore,
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Fig. 2 Overview of studies on
strain engineering. ACC acetyl-
CoA carboxylase, DGA diacyl-
glycerol acyltransferase, ME
malic enzyme, LPA lysophos-
phatidic acid, PA phosphatidic
acid, DAG diacylglycerol, TAG v
triacylglycerol Molecular basis of

central metabolism

Genus Rhodosporidium

4////\
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transcriptomic and proteomic analysis enriches the knowl-
edge of molecular basis of those adapted strains. For exam-
ple, Qi et al. (2017) performed mutation and adaption to
obtain strains with expected characteristics. For those iso-
lated candidates, the regulation of gene expressions could
be due to mutagenesis or induced by stressful environment
conditions. Through transcriptomic and proteomic analysis,
genes involved in key metabolic processes can be identified
and targeted for further strain engineering.

Genetic tools have been increasingly developed, includ-
ing transformation and constitutive promoter set for gene
expression, to establish genetically tractable system. Trans-
formation of Rhodosporidium was rarely report in the
past and was considered recalcitrant. There was a report
that used PEG-mediated transformation of protoplasts in
R. torulodes (Tully and Gilbert 1985), which method was
limited by its low efficiency, instable chromosomal integra-
tion and auxotrophic selection (Liu et al. 2013). Based on
recent research, most of the successful manipulations, how-
ever, involve the application of Agrobacterium tumefaciens-
mediated transformation (ATMT). By applying ATMT,
Abbott et al. (2013) transformed a vector carrying an exog-
enous gene (URAS) into R. kratochvilovae; Lin X et al.
(2014a, b) integrated multiple genes in R. foruloides and
obtained transformants with multiple antibiotic-resistant

Acetyl-CoA Malonyl-CoA

ACC

phenotype; Liu et al. (2013) employed the combination
of strong promoters (RtGDPI) and the codon-optimized
antibiotic resistance gene (hpt-3) to transform R. toru-
loides ATCC by ATMT with dominant selection. Moreo-
ver, Wang et al. (2016) constructed expression cassette
and evaluated the functional evaluation of five constitutive
promoters from R. toruloides. Liu et al. (2015) reported an
efficient D-amino acid-inducible gene expression system
with the intron 1-containing DAO! (D-amino acid oxidase
gene) promoter coupled with a DAO! null mutant.

These available genetic tools enable functional integra-
tion and expression of exogenous genes, or gene knock-
out, in Rhodosporidium strains. For example, Lee et al.
(2016) used ATMT to transport the gene encoding for the
membrane transporter, pleiotropic drug resistance (Pdr10)
from Saccharomyces cerevisiae into R. toruloides. When
this modified strain was cultured in a two-phase system, it
facilitated the export of carotenoids in situ without the need
for any extraction steps. Targeted gene depletion was also
reported in Rhodosporidium species, although such reports
were comparatively rare than that of gene expression. For
instance, Koh et al. (2014) reported the targeted gene dele-
tion in R. toruloides ATCC via ATMT and the generation
of KU70 null mutant. The KU70-deficient mutant was
further found to be effective in improving gene deletion
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frequency. Liu et al. (2016) characterized two genes encod-
ing two acetyl-CoA synthetase isoenzymes in R. diobova-
tum. Noticeably, they used CRISPR-Cas9 system to delete
two gene fragments (ACSI and ACS?2) in haploid R. diobo-
vatum, and applied plasmid transformation with a Bio-Rad
Gene Pulser, which showed application of different genetic
tools comparing to most other reported literatures.

Furthermore, with the increased knowledge in Rho-
dosporidium’s oleaginicity and the developed genetic tools,
metabolic engineering can be applied to these naturally
productive strains. The successful examples are summa-
rized in Fig. 2. Zhang et al. (2016b) reported one of the
first examples of metabolic engineering in R. foruloides.
They overexpressed the native acetyl-CoA carboxylase
(ACC1) and diacylaglycerol acyltransferase (DGA1) genes
using ATMT. These two genes encoded enzymes that cata-
lyze the first and last steps in triacylglycerol biosynthesis.
This strategy had been applied in diverse microorgan-
isms, most notably in Y. lipolytica, and was commented
as the “push and pull” strategy (Tai and Stephanopoulos
2013). By applying it in R. toruloides, they successfully
increased lipid titer and yield significantly due to more
carbon being directed toward lipid synthesis. They fur-
ther explored a number of different metabolic engineering
strategies (Zhang et al. 2016a), and found that overexpres-
sion of malic enzyme and stearoyl-CoA desaturase could
significantly increase lipid production. Another success-
ful strategy was to overexpress stearoyl-CoA desaturase in
the previously engineered strain with overexpressed ACCl1
and DGAL. In summary, strategies for strain engineering
mainly include increasing carbon flux toward lipid anabo-
lism, strengthening the supply of NADPH, and optimizing
the function of desaturases in the fatty acid synthesis path-
ways. With deeper understating of features of genus Rho-
dosporidium in the central metabolism and lipid metabo-
lism, it will be possible to identify more key steps involved
in lipid synthesis, apply metabolic engineering and develop
global regulations. It can be expected that, with advanced
genetic tools, R. toruloides might be developed as the next
platform microorganism for producing lipid and lipid-based
chemicals.

Progress in fermentation technologies

Industrial implementation of microbial lipid production is
strongly dependent on the raw material cost, unitary cost,
as well as fermenter and process design. For the stage
of fermentation, improvements on substrate utilization
efficiency, lipid productivities and lipid titer, as well as
energy-saving techniques are highly expected (Koutinas
et al. 2014). Research efforts on fermentation technolo-
gies are largely driven by the demands of utilizing various

@ Springer

feedstocks (as summarized in Tables 1, 2, 3), and obtain-
ing high lipid productivity. Researchers are under the way
to solve problems coming along with utilization of various
feedstocks, such as substrate-associated growth inhibition,
inhibitive compositions, low strength substrates, etc. For
instance, Fei et al. (2016) reported an automated online
sugar control feeding mode using an automated cell-free
sampling system coupled with an online sugar analyzer,
which was designed for feeding glucose and xylose-con-
taining corn stover hydrolysates. This strategy reduced
the substrate-associated growth inhibition by maintaining
a desired glucose at 10 g/L, and resulted in a promoted
lipid yield (0.29 g/g) and productivity (0.4 g/L/h). Xu et al.
(2017) proposed a glycerol-based two-stage process to sep-
arately meet the nutritional demand of both the cell prolif-
eration phase and lipid accumulation phase, consequently
achieved a promoted lipid yield and productivity. Signori
et al. (2016) developed a feeding strategy for crude glycerol
utilization, which was designed to prevent the inhibitory
effect in the lag phase, and supported a progressive cells
adaptation to increasing inhibitors concentrations, lead-
ing to an improved bioconversion of glycerol into lipids.
Huang et al. (2016) proposed a repeated batch culture mode
for lipid production from acetic acid, which strategy could
avoid substrate inhibition and make utilization of low-con-
tent acetic acid feasible. These researches provide some
hints on way to utilize different kinds of unrefined or waste-
derived resources.

On the other hand, nowadays researchers have been
increasingly paying attention to the microbial ecosystem
and their potential application in biotechnologies. Some
co-culture systems were investigated to take advantage of
metabolic abilities of a different microbe to support Rho-
dosporidium for lipid production. For example, Ling et al.
(2014) reported the co-culture of R. toruloides with micro-
algae, Chlorella pyreoidosa. Microalgae are effective in
nitrogen and phosphorus removal, uptake of CO,, and
O, production, while yeasts are effective in organic mat-
ter removal and CO, production. Based on this symbiotic
relationship, mixture culture was conducted in distillery
and municipal wastewater, and was able to remove COD,
total nitrogen and total phosphorus while producing lipids.
Another example was to combine the starch hydrolysis with
lipid production in a co-culture system dominated by R.
toruloides and an immobilized amylases-producing yeast,
Saccharomycopsis fibuligera. Saccharomycopsis fibuligera
synthesized and secreted amylases into the medium, which
could hydrolyze cassava starch into glucose. Glucose was
then converted into lipid by R. toruloides. In a 168 h cul-
ture, R. toruloides biomass and lipid content reached 20 g/L
and 65%, respectively (Gen et al. 2014). Although very
few studies using co-culture have been done for lipid pro-
duction, and such research to date haven’t been optimized
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and did not show a significantly superior lipid productiv-
ity compared to traditional culture systems, they potentially
provide some new possibilities for waste-derived resource
utilization in combination with lipid production.

Besides, means of energy cost reduction deserve to be
studied as well. Main factors involved in a fermentation
system include aeration, agitation, temperature control,
sterilization, etc. Major research efforts undertaken involve
fermenter design and process optimization. In the case of
lipid production by genus Rhodosporidium, an interesting
fermentation mode was recently reported to save energy
from sterilization. Inspired by the fact that Rhodoporidium
sp. strains have been isolated from hyper-saline habitats
and therefore could potentially grow on media presenting
relatively high salinity. Tchakouteu et al. (2017) inves-
tigated the performance of R. foruloides DSM 4444 on
pasteurized media supplemented with NaCl. In addition
to confirming that supplementing 4.0% w/v NaCl could
stimulate lipid accumulation, the combination of NaCl and
high glucose concentrations was found to suppress bacte-
rial contamination. The accomplishment of microbial lipid
production under nonaseptic conditions can potentially
save a significant amount of unitary cost for industrialized
lipid production.

Lipid characterizations and potential applications

A major driven force for producing microbial lipid is its
utilization as a biodiesel feedstock. Intensive research
has been done to evaluate the fatty acid compositions in
microbial lipids, because characteristics like carbon chain
length and degree of unsaturation, can influence the bio-
diesel property such as cold flow feature, oxidative stabil-
ity, etc. Fatty acid compositions of lipids obtained from
Rhodosporidium species are summarized in Table 4. It
can be seen that fatty acid profiles are primarily strain
specific. In general, for most strains the major composi-
tions are palmitic acid (C16:0), stearic acid (C18:0), oleic
acid (C18:1) and linoleic acid (C18:2). Some strains of
R. toruloides, R. diobovatum and R. fluviale can produce
small amount of linolenic acid (C18:3) and fatty acids
with carbon chain length between C20 and C24, the total
content of which is usually below 6%. R. kratochvilovae
HIMPA1 was reported to produce about 30% of long
chain fatty acid (C20-C27), whose lipid composition is
quite unusual comparing to other Rhodosporidium spe-
cies. Added to strain specific fatty acid synthesis as the
major determinant, a variety of factors, such as carbon/
nitrogen substrates, media composition, and environ-
mental conditions, can affect fatty acids compositions to
different degrees. For example, Patel et al. (2015a) culti-
vated R. toruloides HIMPA1 on different carbon sources,

and found mono-unsaturated fatty acids content was high
when grown on glucose and fructose, while on sucrose
poly-unsaturated fatty acids content was comparatively
high. Nitrogen source could influence fatty acids compo-
sitions as well. It was found that lipids produced in the
rapeseed meal hydrolysate-containing media included
higher linoleic (C18:2) but lower palmitic acid (C16:0)
compared to those obtained using yeast extract (Kiran
et al. 2013). Polburee et al. (2016) found that cultivation
at a low temperature of 25 °C yielded a higher percent-
age of unsaturated fatty acids, especially linoleic (C18:2)
and linolenic acid (C18:3), than the two-stage cultivation
with a temperature shift from 30 to 25 °C. Besides, Bom-
mareddy et al. (2015) revealed the influential effects of
oxygen supply on lipid compositions.

The second research interest is to generate specialty “tai-
lor-made” lipids, like substitutes of cocoa butter or other
exotic fats, which has been considered a process potentially
economically viable, specifically if various low- or nega-
tive cost raw materials are utilized as substrates (Papan-
ikolaou and Aggelis 2011b). As shown in Table 4, de
novo lipid synthesis by genus Rhodosporidium generates
lipids with a major percentage of unsaturated fatty acids,
whereas cocoa butter is principally composed of saturated
fatty acids. An average fatty acid profile is: C16:0 23-30%,
C18:1 30-37%, C18:0 32-37%, C18:2 2-4% (Papanikolaou
and Aggelis 2011b). Various strategies have been investi-
gated in order to increase the saturated fatty acid content
in microbial lipids, including separation of the synthesized
cellular lipid (Davies and Holdsworth 1992), utilization of
natural or synthetic desaturation inhibitors such as sterculic
acid and malvalic acid (Moreton 1985; Moreton and Clode
1988), as well as performing fermentation condition con-
trol such as increasing sulfate limitation (Wu et al. 2011)
and cultivating yeasts on mixtures of sugars or polyols with
fatty materials (Gierhart 1984a).

In addition to the major interest of obtaining neutral
lipids, mainly in the form of triacylglycerols for prepara-
tion of biodiesel or cocoa butter substitutes, some research
is focused on obtaining other fatty acid-derived products.
Since oleaginous yeasts hold effective fatty acid synthesis
pathways and have the capacity for lipid overproduction,
they are considered attractive candidates for fatty acid-
derived chemicals (Xu et al. 2016). Although such research
was rarely reported in Rhodosporidium species, now with
the developed genetic tools, some promising results has
been obtained. Fillet et al. (2015) reported the engineering
of R. toruloides to produce fatty alcohols by expressing a
fatty acyl-CoA reductase from Marinobacter aquaeolei
VTS8. Cultivation of this strain in a 75 h fed-batch mode
resulted in over 8 g/LL C16-C18 fatty alcohols. Since Rho-
dosporidium species are productive in converting a variety
of carbon substrates into lipids, they might be exploited as

@ Springer
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the next platform for fatty acids-derived chemicals, those
can be further used to produce valuable oleochemicals.

Besides, compared to other oleaginous microorganisms,
Rhodosporidium species hold a unique capability, that is,
to produce carotenoids. A handful of species, such as R.
toruloides and R. diobovatum, are carotenoid producer,
and thus are known as red yeasts (Mannazzu et al. 2015).
The yield and composition of carotenoids vary according
to strain, medium components and environmental condi-
tions. Lee et al. (2014) reported the metabolomics pro-
filing of three strains of R. foruloides grown on glycerol.
These species could produce torularhodin, torulene and
B-carotene, whose composition were species dependent. It
was recognized that carotenoid production may share the
same trigger mechanism with lipid synthesis, that is, lower
production of the TCA cycle and amino acid metabolites
promoted energy and metabolic flux toward the carotenoid
synthesis pathways. This metabolism suggests that carote-
noid synthesis can be co-produced with neutral lipids under
proper culture conditions. Since carotenoids can be widely
used in chemical, pharmaceutical, cosmetic, food and feed
industries, they are considered as high-value product. With
further understanding of carotenoid synthesis, fermentation
and separation technologies, it may potentially become a
value-added side-product of lipid production by those red
yeasts.

Prospects of employing genus Rhodosporidium
for lipid production

Rhodosporidium species are considered as promising can-
didates for lipid production due to their flexible substrate
adaptability, superior lipid content, and potential of produc-
tion fatty acid-derived chemicals and carotenoids. How-
ever, currently microbial lipid production is still not viable
when biofuels are considered as final products, mainly due
to the high raw material cost and unitary cost involving aer-
ation, agitation, sterilization, etc. (Davies 1988; Koutinas
et al. 2014) According to a R. toruloides-based techno-eco-
nomic evaluation, lipid production is strongly dependent on
the feedstock used, fermenter and process design, and value
of the final products (Koutinas et al. 2014). In order to real-
ize an economically viable lipid production process, more
efforts are required to utilize renewable and affordable raw
materials, achieve higher lipid titer and productivities, and
decrease the unitary costs.

Those researches conducted for exploitation of vari-
ous renewable and waste-derived feedstocks are meaning-
ful, which in turn, demonstrate the great potential of Rho-
dosporidium species in their broad substrate adaptabilities.
However, it is known that those raw materials usually
require certain unit operations to release carbon or nitrogen

substrates that are accessible for microorganisms. In conse-
quence, utilization of mixture of substrates and overcom-
ing inhibitive effects of complex compositions, can consti-
tute two major bottlenecks for efficient utilization of those
renewable feedstocks. In addition to the research efforts on
developing advanced feedstock processing technologies,
other solutions may be sought from investigation of meta-
bolic behaviors for utilizing various substrates, as well as
strain isolation, adaption and engineering for strengthening
the ability of substrate assimilation and inhibitor tolerance.
On the other hand, with increasing understanding in lipid
metabolism and more genetic tools available, metabolic
engineering of Rhodosporidium species will become pos-
sible. In the past, intensive research has been conducted
in the model oleaginous yeast, Y. lipolytica, and made it a
platform for producing neutral lipids and fatty-acid derived
products. In the near future, Rhodospordium may become
the next platform. Wild-type strains in this genus already
show great potential in utilizing waste-derived raw materi-
als, and hold some specialty in their metabolites, such as
co-producing carotenoids as value-added products. The
capabilities of Rhdosporidium species for lipid production
should be further exploited in the future.

In conclusion, in order to fully exploit the potential of
Rhodorsporidium species and make it an appealing plat-
form for lipid production, comprehensive research efforts
are required, including process design for efficient utiliza-
tion of low-cost raw materials, understanding and optimiza-
tion of substrate assimilations, and metabolic engineering
for maximizing lipid synthesis efficiency, and exploitation
of value-added lipid products.
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