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Abstract: Diacylglycerol acyltransferase (DGAT), which catalyzes TAG
formation from DAG and acyl-CoA, has been considered to play a vital
role in TAG accumulation in oleaginous microorganisms. The genome of
oleaginous yeast Rhodosporidium toruloides contains two putative DGAT
genes, RtDGATa and RtDGATb, which shared little conserved amino acid
coding sequence with each other. Phylogeny tree analysis showed that
RtDGATa belonged to DGAT1 family and RtDGATb belonged to DGAT2
family. For functional identification of the DGATs, RtDGATa and
RtDGATD were individually expressed in Saccharomyces cerevisiae TAG-
deficient quadruple mutant (H1246). RtDGATa had obvious preference for
monounsaturated fatty acids, however the expression of RtDGATa did not
alter the TAG content in S. cerevisiae H1246 and it had non-involvement in
TAG accumulation according to its mRNA expression level in R.
toruloides. The expression of RtDGATb could completely resume TAG
biosynthesis in S. cerevisiae H1246. Substrate preference experiments
revealed that RtDGATb preferred unsaturated fatty acids over saturated
fatty acids, but not C18:3. Only the expression pattern of RtDGATb was
related to the process of fatty acid biosynthesis, suggesting that RtDGATb
plays an important role in lipid accumulation in R. toruloides.

Introduction

In recent years, alternative sources of fuels attracted
more and more interests because of petroleum crisis and
accumulation of greenhouse gases worldwide. Biodiesel,
esterified from vegetable oils or animal fats with lower
alcohol by now, acts as an alternative of fossil fueland
biodiesel production, which is commercially available in
Europe, the United States and other countries (Li ef al.,
2008; Sitepu et al., 2014). The main drawback of this
technology is that it conflicts with food resources.
Alternative to plant oil and animal fat, oils produced
from oleaginous microorganisms can also be used to
produce biodiesel, which has several advantages, such as
high lipid yield and growth rate over current biodiesel
production technologies (Liang and Jiang, 2013). Almost
all microbes are intrinsically capable of synthesizing
fatty acids as cell membrane components and energy
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storage materials. However only a few microbes could
accumulate intracellular lipids over 20% of their Dry
Cell Weight (DCW) and these microorganisms are
regarded as oleaginous microorganisms (Ageitos et al.,
2011; Ratledge and Wynn, 2002).

TAG synthesis, from glycerol-3-phosphate to form
TAG, commonly known as the Kennedy pathway, is
catalyzed by a series of acyltransferases which contains
glycerol-3-phosphate  acyltransferase =~ (GPAT; EC
2.3.1.15), lyso-phosphatidic acid acyltransferase (LPAAT;
EC 2.3.1.51) and diacylglycerolacyl transferase (DGAT;
EC 3.2.1.20) (Gong et al., 2013). DGAT catalyzes the
terminal step in TAG synthesis and has been considered to
play a vital role in storage lipid accumulation. There are
three major families of DGATs, namedmembrane-bound
type L,type 2 and a soluble cytosolic type 3 which had
rarely been found (Liu ef al., 2012). DGAT1 and DGAT2
exhibit no sequence homologies to each other. It is
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suggested that DGAT?2 is the most important enzyme in
lipid accumulation and had been utilized to improve the
lipid content in several microorganisms in some recent
researches. Over expression of DGAT?2 in Y. lipolytica led
to 3-fold increase in lipid accumulation and its coupling
with Acetyl-CoA Carboxylase (ACC) over expression
simultaneously improved the lipid content from 11.7 to
61.7% of their biomass in 2-literbaffled stirred-tank
bioreactor (Tai and Stephanopoulos, 2013). After genetic
transformation of Colletotrichum strain with the
CtDGAT2b over expression, total lipid titer in the
transformants (73% of DCW) was found to be 1.7-fold
more than the wild type (38% of DCW) when grown
under standard condition without imposition of any
nutrient-stress (Dey et al., 2014). DGAT2 over expression
in marine diatom Phaeodactylum tricornutum stimulated
more oil bodies and the neutral lipid content increased by
35% and the fatty acid composition showed a significant
increase in the proportion of polyunsaturated fatty acids,
especially Eicosapentaenoic Acid (EPA) (Niu et al., 2013).
The red yeast R. toruloides has a high capability of
growth and lipid biosynthesis on a wide range of carbon
sources from glucose, fructose and xylose to glycerol. It
can accumulate lipids up to 70% of its biomass under
certain conditions and the content of neutral lipids
(mainly TAG and DAG) was up to over 90% of total
lipids (Jin et al., 2013). However, the molecular
mechanism of TAG biosynthesis in R. foruloides had
barely been studies. Recently a DGAT2 gene from
another red yeast Rhodosporidium diobovatum has been
cloned and its function has been confirmed in vivo by
expression in the S. cerevisiae TAG-deficient quadruple
mutant (Chen et al., 2014). However, not all DGAT
genes have been identified in R. diobovatum because of
the absence of its genome information. Recently the
genome information of R. foruloides has been published
(Zhu et al., 2012), so, in this study, we investigated the
identification and functional analysis of all putative
DGAT genes from R. toruloides and explored the role of
DGATSs in TAG synthesis in this oleaginous yeast.

Materials and Methods
Microorganism Strains and Culture Medium

The R. toruloidesstrain CGMCC 2.1389 was bought
from China General Microbiological Culture Collection
Center (CGMCC) and R. diobovatum CICC 31994 was
from China Center of Industrial Culture Collection
(CICC). S. cerevisiae mutantstrain H1246 (dgalA lrolA
arelA are2A) kindly provided by prof. Stymne from
Swedish University of Agricultural Sciences was used
for functional complementation of putative DGAT genes
in R toruloides and R. diobovatum. E.coli Topl0 was
kept in our lab and used for plasmid construction.

For lipid accumulation of R. foruloides CGMCC
2.1389 in a ferment or, the nitrogen limited medium
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contained (g/L): Glucose 60, (NH,;),SO, 0.1, yeast
extract 0.75, KH,PO, 0.4 and MgSO,7H,0 1.5. After
the medium was sterilized at 121°C for 30 min, it was
supplemented with 1% (v/v) trace element solution
contained (g/L): CaCl,2H,O 4.0, FeSO47H,O 0.55,
citric acid-H,O 0.52, ZnSO,7H,0 0.10, MnSO,-H,0O
0.076 and 18 M H,SO, 100 uL (Wu et al., 2011). All
chemical reagents was from Sinopharm Group CO. LTD
(Beijing, China) and belonged to analytic grade.

For functional expression in S. cerevisiaeH1246,
transformants harboring each plasmid were grown at
30°C in synthetic minimal medium containing 2%
raffinose, 0.67% yeast nitrogen base (with ammonium
sulfate) and appropriate amino acid contents according to
the protocol (Invitrogen).

Construction of Plasmids and S. cerevisiae Mutant
Strains

Standard molecular genetic techniques were employed
throughout this study. Total RNA of R toruloides
CGMCC 2.1389 and R. diobovatum CICC 31994 was
isolated using TRIzol Reagent (TaKaRa, Dalian, China)
according to the manufacturer’s instruction and reverse
transcribed into cDNA. DGAT gene fragments were
obtained by PCR using their cDNA as template with the
corresponding primers (Table 1) and then these DNA
fragments were cloned into expression vector pYES2/NT
C using restriction endonuclease Bam HI and Eco R, the
plasmids used in this study were showed in Table 1.

The resulting plasmids pYES2/NT C, pYES2-DGAL,
pYES2-RdADGAT2, pYES2-RtDGATa and pYES2-
RtDGATb were transformed into S. cerevisiae H1246
(TAG-deficient quadruple mutant) using the PEG/lithium
acetate method (Elble, 1992). S. cerevisiae H1246
harboring empty vector pYES2/NT C was the negative
control and S. cerevisiae H1246 harboring pYES2-DGA1
was the positive control strains. Transformants were
selected by plating on complex synthetic minimal medium
agar lacking uracil and grown at 30°C for 2-3 days. The
expression of DGAT cDNA and DGA1 was induced under
transcriptional control of the GAL/ promoter. For protein
expression, transformants were inoculated in synthetic
minimal medium until ODgy, reached to 0.4 and then
induced by supplementing 2% (w/v) galactose and
cultivated for a further 90 h at 28°C. The growth curve of
mutant strains was monitored by measuring their ODggo.
To determine the fatty acid substrate preference of
RtDGATDb isozyme compared to the endogenous ScDGA1
of S. cerevisiaecells, two different free fatty acids
likelinoleic acid (C18:2, Sigma, 99%) and a-linolenic acid
(C18:3, Sigma, 99%), were supplementedin culture media.
Yeast cells growth curve was also determined,
simultaneously. After culture end and cells were harvested
by centrifugation, washed three times with double-
distilled water and used for total lipids analysis.
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Table 1. Plasmids and microorganism strains used in this study

Plasmids and strains

Use, relevant characteristic (s) and source

Plasmids
pYES2/NT C
pYES2-DGA1

Ampicillin resistance, transformation vector for S. cerevisiae, stored in our lab
Ampicillin resistance, S. cerevisiaeDGAIgenecloned into BamHI/EcoRI-cut

pYES2/NT C for positive control

pYES2-RADGAT2

Ampicillin resistance, R. diobovatumRdADGAT?2 gene cloned to BamHI/EcoRI-

cut pYES2/NT C for another positive control

pYES2-RtDGATa

Ampicillin resistance, R. toruloides putative RtDGATa gene cloned to

BamHI/EcoRI-cut pYES2/NT C

pYES2-RtDGATb

Ampicillin resistance, R. toruloides putative RtDGATb gene cloned to

BamHI/EcoRI-cut pYES2/NT C

Strains

E. coli Top10

R. toruloides CGMCC 2.1389
R. diobovatum CICC 31994
H1246

E. coli host for DNA manipulations

From China General Microbiological Culture Collection Center

From China Center of Industrial Culture Collection

Saccharomyces cerevisiae H1246 (MATaarel-A::HIS3 are2-A::LEU2 dgal-

A::KanMX4 lrol-A::TRP1 ADE2)

HY1
HY2
HY3
HY4
HY5

S. cerevisiae H1246 harboring empty plasmid pYES2/NT C
S. cerevisiae H1246 harboring plasmid pYES2-DGA1

S. cerevisiae H1246 harboring plasmid pYES2-RdADGAT2
S. cerevisiae H1246 harboring plasmid pYES2-RtDGATa
S. cerevisiae H1246 harboring plasmid pYES2-RtDGATb

Lipid Extraction and Fatty Acid Analysis

Total lipids were extracted from 100mg of
lyophilized biomass with a solvent mixture of
chloroform: Methanol (2:1, v/v) according to the
modified method (Bligh and Dyer, 1959). TAGs were
separated from total lipids by thin layer chromatography
(TLC) using a solvent system of hexane: Diethyl ether:
Acetic acid (70:30:1, v/v/v). Individual lipid spots were
visualized by exposing the silica gel plates (Qingdao,
China) to iodine vapor and TAGs were scraped off the
plates, eluted with 1 mL chloroform for three times and
then submitted to methyl esterification. Total Fatty Acid
(TFA) isolation and fatty acid composition were analyzed
as their methyl esters as described by (Zhang et al.,
2013a) using C15:0 as internal standard'’. Each sample
was performed in triplicate.

R toruloides CGMCC 2.1389 Fermentation and
DGAT Expression Pattern

For analyzing lipid accumulation and expression
pattern of putative DGAT genes in oleaginous yeast R.
toruloides, bioreactor scale fermentation was carried out
in a 2.8L ferment or contained 2L nitrogen limited
medium (0.5 vvm aeration, pH 5.6, 28°C, 250 rpm
agitation). Culture samples were collected at different
time for biomass and lipid analysis and total RNAs were
also extracted from yeast cells according to the
manufacturer’s instruction. Genomic DNA was removed
from total RNAs with gDNA Eraser (TaKaRa) at 37°C
for 15 min. After total RNAs were reverse transcribed
into cDNA using the PrimeScript® RT reagent Kit
(TaKaRa), 2 uLcDNAs was used for quantitative Real
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Time-PCR amplification using the SYBR Green | master
mix Kit (TaKaRa). Reactions were run in a Mini Opticon
Thermal Cycler (Bio-Rad). DGAT cDNA fragments
were amplified with primer pairs listed in S1 Table and
18S c¢cDNA was used as an internal standard. Gene
expression analyses were performed with the previous
method (Livak and Schmittgen, 2001). Each sample was
performed in triplicate. Nile Red fluorescence assays of
yeast cells were carried out according to the method
described previously (Dey et al., 2014).

Results

Identification and Protein Sequence Analysis of R.
toruloides DGATs

According to annotated genome of oleaginous yeast
R. toruloides, two deduced DGAT sequences, RtDGATa
(protein ID: 726) and RtDGATDb (protein ID: 1957), were
found from the published genome database
(http://genome.jgi.doe.gov/Rhoto1/Rhoto1.home.html).
RtDGATa and RtDGATb are 698 and 349 amino acid
residuals in length respectively, sharing different domains
and subfamilies. The analytical results using the conserved
domain database of National Center for Biotechnology
Information (NCBI) showed that RtDGATb possessed a
lysophospholipidacyl transferase (LPLAT) super family
domain. The putative DGAT amino acid sequences from
R. toruloides and other DGATSs from animals, plants, fungi
and microorganisms, cover three DGAT families (DGATT,
DGAT2 and cytosolic DGAT3), were used for
construction of phylogenetic tree. All 36DGAT protein
sequences were clearly classified to DGAT1, DGAT?2 and
DGAT3 families with extremely strong bootstrap support
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(Fig. 1). As showed in Fig. 1, RtDGATa was clustered
within DGAT1 family and had substantial similarity with
Acyl-CoA: Cholesterol acyltransferase from S. cervisiae
(ScARE). However RtDGATb was distinctly separated
into DGAT2 family and had the largest similarity with
RADGAT?2 from R. diobovatum, which had been proved
to belong to DGAT?2 family (Chen et al., 2014). Multiple

sequence alignment of DGAT2 from seven organisms
was performed (Fig. 2). RtDGATDb contained six highly
conserved motifs that were identified as signature motifs
within the DGAT2 family by (Cao, 2011), namely Motif
1 (PH Block), Motif 2 (PR Block), Motif 3 (GGE
Block), Motif 4 (RGFA Block), Motif 5 (VPFG Block)
and Motif 6 (G Block).

B
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Fig. 1. Phylogenetic analysis of homolog sequences of RtDGAT from plant, fungi and microorganisms. Multiple sequences were
aligned by Clusta 1X 2.1 multiple alignment software. The phylogenetic tree was generated using MEGA 6.06 software.
Bootstrap values are expressed in the percentages of 1000 replicates on the nodes. Arabidopsis thaliana (At), Brassica napus
(Bn) var. napus; Caenorhabditis elegans (Ce), Chlamydomonas reinhardtii (Cr), Candida tropicalis (Ct), Glycine max (Gm),
Homo sapiens (Hs), Jatropha curcas (Jc), Musmusculus (Mm), Nicotianatabacum (Nt), Oryza sativa Japonica (0Os),
Phaeodactylum tricornutum (Pt), Ricinus communis (Rc), Rhodosporidium diobovatum (Rd), Rhodosporidium toruloides (Rt)
Saccharomyces cerevisiae (Sc), Sesamum indicum (Si), Trypanosomagrayi (Tg), Tropaeolum majus (Tm), Umbelopsis
ramanniana (Ur), Vernicia fordii (VY), Vernonia galamensis (Vg) Sc ARE, S. cerevisiaeacy 1-CoA: Sterol acyltransferase
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Fig. 2. Protein sequence alignment of RtDGATb with DGAT2s from six organisms. All protein sequences were obtained from
GenBank or R. toruloides genome database (http://genome.jgi.doe.gov/Rhotol/Rhotol.home.html). Vernicia fordii (VY),
Vernonia galamensis (Vg), Nicotiana tabacum (Nt), Glycine max (Gm) Saccharomyces cerevisiae (Sc), Rhodosporidium

diobovatum (Rd), Rhodosporidium toruloides (Rt)

R. toruloides DGATs Recovered TAG Synthesis in S.
cervisiae Mutant

Four genes, DGAI (DGAT2 homolog), LROI
(encoding phospholipid: Diacylglycerol acyltransferase),
AREI and ARE? (both involved insteryl ester synthesis)
were found in the yeast S. cervisiae which contributing
to TAG biosynthesis (Sandager et al., 2002). A TAG-
deficient quadruple mutant of these four genes in S.
cervisiae (S. cervisiae H1246) is an impeccable platform
for identification of DGAT activity from various
organisms (Liu er al., 2012). To affirm whether
RtDGATa and RtDGATb indeed encoded proteins with
DGAT activity, RtDGATa and RtDGATb were expressed
individually in S. cervisiae H1246 to obtain mutant
strains HY4 and HYS. In addition, empty vector and
pYES2-DGAT1 harboring DGA1 from S. cervisiae were
transformed into S. cervisiae H1246 as negative (HY1)
and positive controls (HY2) respectively (Table 1).
Meanwhile, A RdDGAT2from other red yeast
R. diobovatum which had been discussed in previous
study (Chen et al., 2014) was also considered as another
positive control (HY3). The results of Western blot
analysis showed that all proteins were expressed in S.
cervisiae H1246 and their expression levels were
undifferentiated (Fig. 1). After cultivation for 96 h in
synthetic minimal medium, yeast cells were harvested
for lipid isolation and analysis. Total lipid was separated
by TLC and the results showed that TAG was at
undetectable level in S. cervisiae H1246 with empty
vector and with pYES2-RtDGATa, whereas expression

234

of RtDGATD recovered TAG biosynthesis as did the
expression of DGAl and RdADGAT2 (Fig. 3A).
However the TAG content in S. cervisiae strainHY5
was up to 3.6% of cell dry weight and was lower than
mutant strain HY2 (5.8%) and HY3 (7.7%).The trend
of TFA content in respective strains was similar with
TAG content, TFA biosynthesis in HYS (8.9%) was
also less than HY2 and HY3 (Fig. 3A).

Acyl-CoA Preference Analysis of R.
DGATs

toruloides

To determine the possible substrate preference of
RtDGATa and RtDGATD for those fatty acids which are
naturally present in R. toruloides, S. cervisiae mutant
strains were inoculated in synthetic minimal medium
with different fatty acids supplement (C18:2 orC18:3)
and added 2% (w/v) galactose as the inducer for protein
expression. The results of growth curve and lipid
biosynthesis were shown in Fig. 3 and 4. a-linolenic acid
(C18:3) supplement did not alter the growth trend of all
S. cervisiae mutant strains compared to cultivation mode
devoid of supplement, however the growth situation with
linoleic acid (C18:2) supplement had significant
difference between DGAT active strains and DGAT
inactive strains. In the early period of cultivation,
addition of linoleic acid suppressed the yeast cell
proliferation in DGAT inactive strains, but it also
surprisely promoted the biomass upsurge at the later
period of the culture cycle and final ODgg reached about
24.0 in DGAT inactive strains (Fig. 4).
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Fig. 3. TFA and TAG synthesis of S. cervisiae mutant cultivated in synthetic minimal medium with fatty acid supplement to final
concentration of 1.0 mM. The sample was harvested after 96 h culture, total lipid was separated by TLC and fatty acid methyl
ester was determined by GC-MS.A, no supplement; B, C18:2 supplement; B, C18:3 supplement
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Fig. 4.Growth curve of S. cervisiae mutant cultivated in synthetic minimal medium with fatty acid supplement to final concentration
of 1.0 mM (e, no supplement; m, added C18:2; A, added C18:3). Data are mean+S.D. from triple biological replicates

At the end of cultivation with fatty acid supplement,
intracellular lipid was isolated from freeze-dried yeast
cells and TAG was separated from total lipids by
TLC.C18:2 supplementation apparently increased the
TFA content in all mutant strains, although, addition of
C18:3 had little influence on TFA and TAG contents
(Fig. 3B and 3C). However fatty acid supplement
obviously changed the fatty acid composition of TFA
(Fig. 2) and TAG (Table 2) in S. cervisiae mutant strains.
Compared with fatty acid profile of TAG and TFA in
HY2 and HY3, RtDGATb prefered monounsatruated
fatty acid (C16:1 and C18:1) to satruated fatty acid
(C16:0 and C18:0). For these addition experiments of
fatty acids, C18:2 could be accumulated over 20% of
total fatty acids in all strains, expression of RADGAT2
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led to the highest content of C18:2 of TAG and the
lowest content was found in strain HY2 with DGAI1
expresssion. There was very low C18:3 content in TAG
(less than 2%), supplementation of C18:3 had little effect
on fatty acid composition of TAG (Table 2). For fatty
acid profile of TFA, mutant strains with an active DGAT
also had tremendously low content of C18:3, however,
C18:3 was accumulated more than 10% of TFA (Fig. 2)
in DGAT inactive mutants. RtDGATb prefered
monounsaturated fatty acid to saturated fatty acid and
had no preferenceforC18:3.The expression of RtDGATa
also alter the fatty acid profile in S. cervisiae mutant
strains (Fig. 2), RtDGATa had significant preference for
Cl16:1 and C18:1 and had no preference for C16:0,
C18:0, C18:2 andC18:3.
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fluorescence. Data are mean =+ S.D. from triple biological replicates

Table 2. Fatty acid profile of TAG in S. cervisiae H1246 mutant strains harboring each plasmid cultivated with different fatty
acid supplement

Fatty acid composition (%)

Strains C16:0 Cl6:1 C18:0 C18:1 C18:2 C18:3
No supplement HY2 22.40+0.89 36.25+1.23 10.34+1.03 31.00+1.56 - -
HY3 19.44+0.96 38.88+1.02 7.02+0.23 36.65+1.35 - -
HYS5 15.44+0.86 36.88+0.95 9.02+0.15 38.65+2.04 - -
Added C18:2 HY2 14.13+£0.35 27.32+0.65 9.66+0.24 24.10+1.86 24.73+1.21 -
HY3 11.01+0.13 28.62+0.43 7.03+0.09 26.12+1.07 27.25+0.95 -
HYS5 9.73+0.46 29.10£1.32 7.25+0.39 29.11+0.99 25.64+0.43 -
Added C18:3  HY2 21.01£0.23 38.10+2.58 11.02+0.49 29.20+0.68 - 0.88+0.52
HY3 16.14+0.86 40.88+3.21 7.32+0.36 34.25+0.48 - 1.48+0.79
HYS5 14.64+1.03 39.88+1.09 8.82+0.08 35.45+1.57 - 1.29+0.45

Data are mean+S.D. from triple biological replicates.-, not detected

Table 3. Fatty acid composition of TAG in R. toruloides CGMCC 2.1389cultivated in fermentor with nitrogen limited medium

Fatty acid composition (%)

Culture time (h)  C16:0 C18:0 C18:1 Cl18:2 C18:3 other

11 30.92+1.23 14.80+0.37 35.50+1.02 15.88+0.12 1.61+0.01 1.2940.02
24 29.89+2.14 12.41£0.57 42.94+1.15 8.81+0.31 2.58+0.02 1.29+0.01
36 30.80+1.45 13.83+0.29 42.54+2.01 9.91+0.04 1.68+0.02 1.25+0.04
48 28.74 £1.25 11.91+0.10 49.48+1.89 5.71+0.09 2.894+0.00 1.27+0.13
60 28.40 £1.86 11.78+0.25 49.96+1.81 5.54+0.11 2.99+0.01 1.32+0.02
72 28.88 +1.49 11.83+0.43 49.82+1.67 5.58+0.12 2.64+0.02 1.24+0.10
84 30.06 £2.04 12.35+0.37 48.17£1.59 5.96+0.08 2.1840.02 1.29+0.07
96 28.05 +2.18 12.64+0.26 47.60£1.09 8.52+0.06 2.08+0.03 1.11+0.09
108 27.53 £1.84 12.46+0.20 50.19+1.35 6.40+0.12 2.27+0.00 1.15+0.11
120 27.35+£1.76 11.63+0.19 49.65+0.98 7.85+0.13 2.43+0.03 1.09+0.06

236



Zhen Wang et al. / American Journal of Biochemistry and Biotechnology 2016, 12 (4): 230.240

DOI: 10.3844/ajbbsp.2016.230.240

The Relationship between DGATs Gene Expression
Pattern and Lipid Accumulation in R. toruloides

To explore the role of DGATSs in the process of lipid
accumulation in R. foruloides, this yeast was cultivated
in a fermentor with nitrogen limited medium and the
lipid biosynthesis and DGATs gene expression pattern
was determined. Following the consumption of glucose in
the medium, biomass increased continuously until glucose
was exhausted and final biomass was up to 23 g L™ (Fig.
3). TFA and TAG increased sharply at cultivation time
from 11 h to 48 h and at the later period of cell growth
TFA and TAG contents increased very slowly. The final
TFA content was near 70% of DCW and TFA production
was up to 16 g L™ (Fig. 5A). Lipid bodies in yeast cells
were visualized with the fluorescent Nile Red and results
were shown in Fig. 5C. There were only 1-2 small lipid
bodies inside each spindle yeast cell at the earlier period
of fermentation and lipid bodies grew bigger in size by
continuous TAG biosynthesis later on. At the end of
fermentation, a large lipid body was almost the size of
whole yeast cell with TAG content up to 53% of DCW.
The fatty acid composition of TAG and TFA was analyzed
by GC and the results were showed in Table 3 and 2. Only
C18:1 content in TAG and TFA was gradually increased
and up to about 50% of total fatty acid. In addition,
fluorogenic quantitative PCR was used to determine the
mRNA expression level of DGTA genes in R. foruloides.
The transcript level of RtDGATa was almost unchanged
during the process of fermentation but the trend of
RtDGATb mRNA was related to the rate of lipid
accumulation (Fig. 5B). The expression level of RtDGATb
increased from inoculation to 36 h, peaked at 36 h and then
decreased to a low level in the following cultivations.

Discussion

The lipid content in red yeast R. toruloides was up to
70% of its biomass under certain conditions and total
lipids mainly composed with neutral lipids (mainly TAG
and DAG) (Jin et al., 2013). DGAT, which catalyzes TAG
formation from DAG and fatty acyl-CoA, is the terminal
step for lipid accumulation. This oleaginous yeast cell
contains two putative DGAT proteins, RtDGATa and
RtDGATD, which shared little conserved amino acid with
each other. Phylogeny tree analysis showed that RtDGATa
belonged to DGAT! family and RtDGATb belonged to
DGAT?2 family. To confirm whether these two proteins
showed the DGAT activity RtDGATa and RtDGATD from
this yeast were expressed in S. cerevisiae TAG-deficient
quadruple mutant (H1246). The results showed that
RtDGATa did not have DGAT activity and did not
enhance the sterol ester biosynthesis capacity of the
complemented S. cervisiae HY4, although RtDGATa
belonged to DGAT1 family and shared substantial
similarity with ScARE. Furthermore the level of sterol
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ester in R. toruloides wild type was extremely low
(Jin et al., 2013) and these results were consistent with
mRNA expression level of RtDGATa in R. toruloides.
However, RtDGATb of DGAT2 family could
completely resume TAG biosynthesisin S. cerevisiae
H1246 and the lipid content in S. cerevisiae HYS was
lower than mutant strains HY2 and HY3. This may due
to the higher DGAT activity of RADGAT2 than
RtDGATD because the subtle differences of RADGAT2
and RtDGATb amino acid residues, although the
sequences of RADGAT2 and RtDGATb are highly
similar. Knockout of DGATs, especially DGAT2,in
microbial cells obviously resulted in diminution of TAG
synthesis. In Y. lipolytica ATCC 20362 strain, the total
lipids of DCW in DGAT2 mutant decreased to 36% of
the wild-type strain (Zhang et al., 2012). The atf2-
disrupted Rhodococcus opacus mutant exhibited a
decrease in TAG accumulation (from 40-60% to 25-30%,
w/w) and approximately ten-fold increase in glycogen
formation in comparison with the wild-type strain
(Hernandez et al., 2013). DGAT mutant experiments
suggested that the reaction catalyzed by DGAT is an
important regulatory factor in lipid biosynthesis. In
recent years, it has been considered that the genetic
engineering of DGAT of lipid biosynthesis pathway
could be a promising approach to increase the storage
lipid content in plants, microalgae and fungi including
yeasts for economic production of lipid feedstock (Table
4). Over expression of DGAT?2 in Y. lipolytica led to total
lipid production increase from 8.7% of DCW to 33.8%
(Tai and Stephanopoulos, 2013). In oleaginous bacteria
R. opacus PD 630mutant strain with atf2-overexpression
(WS/DGAT, wax ester synthase/acyl-CoA:
diacylglycerol acyltransferase), TAG accumulation was
promoted about 10% (Hernandez et al., 2013). Total
lipid titer by the transformed Colletotrichum (lipid
content,73% of DCW) was found to be 1.7-fold
morethan the wild type (lipid content, 38% of DCW) due
to functional activity of DGAT2 from oleaginous yeast
Candida troplicalis SY005 when grown understandard
condition without imposition of any nutrient-stress
(Dey et al., 2014). As showed in Table 4, many DGAT2
family members have been used for improving lipid
accumulation. In this study, RtDGATa did not alter the
TAG content in S. cerevisiae mutant and it could not be
the metabolic target for improving the TAG
biosynthesis in R. foruloides. However RtDGATb could
restore the TAG synthesis in S. cerevisiae TAG-
deficient quadruple mutant. Furthermore the mRNA
expression level of RtDGATb was associated with lipid
accumulation in R. foruloides and RtDGATb was up
regulated before the onset of TAG accumulation and
might functionally contribute to the accumulation of
large amount of TAGs, suggesting that RtDGATb may
participate in lipid biosynthesis and plays a key
impact for TAG accumulation in oleaginous yeast.



Zhen Wang et al. / American Journal of Biochemistry and Biotechnology 2016, 12 (4): 230.240

DOI: 10.3844/ajbbsp.2016.230.240

Table 4. Genetic engineering of DGAT for increasing lipid accumulation in various organisms

Host DGAT source DGAT family Lipid change Reference
Y. lipolytica Y. lipolytica DGAT2 From 8.7% of DCW to 33.8% Tai and Stephanopoulos (2013)
P. tricornutum P. tricornutum DGAT2 Neutral lipid increased by 35% Niu et al. (2013)
Rhodotorula glutinis Vernicia fordii DGAT2 6.24-fold increase Chen et al. (2015)
Chlamydomonas reinhardtii - Chlamydomonas DGAT2 2.5-fold increase Iwai et al. (2014)
Rhodococcus opacus Rhodococcus opacus WS/DGAT  Approximately 10%increase of TAG Hernandez et al. (2013)
S. cerevisiae Arabidopsis thaliana DGAT2 3 to 9-fold increase of TAGs Bouvier-Nave et al. (2000)
Colletotrichum sp. Candida troplicalisSY0 — DGAT2 From 38% of DCW to 73% Dey et al. (2014)
Chlamydomonas reinhardtii  Brassica napus DGAT2 From 12.33% to 18.76% Ahmad et al. (2015)
Petunia Vernonia galamensis DGATI1 From 1.85% of DCW t0 2.5% in leaves  Li et al. (2010)

DGAT2 From 1.85% of DCW to 2.2% in leaves
Arabidopsis thaliana Jatrophacurcas DGATI1 30-41% increase Misraet al. (2013)
Arabidopsis thaliana Thraustochytriumaureum DGAT2 Nearly 2-fold increase of oleic acid Zhang et al. (2013b)
Soybean U. ramanniana DGAT2 From 25 t0 26.5% Lardizabal et al. (2008)
Tobacco Arabidopsis thaliana DGAT2 Lipid in leaves increased by 20-fold Andrianov et al. (2010)
Maize Maize DGATI1 Seed oil increased by 41% Zheng et al. (2008)

Similar results were also found in other oleaginous
diatom P. tricornutum (Gong et al., 2013). Further
researches are required to investigate whether over
expression of DGAT genes alters lipid accumulation in
R. toruloides.

Conclusion

Two putative DGAT genes from oleaginous yeast R.
toruloides, RtDGATa and RtDGATD, were individually
expressed in S. cerevisiae TAG-deficient quadruple
mutant (H1246) and the results showed that RtDGATa had
no DGAT activity, but RtDGATb could completely
resume TAG biosynthesis in S. cerevisiae HI1246.
Substrate preference experiments revealed that RtDGATb
preferred unsaturated fatty acids over saturated fatty acids
but had no preference forC18:3. The expression pattern of
RtDGATDb was associated with the process of fatty acid
biosynthesis and it suggested that RtDGATb may play as a
rate-limiting step in lipid accumulation in R. foruloides.
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