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Abstract 

Background:  Triacylglycerol (TAG) is an important storage lipid in organisms, depending on the degree of unsatura-
tion of fatty acid molecules attached to glycerol; it is usually used as the feedstock for nutrition or biodiesel. However, 
the mechanism of assembly of saturated fatty acids (SFAs) or polyunsaturated fatty acids (PUFAs) into TAGs remains 
unclear for industrial oleaginous microorganism.

Results:  Diacylglycerol acyltransferase (DGAT) is a key enzyme for TAG synthesis. Hence, ex vivo (in yeast), and in vivo 
functions of four DGAT2s (DGAT2A, DGAT2B, DGAT2C, and DGAT2D) in industrial oleaginous thraustochytrid Auranti-
ochytrium sp. SD116 were analyzed. Results revealed that DGAT2C was mainly responsible for connecting PUFA to the 
sn-3 position of TAG molecules. However, DGAT2A and DGAT2D target SFA and/or MUFA.

Conclusions:  There are two specific TAG assembly routes in Aurantiochytrium. The “saturated fatty acid (SFA) TAG 
lane” primarily produces SFA-TAGs mainly mediated by DGAT2D whose function is complemented by DGAT2A. And, 
the “polyunsaturated fatty acid (PUFA) TAG lane” primarily produces PUFA-TAGs via DGAT2C. In this study, we dem-
onstrated the functional distribution pattern of four DGAT2s in oleaginous thraustochytrid Aurantiochytrium, and 
provided a promising target to rationally design TAG molecular with the desired characteristics.

Keywords:  Aurantiochytrium, Diacylglycerol acyltransferase, Polyunsaturated fatty acid, Saturated fatty acid, 
Thraustochytrid, Triacylglycerol
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Background
Oils produced by oleaginous microorganisms are an 
attractive lipid resource, because their manufacturing 
process is independence from season, climate, and loca-
tion, and they can be synthesized using a wide range 
of carbon sources. Microbial oils include triacylglyc-
erol (TAG), sterol esters, as well as phospholipids and 
glycolipids [1]. TAG is the main form of storage lipid 
in oleaginous cells, and each TAG molecule is formed 
by attaching three fatty acids to a glycerol backbone. 
Depending on the presence and number of double bonds 
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in hydrocarbonated chains, fatty acids can be classi-
fied in saturated fatty acid (SFA), monounsaturated fatty 
acid (MUFA), and polyunsaturated fatty acids (PUFA) 
[2]. Thus, variety of TAG species is existed in oleaginous 
cells. Microorganisms and microalgae are known to be 
TAG producers, and some oleaginous species could syn-
thesize more than 50% of biomass as lipids [3]. Depend-
ing on the fatty acid molecules attached to glycerol, the 
TAG molecules can be used for either biodiesel produc-
tion or nutraceuticals [4]. TAGs in most microalgae, 
bacteria, and yeasts are constituted mostly by SFA and 
MUFA, which have been regarded as a promising alter-
native source for the production of biodiesel [2, 5, 6]. In 
addition, some of the microalgae and fungi have the abil-
ity to synthesize very long-chain PUFAs, such as eicosap-
entaenoic acid (EPA) and docosahexaenoic acid (DHA), 
which have the positive effects on human health [2, 7].

TAG is assembled from fatty acids by a class of 
enzymes including acyl-CoA: glycerol-sn-3-phosphate 
acyltransferase (GPAT), lysophosphatidate acyltrans-
ferase (LPAT), phosphatidic acid phosphatase (PAP), 
and diacylglycerol acyltransferase (DGAT) (Additional 
files 1) [8]. While DGAT is considered as a rate-limiting 
and key enzyme which catalyzes the final acylation of 
sn-1,2-diacylglycerol (DAG) to form TAG [7]. Three dis-
tinct types of DGATs referred as DGAT 1, 2, and 3 are 
found to take part in the biosynthesis of TAG. DGAT1 
and DGAT2 are membrane-binding protein, and DGAT3 
is soluble cytosolic enzyme [9]. Although they catalyze 
the same enzymatic reaction, DGAT1 and DGAT2 do not 
show any significant amino acid sequence homology with 
each other. In many plants, DGAT1 seems to be a more 
effective enzyme, whereas DGAT2 may have an impor-
tant role in the formation of TAG-containing unusual 
fatty acids, such as PUFAs [10]. Previous study shows 
that overexpression of DGAT2 in Nannochloropsis oce-
anica elevates the TAG content by 69% [11]. In addition, 
a DGAT2 overexpression in Chlamydomonas reinhardtii 
resulted in increasing the TAG content up to ninefold 
[12]. Thereby, DGAT seems to represent a bottleneck in 
TAG biosynthesis and thus has been regarded as a key 
target to manipulate the TAG production. However, the 
mechanism regulating assembly of saturated fatty acids 
(SFAs) or polyunsaturated fatty acids (PUFAs) into TAGs 
remains unclear for industrial oleaginous microorgan-
ism. Better understanding of DGAT properties may pro-
vide new opportunities to produce the designer TAGs.

Aurantiochytrium is a heterotrophic marine protist 
whose biomass can reach to 130–150  g/L and be able 
to produce approximately 40%—70% (w/w) of lipids on 
their dry cell weight (DCW) [13–15] with the DHA con-
tent exceeds 25% of DCW [16–18]. In Aurantiochytrium, 
fatty acids are synthesized and released as free fatty acid 

via either fatty acid synthase or polyketide-like synthase 
[19], and then channeled into TAG as the storage lipid or 
into phospholipid as the structural lipid. The fatty acid 
composition of Aurantiochytrium is very simple under 
the typical fermentation condition, consisting of four 
major fatty acids: C14:0, C16:0, docosapentaenoic acid 
(DPA), and DHA [13]. Thus, lipids produced by Auran-
tiochytrium have appeared as an alternative resource 
to fill the gap between the demand and supply of DHA. 
Besides, Aurantiochytrium is the promising candidate for 
biodiesel due to its high biomass production, high lipid 
production, and simple lipid composition [20].

In this study, targeting the industrial oleaginous thraus-
tochytrid Aurantiochytrium sp. SD116, we explored the 
possible functional distribution pattern of DGATs. Based 
on our results, we confirmed that DGAT2C was respon-
sible for synthesis of TAG with PUFAs, and DGAT2A 
and DGAT2D added SFAs to TAG in Aurantiochytrium 
sp. Our study provided a promising target to rationally 
design TAG molecular with the desired characteristics.

Results
Molecular characterization of DGATs in Aurantiochytrium
Four putative DGAT genes named as DGAT2A (GenBank 
Accession Number: MT762143), DGAT2B (GenBank 
Accession Number: MF926505.1), DGAT2C (GenBank 
Accession Number: MF926506.1), and DGAT2D (Gen-
Bank Accession Number: MF926507.1) are identified by 
searching the genome of Aurantiochytrium sp. SD116. 
The full length of DGAT2A, DGAT2B, DGAT2C, and 
DGAT2D are 350, 911,857, and 517 amino acid resi-
dues, respectively (Fig. 1). Phylogenetic analysis showed 
that all of these DGATs are grouped into DGAT2 fam-
ily (Additional files 2). DGAT2D is tightly clustered 
into the subclade of animal DGAT2s, and DGAT2A is 
closed to Phaeodactylum tricornutum, while DGAT2B 
and DGAT2C distantly relate to other DGAT2s. Recent 
study has shown that DGAT2 and DGAT1 have overlap-
ping functions in adipocytes, and the physiological role 
of DGAT2 in plants appears to be essential for the inte-
gration of unusual fatty acids, such as ricinoleic acid from 
castor and vernolic acid from ironweed into TAG. One 
or multiple DGAT2 genes are present in most species 
of microalgae, and why microalgae need many DGAT2s 
is still unclear. Here, four distinct ancestral origins of 
DGAT2s were identified in Aurantiochytrium, suggesting 
that they may have distinct functions in TAG synthesis.

Bioinformatic analysis reveal both DGAT2A and 
DGAT2D contain three transmembrane domains, while 
DGAT2B and DGAT2C contain 7 and 13 transmembrane 
domains, respectively (Fig. 1). All of DGAT2A, DGAT2B, 
DGAT2C, and DGAT2D include a lysophospholipid 
acyltransferase (LPLAT) superfamily domain, which is 
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possibly involved in the acyltransferase activity (Fig.  1). 
DGAT2B includes another MdlB superfamily domain 
which is related to the ABC-type multidrug transport 
system, ATPase, and permease component for defense 
mechanisms (Fig. 1). Previous studies showed that several 
conserved amino acid motifs were necessary for high lev-
els of DGAT enzymatic activity, such as the “YFP” motif 
and “PH” motif in the DGAT2 (encoding by ScDGA1) 
of yeast, and they were also conserved in animals and 
higher plants. However, in Aurantiochytrium sp. SD116, 
all four DGAT2s have the conserved “YF” motif and “PH” 
motif, but only DGAT2D has the complete “YFP” (Addi-
tional file 3). And both of “YF” motif and “PH” motif are 
located on LPLAT domain (Fig. 1).

Gene transcriptional levels of DGATs in Auranti-
ochytrium sp. SD116 were observed from the transcrip-
tome data. As shown in Fig. 2, these four genes showed 
variable transcriptional levels. DGAT2A and DGAT2D 
showed the lowest and highest transcriptional levels, 
respectively, and DGAT2D transcript was 47-fold higher 

than that of DGAT2A. DGAT2B and DGAT2C had mod-
erate expression level, and their transcripts were 12-fold 
and 19-fold higher than that of DGAT2A, respectively.

Ex vivo functional analysis of DGAT2s
To determine the function of these four putative DGAT2 
proteins, these DGAT2s were separately expressed in a 
TAG-deficient quadruple mutant stain H1246 of S. cer-
evisiae (Methods [21]), which was widely used to identify 
enzymes related to TAG synthesis due to its characteri-
zation of TAG-deficient [22]. The empty vector pYES2 
and the yeast DGAT2 enzyme (encoding by ScDGA1) 
were used as the negative and positive controls, respec-
tively. The correct transformants were detected by diag-
nose PCR (Additional file 4). As expected, TLC analysis 
showed that TAG was undetected in H1246 harboring 
the empty vector pYES2, but was appeared in transgenic 
H1246 cells overexpressing ScDGA1 (Fig. 3A). A promi-
nent TAG band was appeared in transgenic H1246 cells 
overexpressing DGAT2A or DGAT2D, suggesting that 
replenishment of these two genes could restore TAG 
biosynthesis in yeast mutant. In contrast, no TAG band 
was detected in transgenic cells expressing DGAT2B or 
DGAT2C (Fig.  3A). From these results, DGAT2A and 
DGAT2D own DGAT activity.

PUFAs, especially DHA and DPA, are the major fatty 
acid composition in Aurantiochytrium sp. SD116; how-
ever, it is absent in yeast. As shown in Additional file 5, 
there were four major fatty acids, including two SFAs 
(C16:0 and C18:0) and two MUFAs (C16:1 and C18:1) in 
yeast H1246. Therefore, we deduced that DGAT2B and 
DGAT2C did not restore TAG biosynthesis in H1246 
due to the absence of appropriate substrates for TAG bio-
synthesis. Subsequently, DHA (C22:6) was fed to H1246 
cells carrying DGAT2s to detect the TAG-synthetic activ-
ity. As shown in Fig. 3B, the TAG band was appeared in 

Fig. 1  Protein structure of four DGAT2s. Black blocks stand for transmembrane regions; lines stand for amino acid sequences; green blocks 
represent for LPLAT superfamily domain; blue block represents for MdlB superfamily domain; red arrow indicates the “YF” motif and blue arrow 
indicates the “PH” motif

Fig. 2  The transcriptional level of four DGAT2s in Aurantiochytrium 
sp. SD116
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transgenic H1246 cells carrying DGAT2A, DGAT2C, or 
DGAT2D, while it was still undetectable in H1246 cells 
expressing DGAT2B. DGAT2C-carrying yeast can syn-
thesize TAG under DHA-fed condition, suggesting that 
DGAT2C had the TAG-synthetic activity and it preferred 
the DHA as its substrate.

As shown in Fig.  1, in addition to LPLAT domain, 
DGAT2B has another MdlB superfamily domain which 
is related to the ABC-type multidrug transport system, 
ATPase, and permease component for defense mecha-
nisms [23]. Therefore, we deduced that the MdlB domain 
may affect the TAG-synthesis activity of DGAT2B 
in yeast H1246. Hence, three mutants of DGAT2B 
(mDGAT2Bs) with deletion of MdlB domain were 
designed and overexpressed in yeast H1246, respectively. 
However, no TAG-synthetic activities were detected in 
mDGAT2Bs-carrying yeast with DHA-fed or not (Addi-
tional file  6). As we known that proper localization of 
protein is a key factor to exert its function. In yeast and 
higher plants, DGATs are located at endoplasmic reticu-
lum (ER) for TAG synthesis [24]. Moreover, several stud-
ies report the localization of algal DGATs in chloroplast 
[25, 26]. Du has reported that there is no chloroplast in 
Aurantiochytrium, and DGAT2s in Aurantiochytrium 
catalyze the final step of TAG biosynthesis in ER [27]. 
In contrast to other DGAT2s in Aurantiochytrium, the 
LPLAT domain of DGAT2B lacks the predictable trans-
membrane domains that may affect the localization of 
mDGAT2B (Fig. 1). Considering the possible function of 
MdlB domain and transmembrane domains, the intact 
DGAT2B gene was overexpressed in Aurantiochytrium 
sp. SD116 to verify the functions of DGAT2B and the 
detailed results were displayed in the part of “DGAT2s 
overexpression in Aurantiochytrium sp.”.

Detection of substrate preference of DGAT2s
The TAG-synthetic activities of DGAT2A, DGAT2C, and 
DGAT2D have been confirmed. Moreover, we found that 
DGAT2C could target DHA instead of SFA and MUFA 
for assembling TAG molecule, suggesting that DGAT2C 
prefers DHA as its substrate. To further understand the 
substrate preference of DGAT2A and DGAT2D, the 
profiles of TAG-associated fatty acids after DHA feed-
ing were analyzed by GC. Results showed that no DHA 
was appeared in the TAG products of transgenic H1246 
cells carrying DGAT2A, and DGAT2D, suggesting that 
DGAT2A and DGAT2D prefer SFA and/or MUFA for 
assembling TAG (Fig. 4).

To further determine the substrate range and prefer-
ence of DGAT2C, linoleic acid (LA, C18:2), arachidonic 
acid (ARA, C20:4), and EPA (C20:5) were also fed to 
H1246 cells carrying DGAT2C. As shown in Fig. 3C, the 
DGAT2C-carrying strain had recovered the ability to 
synthesize TAG in all experimental groups fed with poly-
unsaturated fatty acids. The DGAT2C-carrying yeast can 
synthesize TAG under PUFA-fed condition, but failed to 
synthesize TAG without PUFA feeding, suggesting that 
DGAT2C prefers the PUFAs as its substrates. In addition, 
DGAT2C discriminates fatty acid classes mainly based 
on their degree of unsaturation other than carbon chain 
length. However, the yeast strain expressing DGAT2B 
was still unable to recover the TAG biosynthesis when it 
was fed with these three PUFAs, respectively (Additional 
file 7).

In vivo functional evaluation of DGAT2s
The in  vivo function was evaluated by overexpress-
ing these DGAT2s in Aurantiochytrium sp. SD116. 
As shown in Additional file  8, four DGAT2s were 

Fig. 3  TLC analysis of lipids from H1246 and its transformants. A H1246 and its transformants were cultivated without fatty acid-fed. B H1246 and 
its transformants were cultivated under DHA-fed condition. Line 1, H1246 harboring the empty plasmid pYES2; line 2, H1246 expressing yeast DGA1 
(DGAT2) gene; line 3, line 4, line 5, and line 6, mutant strain H1246 expressing DGAT2A, DGAT2B, DGAT2C, and DGAT2D gene, respectively. C TLC 
analysis of substrate preference of DGAT2C by feeding with C18:2, C20:4, C20:5, and C22:6
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successfully expressed in Aurantiochytrium sp. SD116, 
respectively. The cell growth and glucose utilization 
were almost the same among SD116 and these four 

DGAT2s-overexpression mutants (SD116::DGAT2s) 
(Additional file  9). Although the biomass of 
SD116::DGAT2s was similar with that of SD116 (Fig. 5A), 
the lipid content in SD116::DGAT2s was significantly 
increased compared with that in SD116 (Fig. 5B). And the 
highest lipid content was observed in SD116::DGAT2C, 
which was 12.4% higher than that in SD116. Moreover, 
the lipid production in SD116::DGAT2B was also signifi-
cantly improved compared with that in SD116, suggest-
ing that DGAT2B is closely related to lipid synthesis.

Subsequently, the fatty acid profiles in SD116 and 
SD116::DGAT2s were analyzed. The PUFA content of 
SD116::DGAT2C was 17.9% higher than that of SD116 
(Fig.  5C). This result suggested that overexpression 
of DGAT2C improved the assembly of PUFA-TAG in 
Aurantiochytrium. On the contrary, the SFA content of 
SD116::DGAT2B was 18.1% higher than that of SD116 
(Fig. 5D). Moreover, the DHA purity in SD116::DGAT2B 
had a slight decrease (Fig.  5F). Based on these results, 
overexpression of DGAT2B appeared to improve the 
assembly of SFA-TAG in Aurantiochytrium.

Consistent with the results of ex vivo experiments in S. 
cerevisiae H1246 strain, the overexpression of DGAT2A 
and DGAT2D in vivo significantly promoted the synthe-
sis of saturated fatty acids in Aurantiochytrium. However, 
overexpression of DGAT2A and DGAT2D also improved 
the PUFA content in Aurantiochytrium (Fig.  5C), and 

Fig. 4  GC–MS analysis traced at m/z 79.1 of TAG products produced 
in the H1246 expressing DGAT2A, DGAT2C, and DGAT2D gene, 
respectively. The transformants of H1246 were cultivated under 
DHA-fed condition. Control, standard of methyl esters of DHA was 
injected

Fig. 5  Profiles of A biomass, B lipid content, C PUFA content, D SFA content, E DHA content, and F DHA purity in SD116 and SD116::DGAT2s at 
stationary phase. ** P < 0.01; * P < 0.05
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DHA purity in SD116::DGAT2D had an increase com-
pared with that in SD116 (Fig.  5F). This phenomenon 
may be due to the coordinated expression regulation 
between DGAT genes, considering the complex and 
importance of lipid metabolism for Aurantiochytrium. 
Further study is needed to clarify the influence of 
DGAT2A and DGAT2D on TAG biosynthesis in Auran-
tiochytrium, and will provide more insights to the design 
of TAG moleculars.

Discussion
Oleaginous microalgae/microorganism can be used as oil 
feedstocks either for biodiesel production or nutraceuti-
cals due to their great advantages in TAG accumulation 
[20, 28, 29]. The physiological properties and functions 
of TAG molecules depend on the fatty acids composition 
attached to their glycerol backbone, which further deter-
mines the potential application perspective of TAG mol-
ecules. The Kennedy pathway is the main TAG-synthesis 
pathway, which includes four key enzymes [29]. And, 
DGAT is one of the most popular and promising targets 
for increasing TAG content in cells through metabolic 
engineering [30].

In contrast to most of higher plants, fungi, and ani-
mals, which encode single DGAT2 gene, oleaginous 
microalgae/microbes usually contain multiple DGAT2 
genes [26]. Four putative DGAT genes were discov-
ered through the bioinformatics analysis of the Auran-
tiochytrium genome. The phylogenetic analysis showed 
that four DGAT genes were distributed in three sublines, 
indicating that they may have different evolutionary ori-
gins (Additional file 2). DGAT2D is more closely related 
to animal-derived type-2 Diacylglycerol acyltransferase. 
This may be the reason why DGAT2D prefers to use 
SFA as a substrate. DGAT2A, 2B, and 2C are close to 
the DGATs derived from plants or microalgae. To con-
firm whether these DGAT2s are redundant copies of each 
other, their encoding genes were cloned and individually 
to detect the DGAT activity. According to the results of 
TLC analysis and fatty acid feeding assay in S. cerevi-
siae mutants expressing DGAT, respectively, DGAT2A, 
DGAT2C, and DGAT2D have the DGAT activity, while 
DGAT2B could not restore the TAG biosynthesis even 
if PUFAs were fed. By characterizing DGAT in mam-
mals and yeasts, DGAT2 rather than DGAT1 appears 
to be the dominant enzyme for TAG synthesis. Chitraju 
et al. recently found that DGAT1 and DGAT2 have dis-
tinct and overlapping functions in adipocytes [31], while 
DGAT2 is not essential for TAG storage. In plant spe-
cies, DGAT2 appears to be important for incorporating 
unusual fatty acids, such as ricinoleic acid from castor 
into TAG [32]. The expression of DGAT2 during embryo 
development was higher than that of DGAT1 from plants 

accumulating unusual or PUFAs. In most of the micro-
algal species, one or multiple DGAT2 contribute to the 
complexity of TAG biosynthesis. Eleven type-2 DGATs 
(NoDGAT2s) have been found in Nannochloropsis oce-
anica [26]. Among them, NoDGAT2A and NoDGAT2D 
are considered to prefer SFAs and monounsaturated fatty 
acids (MUFAs) as the substrates, respectively. While 
NoDGAT2C, 2 J and 2 K exhibited the strongest activity 
toward PUFAs such as linoleic acid and eicosapentaenoic 
acid [25, 26]. Distinct physiological functions of DGAT2s 
have been identified in oleaginous microalgae. Using dif-
ferent DGAT2s to connect different types of fatty acids 
to the glycerol backbone may effectively improve the effi-
ciency of TAG synthesis.

In addition to the enzyme activity and substrate pref-
erence, the distinct expression patterns of these DGAT2s 
may also reflect their potential role in TAG biosynthesis. 
DGAT2C, which prefers the PUFAs as its substrates, has 
the second highest transcription level in these DGATs. 
DGAT2C was mainly responsible for connecting PUFA 
to the sn-3 position of TAG molecules. DGAT2A and 
DGAT2D target SFA and/or MUFA, while the tran-
scription level of DGAT2D was much higher than those 
of DGAT2A. Hence, DGAT2D is considered as a major 
enzyme for SFA accumulation in the sn-3 position of 
TAG molecules.

Conclusions
Taken together, the polyphyletic origin, different but 
complementary substrate preference, distinct transcript 
abundance and product profiles, reveal the mechanism 
of TAG synthesis in Aurantiochytrium sp. There are 
two specific assembly routes mediated by DGAT2s for 
TAG synthesis in Aurantiochytrium sp. (Fig.  6). (1) The 
“SFA-TAG lane”, which prefers SFA and primarily pro-
duces SFA-TAGs mainly by DGAT2D whose function is 
complemented by DGAT2A. (2) The “PUFA-TAG lane”, 
which prefers PUFAs and primarily produces PUFA-
TAGs via DGAT2C. Based on our research, recognition 
of each of DGATs in Aurantiochytrium, we could design 
the sn-3 position of TAG molecules and develop a “cus-
tomized cell factory” for the production of microbial oils.

Methods
Strains and culture conditions
Strains used in this study are listed in Table  1. Escheri-
chia coli DH5α was grown in Luria–Bertani (LB) medium 
at 37  °C with shaking at 160 rpm. Aurantiochytrium sp. 
SD116 (CGMCC no. 6208) was isolated in the previous 
study [13]. It was cultivated on the fermentation medium 
(60 g/L glucose, 20 g/L yeast extract, and 15 g/L sea salt) 
at 25 °C with shaking at 200 rpm. S. cerevisiae strain was 
grown on YPD medium-containing 10 g/L yeast extract, 
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Fig. 6  A mechanistic model of DGAT2s-mediated TAG synthesis in thraustochytrid Aurantiochytrium sp. G-3-P glycerol-3-phosphate, LA 
lysophosphatidic acid, PA phosphatidic acid, DAG diacylglycerol, TAG​ triacylglycerol, FAS fatty acid synthase, PKS polyketide-like synthase, GPAT 
glycerol-3-phosphate acyltransferase, LPAAT​ lysophosphatidic acid acyltransferase, PAP phosphatidic acid phosphatase [8]

Table 1  Strains and plasmids used in this study

Strain or plasmid Description Reference or source

Strains

 Escherichia coli DH5α Strain used for plasmid construction Invitrogen

Aurantiochytrium sp.
 SD116

Wild type [13]

 SD116::DGAT2A Overexpression of DGAT2A gene in SD116 This study

 SD116::DGAT2B Overexpression of DGAT2B gene in SD116 This study

 SD116::DGAT2C Overexpression of DGAT2C gene in SD116 This study

 SD116::DGAT2D Overexpression of DGAT2D gene in SD116 This study

Saccharomyces cerevisiae

 H1246 The TAG-deficient quadruple of S. cerevisiae. Genotype: MATα are1– Δ::HIS3 are2-Δ:: LEU2 dga1 
-Δ:: Kan MX4 lro1-Δ::TRP1 ADE2

[34]

 pYES2 H1246 harboring the empty plasmid pYES2 [34]

 ScDGA1 H1246 expressing yeast DGA1 gene [34]

 DGAT2A H1246 expressing DGAT2A gene This study

 DGAT2B H1246 expressing DGAT2B gene This study

 DGAT2C H1246 expressing DGAT2C gene This study

 DGAT2D H1246 expressing DGAT2D gene This study

Plasmids

 pGZC-1 Plasmid carrying the zeoR gene expression cassette and 18 s rDNA homologous arm [35]

 pDGAT2A Derived from pDGAT2C, containing DGAT2A expression cassette This study

 pDGAT2B Derived from pDGAT2A, containing DGAT2B expression cassette This study

 pDGAT2C Derived from pGZC-1, containing DGAT2C expression cassette This study

 pDGAT2D Derived from pDGAT2C, containing DGAT2D expression cassette This study
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20 g/L peptone and 20 g/L glucose, at 30 oC with shaking 
at 200 rpm. The S. cerevisiae transformants were selected 
on synthetic complete medium lacking uracil (SC-URA, 
ELITE, Shanghai, China) supplemented with 20 g/L glu-
cose. Antibiotics is used at the following concentrations: 
ampicillin, 100 μg/mL; zeocin, 100 μg/mL.

Bioinformatic analysis
Conserved domains were performed by the CD-Search 
program (https://​www.​ncbi.​nlm.​nih.​gov/​struc​ture/​
cdd/​wrpsb.​cgi). Predication of protein transmembrane 
regions was checked by the TMHMM program (http://​
www.​cbs.​dtu.​dk/​servi​ces/​TMHMM). Phylogenetic analy-
ses were carried out using Mega 5.0 and trees were con-
structed using Neighbor-Joining method.

Plasmid construction
All primers used are listed in Additional file  10. For 
yeast, pYES2 vector was used to express DGATs, and it 
was digested with Hind III and Sph I. DGA1 gene encod-
ing a DGAT2 was cloned from the genome of S. cer-
evisiae with primers DGA1-F and DGA1-R, and then 
ligated to pYES2. DGAT2A, DGAT2B, DGAT2C, and 
DGAT2D were cloned from SD116 genome with prim-
ers 3465-F/3465-R, 5339-F/5339-R, 7110-F/7110-R, and 
7085-F/7085-R, respectively, and then ligated into pYES2.

For Aurantiochytrium sp. SD116, pGZC-1 was used to 
express DGATs. The tubulin prompter (Ptub), DGAT2D, 
and actin terminator (Tactin) were amplified from SD116 
genome with primers 1101-F/1101-R, 1102-F/1102-R, 
and 1103-F/1103-R, respectively. The DGAT2D expres-
sion cassette was constructed by overlap PCR and then 
ligated into the linear vector fragment which was ampli-
fied from pGZC-1 with primer pair 1104-F/1104-R to 
generate pDGAT2D. The construction processes of plas-
mids pDGAT2A, pDGAT2B, and pDGAT2C were similar 
to that of pDGAT2D.

Transformation of yeasts and Aurantiochytrium
Expression vectors were separately transformed into 
yeast strain H1246 using the LiAc/SS carrier DNA/PEG 
method [33, 34]. Transformants were selected by growth 
on glucose medium (20  g/L glucose and 6.7  g/L yeast 
nitrogen base without amino acids) containing appropri-
ate auxotrophic supplements.

Electrotransformation of Aurantiochytrium sp. SD116 
was performed as previously described [35]. After elec-
trotransformation, the cells were cultivated on solid 
selective medium (30  g/L glucose, 20  g/L yeast extract, 
10  g/L sea salt, and 15  g/L agar) containing 50  μg/mL 
zeocin. The plates were incubated for 3 days in the dark 
at 25  °C, and the correct transformants were verified by 
PCR detection.

Yeast induction and PUFA feeding
Yeast induction and PUFA feeding assay were performed 
as previously described [26]. Yeast was grown on glu-
cose medium with linoleic acid (18:2), arachidonic acid 
(ARA), eicosapentaenoic acid (EPA), or docosahexaenoic 
acid (DHA). The final fatty acid concentration in medium 
is 90  μM with the presence of 0.1  g/L BSA. Cells were 
grown at 30 °C and 150 rpm for 20 h, and harvested for 
TAG species analysis and fatty acid composition analysis.

Lipid isolation, TAG species analysis, and fatty acid 
composition analysis
Total lipids were extracted according to the previously 
described [35] and were finally dissolved in chloroform. 
Neutral lipid classes were separated from total lipids 
by thin-layer chromatography (TLC) in the developing 
agent of hexane/diethyl ether/acetic acid (80:20:1, v/v). 
The profiles of TAGs and DAGs from TLC plates were 
dissolved in chloroform and transformed to the fatty 
acid methyl esters (FAMEs) using the method of Cui 
et al. [35]. FAMEs were determined by an Agilent 7890B 
gas chromatograph. Separation was achieved on an HP-
INNOWAX (30  m × 0.25  mm i.d., 0.25  μm film thick-
ness), helium as the carrier gas at a constant flow rate 
of 1.0  mL/min. The GC temperature programming was 
set as our previous work. The injection and ion source 
temperature were both 250 °C. The mass scan range was 
50–800 m/z and selected ion mode (m/z 79.1) for quanti-
tative analysis.

Abbreviations
TAG​: Triacylglycerol; SFA: Saturated fatty acid; MUFA: Monounsaturated fatty 
acid; PUFA: Polyunsaturated fatty acid; DHA: Docosahexaenoic acid; EPA: 
Eicosapentaenoic acid; DPA: Docosapentaenoic acid; GPAT: Acyl-CoA: glycerol-
sn-3-phosphate acyltransferase; LPAT: Lysophosphatidate acyltransferase; 
PAP: Phosphatidic acid phosphatase; DGAT​: Diacylglycerol acyltransferase; 
DAG: Diacylglycerol; LB: Luria–Bertani; ARA​: Arachidonic acid; TLC: Thin-layer 
chromatography; LPLAT: Lysophospholipid acyltransferase; LA: Linoleic acid; 
DCW: Dry cell weight.
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Additional file 1: Fig. S1. Biosynthesis pathway of triglyceride in Auranti-
ochytrium sp. SD116.

Additional file 2: Fig. S2. Phylogenetic analysis of DGATs in Auranti-
ochytrium sp. SD116. The phylogenetic tree was constructed according 
to the Neighbor-Joining (NJ) method. GenBank accession numbers are 
shown by following the corresponding species name.

Additional file 3: Fig. S3. Alignment of the conserved regions of DGAT2s. 
“YF” motif and “PH” motif were shown with underlined.

Additional file 4: Fig. S4. PCR detection. M, marker; line 1, H1246 
genome; line 2, the genome of H1246 harboring the empty plasmid 
pYES2; line 3, the genome of H1246 expressing yeast DGA1 gene; line 4, 
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line 5, line 6 and line 7, the genomes of mutant strain H1246 express-
ing DGAT2A, DGAT2B, DGAT2C and DGAT2D gene, respectively. Primers 
PYES2-F and PYES2-R were used for PCR detection.

Additional file 5: Fig. S5. Lipid profile in yeast H1246.

Additional file 6: Fig. S6. Analysis of lipids from H1246 and its transfor-
mants. (A) Schematic representation of the mutant strains construction. 
(B) TLC analysis of lipids from H1246 and its transformants that were 
cultivated without fatty acid-fed. (C) TLC analysis of lipids from H1246 and 
its transformants that were cultivated under DHA-fed condition. Line 1, 
H1246 expressing yeast DGA1 (DGAT2) gene; line 2, line 3, line 4 and line 
5, mutant strain H1246 expressing DGAT2B, mDGAT2B-1, mDGAT2B-2 and 
mDGAT2B-3 gene, respectively.

Additional file 7: Fig. S7. TLC analysis of substrate preference of DGAT2s 
by feeding assay. (A) C18:2-fed; (B) ARA-fed; (C) EPA-fed. Line 1, H1246 
harboring the empty plasmid pYES2; line 2, H1246 expressing yeast DGA1 
(DGAT2) gene; line 3, line 4, line 5 and line 6, mutant strain H1246 express-
ing DGAT2A, DGAT2B, DGAT2C and DGAT2D gene, respectively.

Additional file 8: Fig. S8. Genomic PCR detection. M, marker; 1, 
SD116 genome; 2, plasmid pGZC-1; 3, SD116::DGAT2A genome; 4, 
SD116::DGAT2B genome; 5, SD116::DGAT2C genome; 6, SD116::DGAT2D 
genome. Primers Zeo-F and Zeo-R were used to verify the transformant.

Additional file 9: Fig. S9. Growth profile (A) and glucose utilization (B) in 
strains SD116 and SD116::DGAT2s.

Additional file 10: Table S1. Primers used in this study.
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