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The unicellular heterotrophic thraustochytrids are attractive candidates for commercial polyunsaturated fatty
acids (PUFA) production. However, the reactive oxygen species (ROS) generated in their aerobic fermentation
process often limits their PUFA titer. Yet, the specific mechanisms of ROS involvement in the crosstalk between
oxidative stress and intracellular lipid synthesis remain poorly described. Metabolic engineering to improve the
PUFA yield in thraustochytrids without compromising growth is an important aspect of economic feasibility. To
fill this gap, we overexpressed the antioxidative gene superoxide dismutase (SOD1) by integrating it into the
genome of thraustochytrid Schizochytrium sp. PKU#Mn4 using a novel genetic transformation system. This study
reports the ROS alleviation, enhanced PUFA production and transcriptome changes resulting from the SOD1
overexpression. SOD1 activity in the recombinant improved by 5.2-71.6% along with 7.8-38.5% decline in ROS
during the fermentation process. Interestingly, the total antioxidant capacity in the recombinant remained
higher than wild-type and above zero in the entire process. Although lipid profile was similar to that of wild-
type, the concentrations of major fatty acids in the recombinant were significantly (p < 0.05) higher. The PUFA
titer increased up to 1232 + 41 mg/L, which was 32.9% higher (p < 0.001) than the wild type. Transcriptome
analysis revealed strong downregulation of genes potentially involved in -oxidation of fatty acids in peroxisome
and upregulation of genes catalyzing lipid biosynthesis. Our results enrich the knowledge on stress-induced
PUFA biosynthesis and the putative role of ROS in the regulation of lipid metabolism in oleaginous thraus-
tochytrids. This study provides a new and alternate strategy for cost-effective industrial fermentation of PUFA.

1. Introduction multifarious purification procedures further impact the fish oils market

(de Oliveira Finco et al., 2017). Therefore, microbial sources of PUFA

As a significant component of cellular membranes, polyunsaturated
fatty acids (PUFA) are known to play vital structural and functional
roles in humans including regulation of immunity (Armenta and
Valentine, 2013) and coronary heart disease (Lopez-Huertas, 2010). A
typical w-3 PUFA - docosahexaenoic acid (DHA, C22:6) — has been
recommended to prevent coronary heart disease, hypertension, dia-
betes, renal disease, rheumatoid arthritis and other diseases
(Simopoulos, 1997). With an increasingly better understanding of the
health benefits of PUFA, their demand is rising enormously. Although
fish oils have long been the main source of PUFA (Pike and Jackson,
2010), their supply is largely limited by fish stocks (Lahsen and Iddya,
2014). The risks of potential contamination, unpleasant odors, and

are currently being developed as an alternative source (Shi et al., 2017).
Of these, thraustochytrids, a unicellular heterotrophic fungus-like
marine protist (Leyland et al., 2017), are becoming an increasingly
promising source of PUFA on account of their fast growth rate and high
content of DHA (Aasen et al., 2016).

Much work focused on the thraustochytrid culture optimization
demonstrated significant improvements in their biomass and DHA
yields (Chen et al., 2016; Jiang et al., 2017; Ludevese-Pascual et al.,
2016; Lung et al., 2016; Patil and Gogate, 2015; Zhao et al., 2017; Zhu
et al., 2008). The biomass can reach up to 171.5 g/L under the optimal
cultivation condition (Bailey et al., 2003), and with modified medium
the total fatty acids (TFA) could account for 83.84% of biomass (Li
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et al.,, 2015) with PUFA content as high as 76.5% (Marchan et al.,
2017). Interestingly, from these studies, it was evident that cell pro-
liferation and fatty acids (FA) yield are enhanced under an oxygen-rich
environment (Jakobsen et al., 2008; Ren et al., 2010); however, PUFA
gets easily oxidized due to their high degree of unsaturation (Else and
Kraffe, 2015; Guichardant et al., 2011). Thus, lipid peroxidation not
only reduces the content of PUFA but also activates the accumulation of
high levels of reactive oxygen species (ROS) (Johansson et al., 2016;
Ruenwai et al., 2011). Besides lipids, these ROS cause severe oxidative
damage to proteins and DNA resulting in the loss of protein function
and even cell death (Shi et al., 2017). However, they could be sca-
venged by different antioxidative defense components under a steady
physiological state (Finkel and Holbrook, 2000). Both non-enzymatic
and enzymatic mechanisms have been implicated in the detoxication
process of ROS (Apel and Hirt, 2004; Gupta et al., 2013; Sun et al.,
2016). Based on these mechanisms, several strategies have been
adopted to enhance removal of ROS (Apel and Hirt, 2004).

Apart from the external addition of antioxidants (Ren et al., 2017),
overexpression of antioxidative enzymes also seems to be an alternative
way of alleviating ROS. Of these enzymes, superoxide dismutase (SOD)
acts as the first line of defense against ROS (Yanase et al., 2009) and
converts superoxide radical (O5) into hydrogen peroxide (H,0,). Var-
ious transgenic plants that expressed increased amounts of SOD have
been developed in past to better tolerate the oxidative stress (Tang
et al., 2006; Zambounis et al., 2002). Overexpression of sod1 gene and
sod2 gene in Streptomyces peucetius enhanced secondary metabolites as a
result of the increased transcriptional level of regulatory genes and
biomass increment (Bashistha et al., 2011). Although metabolic en-
gineering seemed an effective and promising way to alleviate ROS, no
attempts have yet been made, to our knowledge, which demonstrates
the effect of oxidative stress in thraustochytrids at the molecular level.
Despite the knowledge of a versatile transformation system for
thraustochytrids (Hong et al., 2013; Sakaguchi et al., 2012; Sun et al.,
2015), only a few studies were focused on the improvement of FA
productivity through gene manipulation (Table S1). Up to now, there
are no comprehensive studies focused on ROS quenching to enhance
PUFA productivity in thraustochytrids.

To elucidate the effect of oxidative stress alleviation on PUFA pro-
duction, we first designed a genetic transformation system for a pre-
viously isolated high PUFA yielding thraustochytrid strain -
Schizochytrium sp. PKU#Mn4 (Liu et al., 2014). In an attempt to alle-
viate oxidative stress, we integrated the SOD1 gene overexpression
cassette driven by a newly isolated promoter into the PKU#Mn4
genome at the 18S rDNA loci. The recombinant strain exhibited in-
creased PUFA production resulting from ROS alleviation and increased
total antioxidant capacity (T-AOC). Further transcriptomic analysis
revealed strong regulation of key genes implicated in the FA metabo-
lism. This study highlights an alternative direction for enhanced PUFA
productivity in thraustochytrids and provides the framework for a cost-
effective industrial fermentation process.

2. Materials and methods
2.1. Strains and culture conditions

Schizochytrium sp. PKU#Mn4 (GenBank accession number
JX847360), previously isolated from mangrove leaves from Pearl River
Delta region of China (Liu et al., 2014), was used in this study. The
strain was maintained on 2% modified Vishniac's (MV) agar plates
(Damare and Raghukumar, 2006) prepared with artificial seawater
(ASW) (Nagano et al., 2009) at room temperature and subcultured
every 4 weeks. The seed culture was prepared by cultivating a single
colony from the agar plate in M4 medium (20 g/L glucose, 0.25 g/L
KH,PO,, 1.5 g/L peptone, 1 g/L yeast extract, dissolved in ASW, pH =
7) (Jain et al., 2005) at 28 °C on an orbital shaker at 170 rpm for 36 h.
The seed culture was subsequently transferred to 100 mL shake flask
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containing 40 mL fresh M4 medium at a final concentration of 5%,
which was then cultivated on an orbital shaker for 4 days under the
same conditions until harvest.

2.2. Construction of EGFP and superoxide dismutase (SOD) expression
cassettes

We identified a polyubiquitin promoter region with the length of
1484 bp in the whole genome dataset of Schizochytrium sp. PKU#Mn4.
The egfp gene was expressed under this promoter region. Polyubiquitin
promoter was amplified from PKU#Mn4 genomic DNA using primers
pup-F2 and pup-gfp-R, egfp gene was amplified from PX458 (plasmid
#48138, Addgene, USA) with primers pup-gfp-F and gfp-cyc-R, and the
CYC1 terminator was amplified from pGAPZaA (Invitrogen, USA) with
gfp-cyc-F and cyc-sc-R (Table S2). The three fragments (polyubiquitin
promoter, egfp gene, and CYC1 terminator) were then ligated seam-
lessly by Overlap Extension PCR with the outer primer pair pup-FU-
BamHI/cyc-FU-Sall and designated PGC. Vector pMG201M (Dubeau
et al., 2009), containing the neomycin-resistant gene (neo"), was di-
gested with BamHI to remove the codA gene and designated pNeoR.
The PGC segment was subcloned into pNeoR at the BamHI and Sall site
and designated pNeoR-PGC, which was used for transformation and
EGFP gene expression (Fig. S1a). To confirm the fragments obtained by
fusion PCR, they were ligated to pEASY-Blunt vector (TransGen Biotech
Inc., Beijing) and transformed into Escherichia coli DH5a (Tiangen Inc,
Beijing). The plasmid was extracted using TIANprep Mini Plasmid Kit
(TIANGEN Inc., Beijing) and sequenced with primers M13F and M13R
at AuGCT Inc., Beijing.

The SOD overexpression cassette was integrated into the genome by
18S rDNA homologous recombination. The sodl gene was amplified
from PKU#Mn4 genome with pup-sod-F and sod-cyc-R and was ligated
seamlessly with polyubiquitin promoter and CYC1 terminator by
Overlap Extension PCR. The 18S rDNA fragment of PKU#Mn4 was
amplified using primers 18S001 and 18513 (Honda et al., 1999) and
cloned into pGM-T vector (Tiangen, China). The plasmid was desig-
nated pGMT-18S. The insert DNA was confirmed by sequencing
(AuGCT Inc., Beijing) pGMT-18S with primers M13F and M13R. The
neomyecin resistant gene (neo”) was amplified from pNeoR with primers
NeoR-F-Xbal and NeoR-R-Pstl. The neo” gene and sod1 expression cas-
sette were cloned into pGMT-18S and designated pGMT-18S-NeoR-PSC
(Fig. 2b). The resulting PCR fragments were confirmed by sequencing
as described above. The vector pGMT-18S-NeoR-PSC was linearized
with Apal REase digestion before transformation. The PCR protocols
used in this study are provided in Table S3.

2.3. Preparation of competent cells, transformation, and screening

The seed culture, prepared as above, was transferred to fresh M4
medium and grown to the exponential phase (ODggg = 7-8). One mL
culture was centrifuged (4000 X g, 4 °C, 10 min) and the resulting cell
pellet was washed twice with the ice-cold sterile water, then treated
with 25mM DTT in 10 mM PBS for 10 min and washed with 1 M ice-
cold sterile sorbitol to remove the remaining DTT. The cells were then
placed into 2mL enzyme medium and incubated at 28 °C for 5h to
further weaken the cell wall. The enzyme medium (Cheng et al., 2012)
with modification, containing 0.7 M KCl, 20 g/L pectinase, and 20 g/L
snailase, was prepared with 10 mM PBS and sterilized by filtration.
Cells were then collected from enzyme medium by centrifugation and
washed twice with 1 M ice-cold sterile sorbitol to remove the remaining
medium. A 250 pL aliquot of ice-cold sterile sorbitol was added to the
resuspended competent cells. Approximate 5 x 10° competent cells
were mixed with around 2 ug circular or linearized plasmids in a 0.1 cm
cuvette for electroporation. Electroporator (Bio-Rad, Gene Pulser Xcell,
USA) were set to exponential decay, 1000V, 50 puF and 500 Q.

One mL fresh M4 medium was added immediately after electro-
poration and the resulting cells were incubated at 28 °C for 20 h before
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plating on agar plates containing antibiotics. An aliquot of the culture
was spread on MV agar plates containing 0.8 mg/mL G418, which was
then incubated at 28 °C for 3-5days to obtain visible colonies. The
colonies resistant to G418 were isolated and cultured for subsequent
analysis. The putative transformants carrying EGFP and SOD1 expres-
sion cassette were identified by fluorescence assay and genomic PCR
analysis, respectively. For fluorescence assay, putative transformants
were directly observed under the LSM880 confocal laser microscope
(Zeiss, Germany). For genomic PCR analysis, putative transformants
cultivated in M4 medium containing 0.8 mg/mL G418 were harvested
by centrifugation and the genomic DNA (gDNA) was extracted with the
CTAB method using a gDNA extraction kit (Generay, China). The in-
tegrity of gDNA was checked by electrophoresis and PCR was per-
formed to amplify neo” with primers NeoR-F and NeoR-R (Table S2)
using gDNA as the template.

2.4. Southern blot analysis

The gDNA (~2pg) extracted from wild-type or recombinant cells
was digested with the HindIIl REase, separated on 0.8% agarose gel,
and then transferred onto Hybond N* nylon membranes (Amersham,
United Kingdom). A DIG-labeled DNA probe was synthesized at AuGCT
Co. Ltd, China. Hybridization and detection were performed using DIG
Easy Hyb Granules and DIG Nucleic Acid Detection Kits (Roche,
Germany) following instructions of the manufacturer.

2.5. Fatty acid analysis

Cells were collected by centrifugation (4000 X g, 4 °C, 10 min) and
washed twice with distilled water followed by lyophilization for 24 h.
The dry cell weight was determined by the gravimetric method. Fatty
acid methyl esters (FAME) were prepared as described previously (Liu
et al., 2014) with minor modification. Briefly, approximately 50 mg
lyophilized cells were weighed, mixed with 2 mL of 4% sulfuric acid in
methanol (v/v), 10uL BHT (100 pug/mL hexane) and 100 pL non-
adecanoic acid (1 mg/mL hexane), vortexed for 20 s and incubated at
80 °C for 1 h. After transesterification, 1 mL of hexane was added when
the mixture was cooled to room temperature. The upper hexane layer
with FAME was then washed with 1 mL 5% NaCl (w/v) and 1 mL 2%
KHCO3 (w/v) sequentially. The hexane layer was centrifuged, collected
and dried by passing nitrogen gas. The FAME samples were resolved in
1 mL hexane and analyzed with a 7890 Gas Chromatograph (Agilent
Technologies, USA) system equipped with a flame ionization detector
and DB-23 capillary column (60m X 0.25um X 0.32um) (Agilent
Technologies, USA) with nitrogen as the carrier gas. One pL of FAME
samples were injected under split mode at the ratio of 50:1 keeping the
inlet at 250 °C. An internal standard nonadecanoic acid (C19:0) was
used for quantification of FA. All the analyses were performed in tri-
plicates.

2.6. Quantitative real-time PCR (RT-qPCR)

The total RNA of culture sample was isolated using the RNAsimple
total RNA kit following the manufacturer's protocol (Tiangen, China)
and quantified by NanoDrop 2000c (Thermo Fisher Scientific, USA).
Genomic DNA was removed with gDNase and cDNA was synthesized
using random hexamers with FastKing RT kit (Tiangen, China).
Quantitative PCR assays were performed in triplicate with the CFX
Connect Real-Time PCR system (Bio-Rad, USA) using the CharmQ SYBR
qPCR master mix (Vazyme, China). Gene-specific primers were de-
signed for superoxide dismutase [Cu-Zn] (sod1) and reference gene [3>-
actin (actb) (Table S2). PCR amplification was carried out in a 10 puL
reaction volume containing 5 puL qPCR master mix, 0.25 pL each primer
(10 uM), 1 pL cDNA and 3.5 pL nuclease-free water. The PCR program
was set to 95 °C for 3 min for activation followed by 40 cycles of am-
plification step at 95 °C for 10s, 55 °C for 20 s and then 72 °C for 10s.
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The expression level of sodl mRNA relative to B-actin was calculated
following the 2*“* method (Livak and Schmittgen, 2001). The am-
plification efficiencies for sod1 and reference gene were 102.25% and
105.32%, respectively, and melt curve analysis showed a single peak for
each of these genes (Fig. S2).

2.7. Analysis of superoxide dismutase activity

For SOD activity, an aliquot of the culture was collected and the
cells were centrifuged as described above. After washing twice with
distilled 10 mM PBS, the cells were crushed by liquid nitrogen grinding.
The powdered cells were resuspended in 1 mL of 10 mM PBS and cen-
trifuged (13,400 x g, 4°C, 30 min). According to the manufacturer's
instruction, the inhibition rate of WST-1 formazan formation should
range from 40% to 60% to ensure an accurate measurement. Thus, we
diluted the supernatant appropriately to ensure the accuracy. The di-
luted supernatant (20 pL) containing crude cytosolic extracts was used
for total SOD activity analysis. The activity was examined by a WST-1
method using a superoxide dismutase assay kit (Nanjing Jiancheng
Bioengineering Institute, China) following the manufacturer's instruc-
tions. The 50% inhibition rate of WST-1 formazan formation in the
reaction was defined as one unit. The SOD activity was calculated as
follows:

e . !
SOD activity (U /mg DCW) = inhibition rate(%) _ reaction volume (uL)
50% 20 uL.
dilution ratio
DCW (mg)

2.8. Determination of total antioxidant capacity (T-AOC)

Cells were collected and crushed as described above for SOD activity
assay. The cell powders were collected and resuspended in the extrac-
tion buffer provided in the T-AOC assay kit (Solarbio, China) followed
by centrifugation (10,000 x g, 4°C, 10 min) to obtain the supernatant
for intracellular T-AOC measurement. The fluorescence recovery after
photobleaching (FRAP) method was used to measure the T-AOC. The
FRAP assay was based on the formation of ferrous tripyridyltriazine (Fe
(ID-TPTZ) by a reductant at low pH and absorbance measurement at
593 nm (Benzie and Strain, 1996). The T-AOC was calculated with the
standard curve provided in the manufacturer's protocol.

2.9. Determination of intracellular reactive oxygen species

The ROS level in the cell samples was determined using a cell-
permeable probe — 2/,7’-Dichloro-dihydro-fluorescein diacetate (DCFH-
DA) (Bass et al., 1983). The cells were first treated with DTT and
snailase to weaken the rigid cell wall and then incubated with DCFH-
DA. The probe DCFH-DA was diluted to 10 pM with 10 mM PBS before
adding into the cell aliquot. The cells (ca. 1 x 10° to 2 x 107 cells/mL
diluted DCFH-DA) were fully exposed to the probe by incubation at
37 °C for 40 min. The excess probe was washed thrice with 10 mM PBS
to ensure only the intracellular ROS was measured. Fluorescence in-
tensity was measured at an excitation wavelength of 488nm, an
emission wavelength of 525nm, and 450V gain on a fluorescence
Spectrophotometer F97 Pro (Lengguang, China).

2.10. RNA library preparation, sequencing, and RNA-seq data analysis

Messenger RNA was purified from total RNA with poly-T oligo-at-
tached magnetic beads. First-strand ¢cDNA was synthesized using
random hexamer primers after fragmentation and second-strand cDNA
synthesis was subsequently carried out using RNase H and DNA poly-
merase I. The overhangs were converted into blunt ends, 3’ ends of the
cDNA fragments were adenylated and adaptors were ligated to the
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fragments. The cDNA fragments with a specific length were separated
by agarose gel electrophoresis and purified. The size-selected cDNA
fragments were PCR amplified to prepare the library which was then
sequenced on an Illumina HiSeq. 2500 platform by Gene Denovo
Biotechnology Co. (Guangzhou, China).

Raw reads were filtered by removing the reads with adapter and
those containing more than 10% unknown bases or had low quality.
Clean reads were then mapped to Ribosomal Database Project with
Bowtie 2 (Langmead and Salzberg, 2012) and the reads that belonged to
rRNA were removed. The remaining clean reads were mapped to the
reference genome — the built-in PKU#Mn4 genome — by TopHat2 (Kim
et al., 2013). The transcriptome was assembled with Cufflinks (Trapnell
et al., 2012) and Cuffmerge was used to merge assembly of two re-
plicate samples. Differential expression analysis was conducted using
the edgeR package. The gene expression level was normalized by using
FPKM (fragments per kilobases of transcript per million mapped reads)
method. This method is able to eliminate the influence of different gene
lengths and sequencing data amount on the calculation of gene ex-
pression. The false discovery rate (FDR) was used to determine the p-
value threshold in multiple tests. The genes with FDR < 0.05 and the
absolute value of logychange fold =1 were regarded as differential
expression genes (DEGs). Sequence analysis was performed by Gene
Denovo Biotechnology Co. (Guangzhou, China).

3. Results
3.1. Validation of promoter function

To validate the function of the newly isolated polyubiquitin pro-
moter, the EGFP gene was expressed in the strain PKU#Mn4 with the
neo” conjugated egfp expression cassette (Fig. S1b). Circular plasmid
pNeoR and pNeoR-PGC were introduced into PKU#Mn4 separately and
the resulting transformants were observed under a confocal laser mi-
croscope. As shown in Fig. 1, only the transformants harboring pNeoR-
PGC containing both neo” and egfp construct showed green fluorescence.
These results suggest that the polyubiquitin promoter was functional in
driving heterologous gene expression systems in the strain PKU#Mn4.
However, loss of plasmid upon subsequent subcultures into antibiotic-
free medium instigated integration of the neo” conjugated sodl ex-
pression cassette into the genome of the PKU#Mn4 by 18S rDNA
homologous recombination (Fig. 2a).

3.2. Genome integration and overexpression of SOD1 gene

Genomic PCR amplifying neo” was carried out on the G418-resistant

NeoR

eGFP
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colonies (Fig. 2b) to verify the DNA insertion. As shown in Fig. 2¢c, a
PCR product of 900 bp corresponding to the size of neo” was amplified
in each of the three different recombinants of PKU#Mn4 (R1, R7, R8).
Southern blot was carried out with a DIG-labeled sod1 specific probe.
Only one hybridized band was detected in the wild type of PKU#Mn4
while two hybridized bands were detected in the recombinants, in-
dicating the successful integration of a copy of SOD1 gene by 18S rDNA
homologous recombination (Fig. 2d).

To evaluate overexpression of SOD1 gene in the Schizochytrium sp.,
SOD activity (Fig. 3a) and relative sodl mRNA abundance (Fig. 3b)
were determined and compared with the wild-type strain (WT). With
the peak values at 12h, the SOD activity in both strains decreased
sharply during the exponential phase and increased slightly to the late
stationary phase. The SOD activity of recombinant R7 was 5.16-71.65%
higher than the wild type (Fig. 3a) during the stationary growth phase.
Similarly, the relative abundance of sod1 mRNA in recombinant R7 was
significantly greater (1.62- to 1.87- fold) than in wild-type strain during
the same phase. These results clearly demonstrated high relative levels
of SOD activity and sod1 mRNA abundance in the recombinant strain,
further validating the successful integration and function of the sodl
expression system developed in the study.

3.3. Growth and fatty acid profiles of recombinant strain

The typical cell growth, FA profile and titer of recombinant strain
(R7) were analyzed and compared with those of the wild-type strain
(WT) (Fig. 4). The cell biomass of R7 remained slightly lower than that
of WT during the entire stationary phase, possibly due to increased
metabolic load resulting from sod1 overexpression. Yet, R7 achieved its
peak biomass of 6.96 + 0.16 g/L at 96 h that was only 3.4% lower than
the value of WT (Fig. 4a). Saturated fatty acids (SFA) and PUFA titers
were significantly higher in R7 relative to WT during the late stationary
phase (60-96h) (Fig. 4b). Their titers at 96h reached up to
1312 = 94 mg/L and 1232 + 41 mg/L, higher by 18.3% and 32.9%
than that of WT, respectively. Although the FA composition of R7 and
WT were similar, the percent titers of major FA increased significantly
(p = 0.05) in R7 culture compared to WT (Fig. 4c). Myristic acid
(C14:0) and palmitic acid (C16:0) were the main constituents of SFA,
while docosapentaenoic acid (DPA, C22:5) and DHA (C22:6) were the
major fatty acids among PUFA. DPA and DHA titers were
25 + 0.37mg/g DCW and 147 + 3.8mg/g DCW, higher by 36.3%
and 36.6% to that of WT, respectively. The average PUFA percentage
varied within the range of 44.8 — 49.8% and 42.7 — 48.9% during the
entire growth period of R7 and WT, respectively (Fig. 4d). Taken to-
gether, the results demonstrated a significant effect of sodl

Fig. 1. Expression of eGFP in Schizochytrium
sp. PKU#Mn4 (bars = 20 um). neo” conjugated
egfp expression cassette was introduced to ex-
press the eGFP by electroporation and the
neomycin resistant gene was introduced as a
negative control. Transformants were selected
and subsequently observed under the confocal
laser microscope. Only the transformants that
harbored both neo” and egfp show green fluor-
escence.
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Fig. 2. Overexpression in Schizochytrium sp.
PKU#Mn4. (a) Scheme of integration of sod1
expression cassette into the genome of Mn4,
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generated by linearized 18S rDNA-targeted
homologous recombination structure pGMT-
18S-NeoR-PSC, (c) Genomic PCR for detection
of integration in the recombinants. Lanes: M,
Trans2K plus marker; R2, R7, R8, Mn4-SOD
recombinant R2, R7 and R8, respectively; WT,
Mn4 wild-type; PC, positive control (pNeoR);
NC, no template control, (d) Southern blot
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Fig. 5. Effect of SOD1 overexpression on (a) reactive oxygen species (ROS) and (b) total antioxidant capacity (T-AOC).

overexpression on the growth and FA titer of R7, suggesting potential
regulation of lipid metabolism.

3.4. ROS and T-AOC profiles

We speculated oxidative stress alleviation for the evidence of higher
FA production in R7 compared to WT. To validate our hypothesis, we
measured the cellular oxidative stress parameters — ROS and T-AOC - at
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12 h intervals during the fermentation process (Fig. 5). ROS consistently
remained lower in R7 culture compared to WT and decreased by 24.3%
at 12h (start of exponential phase) (Fig. 5a). The dynamics of ROS
equated to that of SOD activity, which suggests the dependence of these
two parameters on the pattern of intracellular oxygen concentration
tightly associated with growth phases. The excess intracellular oxygen
when cell growth is minimal or static leads to the generation of ROS,
which in turn induces SOD activity that alleviates cell damage. Thus,
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cell growth profile strongly determines the evolution of these two
parameters. In addition to ROS alleviation, the T-AOC of R7 was rela-
tively higher than that of WT and maintained above zero during the
entire fermentation process (Fig. 5b). A significantly alleviated ROS in
conjunction with increased T-AOC clearly supports our hypothesis and
explains the enhanced production of FA in the recombinant strain.

3.5. Relative changes in the transcriptome of recombinant strain

To understand the molecular mechanisms of the enhanced produc-
tion of FA, we elucidated the transcriptional changes involved in the
regulation of FA biosynthesis under SOD overexpression by sequencing
a cDNA library prepared from total mRNA of WT and R7 strains using
Mlumina HiSeq platform. After removing low-quality and rRNA se-
quences, we obtained 36,193,947 (WT) and 41,451,821 (R7) clean
reads, which were further assembled into 13,791 (WT) and 14,286 (R7)
unigenes (Table S4). We identified 1962 differentially expressed genes
(DEGs) comprising 1347 upregulated and 615 downregulated when g-
value < 0.05 and log, fold change = 1 was applied as the filter con-
dition. A majority of these DEGs were significantly enriched in the
biological process, followed by molecular function and cellular com-
ponent (Fig. 6A). On closer inspection of the transcriptome analysis
results, we found several key DEGs directly or indirectly involved in the
lipid metabolism (Table 1, Fig. 6B). The putative DEGs (alpha-methy-
lacyl-CoA racemase, 1-acyl-sn-glycerol-3-phosphate acyltransferase,
hydroxyacyl-thioester dehydratase, 2-hydroxyacyl-CoA lyase, acetyl-
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Table 1
Differential expression of putative genes associated with fatty acid metabolism
in the recombinant strain.

Gene name Gene ID |1og2(FC)|
alpha-methylacyl-CoA racemase Mn4_18183 —2.02
1-acyl-sn-glycerol-3-phosphate acyltransferase Mn4_02144 -1.99
Hydroxyacyl-thioester dehydratase Mn4_07562 —-1.91
2-hydroxyacyl-CoA lyase 1 Mn4_10486 —-1.25
Acetyl-CoA acyltransferase Mn4_07147 -1.07
Acyl-CoA oxidase Mn4_05075 —1.01
Acyl-CoA dehydrogenase Mn4_14961 10.34
3-ketoacyl-acp reductase Mn4_15767 1.05
Acyl-protein thioesterase 1 Mn4_05203 1.12
Acyl-CoA synthetase Mn4_05938 1.16

CoA acyltransferase, acyl-CoA oxidase) indicated in the (-oxidation of
FA were significantly downregulated while those (acyl-CoA dehy-
drogenase, 3-ketoacyl-acp reductase, acyl-protein thioesterase 1, acyl-
CoA synthetase) involved in the FA biosynthesis were strongly upre-
gulated. In addition, many (alpha-methylacyl-CoA racemase, acyl-CoA
oxidase, acetyl-CoA acyltransferase) of these key DEGs were involved in
peroxisome pathway (KEGG map04146) (Fig. S3), which indicates their
role in FA oxidation and free radical detoxification. These results pro-
vide clear evidence of the mechanism underlying the regulation of the
FA metabolism that resulted in the higher FA accumulation under SOD1
overexpression.
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4. Discussion
4.1. Genetic transformation system and overexpression of SOD1 gene

Schizochytrium sp. is a potential thraustochytrid known for its fast
growth rate and high DHA yield (Chang et al., 2013a; Patil and Gogate,
2015; Qu et al., 2013a, 2013b; Sun et al., 2016). Much of the previous
work has demonstrated dual roles of oxygen on fermentation process
which significantly affects its growth and FA accumulation (Chang
et al., 2013a, 2013b, 2014; Chi et al., 2009; Ren et al., 2010; Xie and
Wang, 2015). Stepwise oxygen supply strategies have been proposed in
the past (Chi et al.,, 2009; Ren et al., 2010); however, the accurate
determination of time point for the shift appeared challenging, which
makes the fermentation process difficult to control. Since the ROS
mediated oxidative damage under the oxygen-rich fermentation was
one of the reasons that cause deterioration of PUFA, manipulation of
the T-AOC was an effective way to achieve high PUFA titer. Therefore,
in an attempt to improve the DHA titer, we genetically modified Schi-
zochytium sp. PKU#Mn4 by insertion of sod1 gene into the 18S rDNA
region of its genome and generated a recombinant R7 (Fig. 2a).

Construction of tailor-made strains depends on efficient genetic
methods, and in order to design genetically-stable strains, chromosomal
integration is often desirable (Englaender et al., 2017; Solem et al.,
2008; Wu et al., 2016). Multiple copies of 18S rDNA provide more in-
tegration chances and ensure non-lethal loci, which make this region a
suitable recombination site in thraustochytrids (Hong et al., 2013; Yan
et al., 2013). As expected, the growth of SOD overexpression strain R7
was unaffected by the genome integration of SOD1 gene at the 18S
rDNA loci. The sod1 overexpression cassette was successfully integrated
and efficiently expressed under the newly isolated promoter. However,
since the introduced cassette contained a long polyubiquitin promoter
besides 18S rDNA gene (Fig. S1a), the integration could occur at several
sites theoretically. We found single-crossover homologous recombina-
tion (integrated at polyubiquitin promoter region) occurred with much
lower frequency than double-crossover homologous recombination
(integrated at 18S rDNA loci) and was in agreement with the previous
study on thraustochytrid transformation (Sakaguchi et al., 2012).
Moreover, double cross-over is more stable and the vector backbone can
be removed to get only the desired gene integrated without the rest of
the vector body. The hybridized bands with the same size detected in
two recombinants R7 and R8 confirmed the double-crossover homo-
logous structure that was favored in the integration (Fig. 2d).

4.2. Overproduction of FA and transcriptome changes

The R7 strain exhibited higher PUFA titer than WT and reduced ROS
by improved T-AOC without much decrease in its biomass. Although
titers of both SFA and PUFA were significantly higher than those of WT,
the moderated intracellular oxidative stress affected their temporal
evolution differentially. In general, the PUFA titer was more sensitive to
the overexpression of SOD than the SFA and continued to increase
reasonably until the late stationary phase (Fig. 4b). Moreover, the PUFA
titer increment was relatively more (1.37-fold) than that of SFA (1.18-
fold) (Fig. 4c). Our results clearly demonstrated the antioxidant capa-
city manipulation as an effective control strategy in PUFA production.
The advantage of this control strategy was also evident when ascorbic
acid was added to the culture (Lujing et al., 2017). However, the ad-
dition of ascorbic acid to culture medium would elevate the operational
cost of industrial fermentation. Thus, the recombinant R7 provide a
favorable Schizochytrium sp. strain for stable and cost-effective PUFA
production. Thus, this is an efficient metabolic engineering strategy for
oleaginous thraustochytrids.

The transcriptome changes in the recombinant R7 elucidate the
gene regulation underlying the SOD1 overexpression and ROS allevia-
tion. Work focusing on lipid biosynthesis has suggested fatty acid syn-
thase (FAS) pathway in thraustochytrids, but the complete pathway is
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still not fully characterized (Lippmeier et al., 2009; Metz et al., 2001;
Nagano et al., 2011). Nevertheless, we identified several unigenes re-
lated to FA metabolism that were strongly regulated by SOD1 over-
expression. Interestingly, genes related to FA oxidation and biosynth-
esis were strongly downregulated and upregulated, respectively
(Table 1), and many of those genes were peroxisomal (Fig. S3). The
main PUFA in WT and R7 strains were very long chain fatty acids
containing more than 20 carbon atoms. These fatty acids are almost
exclusively (-oxidized in peroxisomes due to the lack of certain en-
zymes in mitochondria (Kalish et al., 1995; Poulos, 1995). The down-
regulated genes related to [-oxidation of FA might be another inter-
pretation for higher sensitivity of PUFA titer. We also identified three
unigenes (Mn_02824, Mn_04576, and Mn_14213) that encoded fatty
acids desaturase, but failed to characterize them well. On the other
hand, two unigenes (Mn_10535 and Mn_12937) encoding PKS enzyme
were identified and one (Mn_12937) of them was significantly upre-
gulated. These results perhaps indicate the presence of both FAS and
PKS pathways for FA production in our strain; however, they are yet to
be fully assembled and characterized. Taken together, the enhanced
PUFA titer might be a comprehensive result caused by ROS alleviation,
enhanced T-AOC, and strongly regulated genes of FA metabolism.

5. Conclusions

In this study, we developed an efficient and stable modified strain of
Schizochytrium sp. PKU#Mn4 by insertion of SOD1 gene into the 18S
rDNA loci of its genome for overproduction of PUFA. The recombinant
strain (R7) successfully yielded higher production of PUFA (1.37-fold)
and SFA (1.18-fold) than the WT strain. Overexpression of SOD1 gene
resulted in the ROS alleviation and increased T-AOC in R7 with similar
biomass yield to that of WT. Transcriptome level changes clearly de-
monstrated the downregulation of key DEGs in FA f-oxidation, and
upregulation of few DEGs related to FA synthesis. Moreover, most of the
downregulated DEGs were associated with peroxisome suggesting re-
duced B-oxidation of DHA. Our results provide the first report of a
successful genome integration of SOD1 gene into a thraustochytrid
strain and enrich the current understanding of the effect of oxidative
damage to the cell at the transcriptome level.
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