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ABSTRACT

In the acyl-CoA-independent pathway of triacylglycerol (TAG) synthesis unique to
plants, fungi and algae, TAG formation is catalyzed by the enzyme
phospholipid:diacylglycerol acyltransferase (PDAT). The unique PDAT gene of the
model diatom Phaeodactylum tricornutum strain CCMP2561 boasts 47 single
nucleotide variants within protein coding regions of the alleles. To deepen our
understanding of TAG synthesis, we observed the allele-specific expression of PDAT
by the analysis of 87 published RNA-seq data and experimental validation. The
transcription of one of the two PDAT alleles, allele 2, could be specifically induced by
decreasing nitrogen concentrations. Overexpression of allele 2 in P. tricornutum
substantially enhanced the accumulation of TAG by 44~74% under nutrient stress;
however, overexpression of allele 1 resulted in little increase of TAG accumulation.
Interestingly, a more serious growth inhibition was observed in the PDAT allele 1
overexpression strains compared with allele 2 counterparts. Heterologous expression
in yeast (Saccharomyces cerevisiae) showed that enzymes encoded by PDAT allele 2
but not allele 1 had TAG biosynthetic activity, and 7 N-terminal and 3 C-terminal
amino acid variants between the two allele-encoded proteins substantially affected
enzymatic activity. P. tricornutum PDAT, localized in the innermost chloroplast
membrane, used monogalactosyldiacylglycerol and phosphatidylcholine as
acyl-donors as demonstrated by the increase of the two lipids in PDAT knockout lines,
which indicated a common origin in evolution with green algal PDATSs. Our study
reveals unequal roles among allele-encoded PDATSs in mediating carbon storage and
growth in response to nitrogen stress and suggests an unsuspected strategy towards
lipid and biomass improvement for biotechnological purposes.

Keywords: allele-specific expression, diatom, nitrogen, phospholipid:diacylglycerol

acyltransferase, triacylglycerol.
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Introduction

Triacylglycerol (TAG) is present in all eukaryotes and some prokaryotes, and its
biosynthetic pathways, which appear to be conserved from bacteria to humans
(Athenstaedt and Daum, 2006), have received substantial attention in the last decade.
Two TAG biosynthetic pathways, the acyl CoA-dependent and acyl-CoA-independent
pathway, have been clarified. In the former pathway, commonly known as the
Kennedy pathway, diacylglycerol (DAG) and fatty acyl-CoAs are substrates of DAG
acyltransferase (DGAT) that catalyzes the terminal step. In the acyl-CoA-independent
pathway, which is unique in plants, algae and fungi, the formation of TAG is
catalyzed by phospholipid:diacylglycerol acyltransferase (PDAT) using membrane
glycerolipids as acyl donors (Dahlqgvist et al., 2000).

PDAT belongs to the lecithin:cholesterol acyltransferase (LCAT) family and shares
structural similarity with human LCAT (Pan et al., 2015; Falarz et al., 2020). The
PDAT gene was identified from yeast (Saccharomyces cerevisiae) (Dahlgvist et al.,
2000), and subsequently PDAT was also identified in Arabidopsis (Arabidopsis
thaliana) (AtPDAT1 and AtPDAT2) (Stahl et al., 2004) together with several land
plants (Kim et al., 2011; van Erp et al., 2011; Pan et al., 2013; Aznar-Moreno and
Durrett, 2017; Marmon et al., 2017; Yuan et al., 2017; Xu et al., 2021),
Chlamydomonas reinhardtii (Yoon et al., 2012), Myrmecia incise (Liu et al., 2016c¢)
and Nannochloropsis (Fattore et al., 2022; Yang et al., 2022). Usually, land plants
contain multiple PDAT copies in contrast to the single copy in yeast and microalgae
(Pan et al., 2015). PDAT is indispensable to TAG biosynthesis at the exponential
growth stage in yeast (Oelkers et al., 2000) and C. reinhardtii (Yoon et al., 2012),
while no change of fatty acid (FA) content or composition was observed in the seeds
of AtPDAT1 overexpression and knockout lines of Arabidopsis (Stahl et al., 2004;
Mhaske et al., 2005). Nevertheless, silencing of AtPDAT1 under a dgatl knockout
background resulted in a severe decrease in seed TAG level, and the double mutation

led to the lack of visible oil bodies (Zhang et al., 2009), suggesting that PDAT1 and
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DGAT1 have overlapping functions in TAG biosynthesis in developing seeds and
pollen. Furthermore, AtPDAT1 is essential for TAG biosynthesis and maintaining
lipid homeostasis in growing tissues in Arabidopsis (Fan et al., 2013, 2014). In
contrast, Nannochloropis oceanica PDAT (NoPDAT) acts under nutrient stress, and an
impairment of NoPDAT does not trigger any compensatory mechanism via the
acyl-CoA-dependent pathway (Yang et al., 2022).

Diatoms are abundant unicellular algae found in most aquatic habitats, and
responsible for about 20% of the primary production on Earth (Field et al., 1998;
Falkowski et al., 2004). Phaeodactylum tricornutum is one of the model diatoms with
the capacity to accumulate eicosapentaenoic acid, fucoxanthin, and neutral lipids
(mostly TAGSs), and thus is perceived as a microalgal cell factory for high-value
products and oil production (Butler et al., 2020). Six DGAT encoding genes were
identified in P. tricornutum (Guihéneuf et al., 2011; Cui et al., 2013; Gong et
al., 2013), and several of them have been overexpressed to improve TAG
accumulation (Niu et al., 2013; Cui et al., 2018; Dinamarca et al., 2017; Haslamet
al., 2020; Zhang et al., 2021). In particular, overexpression of PtDGAT1 produced
more than double the amount of TAG and total lipids (Zhang et al., 2021). However, P.
tricornutum PDAT (PtPDAT), a single copy gene annotated in the genome (Bowler et
al, 2008), remains yet to be studied.

Gene expression is a complex trait that is regulated by genetic and epigenetic
variation and also by developmental and environmental cues (Pastinen, 2010).
Although most genes are expressed equally from both alleles, some genes are
differentially expressed. The preferential expression of one of the alleles is termed as
allele-specific expression (ASE). ASE has been found across human tissues (Aguet et
al., 2017) and is regulated by genetic and environmental effects (Buil et al., 2014).
ASE has also been demonstrated in land plants such as Arabidopsis (Zhang and
Borevitz, 2009; Todesco et al, 2010) and rice (Oryza sativa) (He et al., 2010;

Chodavarapu et al, 2012; Shao et al, 2019). In diatoms, ASE was reported in the polar
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Fragilariopsis cylindrus and the allelic imbalance in gene expression might play an
important role in the adaptation to new environments (Mock et al., 2017). Nomaguchi
et al. (2018) revealed that there were subgenomic preferences in about 61% of
homoeologous gene pairs in the allodiploid diatom Fistulifera solaris. ASE in P.
tricornutum has also been analyzed using whole genome RNA-seq data and
polymorphism calling, which indicated that 22% of the genes showed moderate bias
in allelic expression and 1% showed nearly complete monoallelic expression (Hoguin
et al., 2021). PDAT was considered to be allele-specifically expressed in both F.
solaris and P. tricornutum (Nomaguchi et al., 2018; Hoguin et al., 2021).

In this study, the ASE of PtPDAT in response to various environmental stimuli was
analyzed using previously published RNA-seq data and was verified by experiments.
Sequences of the two PtPDAT alleles were compared, and in vivo and heterologous in
vivo functions of their encoded proteins were studied. We reveal the critical and
unequal role of PDATs encoded by alleles in mediating TAG synthesis. Furthermore,

ASE might be a key strategy in response to nutrient stress in the diatom.

Results

Sequence and expression analysis of the PDAT alleles in P. tricornutum

PDAT belongs to the lecithin:cholesterol acyltransferase (LCAT) family, and P.
tricornutum possesses two LCATs (Phatr3_J49702 and Phatr3_J8860) (Huang et al.
2019). Only Phatr3_J8860 harbors domains conserved in PDAT polypeptides (Falarz
et al., 2020), and expressed sequence tag (EST) libraries (Maheswari et al., 2010)
show some single nucleotide variants (SNVs) within the coding region of PtPDAT
gene. A large number of single nucleotide polymorphisms (SNPs) were found in ten
sequenced accessions of P. tricornutum (Pt1-Pt10 strains). The 10 accessions were
subdivided into four genetic clades (A-D) in our previous study (Rastogi et al, 2020),
and the coding regions of PtPDAT were assembled using whole genome resequencing

data of Pt1- Pt10. In Genotype A (Pt1, Pt2, Pt3 and Pt9), the coding region of PDAT
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alleles (allele 1 and allele 2) boasted 47 SNVs (Supplemental Figure S1), resulting in
17 amino acid differences between the encoded proteins (Supplemental Figure S2).
SNVs were also found in PDAT allelic sequences of Genotype D (Pt6, Pt7 and Pt8).
However, there is no difference between the PDAT allelic sequences of Genotype B
(Pt4) and Genotype C (Pt5 and Pt10). PDAT was allele-specifically expressed in strain
CCMP2561 (Pt1) (Hoguin et al., 2021), the most commonly used strain in
laboratories, so this strain was used to analyze the expression of PDAT alleles and
published RNA sequencing data from five bioprojects from which 87 samples were
selected (Supplemental Dataset S1).

PtPDAT transcript level was up-regulated in response to nitrogen-free (PT1_-N)
treatment for 48 h (Levitan et al., 2015). PDAT allele 2-specific transcript level was
higher under nitrogen-free condition compared with nitrogen-replete (PT1_+N)
condition, however, PDAT allele 1-specific transcript decreased under nitrogen-free
condition (PT1_-N) (Figure 1A). These results indicated that the up-regulation of
PtPDAT transcript level can be attributed to the increased expression of allele 2.
Consistently, allele 2-specific transcript was also higher under no nitrate treatment for
4, 8 and 20 h (Matthijs et al., 2016) compared with that of the respective control, and
incubation in N-free media for 2 h (Mccarthy et al., 2017) or 18 h (Smith et al., 2019)
resulted in higher allele 2-specific transcript relative to the incubation in NH;* media
(Figure 1A; Supplemental Figure S3). Furthermore, allele 2-specific transcript
increased gradually from 4 to 20 h during the cultivation (Figure 1A), and tended to
increase from 18 to 66 h but then remained relatively stable from 90 to 162 h (P >
0.05). In addition, neither PtPDAT nor allele 2-specific transcript was up-regulated by
early (‘36 h’ and ‘4 d’) phosphorus depletion (Matthijs et al., 2016; Cruz de Carvalho
et al., 2016), while late (‘8 d’) phosphorus depletion (Cruz de Carvalho et al., 2016)
gave rise to increased PtPDAT transcript owing to the increased transcripts of both
alleles (Figure 1B). Growth with different nitrogen sources (NH;", NO,™ or NO3")

(Smith et al., 2019) resulted in comparable transcript levels of PtPDAT, and a slight



165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192

increase of allele 2-specific transcript was observed under nitrate and nitrite
conditions compared with ammonium condition (Supplemental Figure S3). Dark
treatment induced the simultaneous increase of transcript level in both PDAT alleles,
leading to the dramatic increase of PtPDAT transcript. No obvious difference of
PtPDAT transcript was found in samples treated with nocodazole (Matthijs et al.,
2016), and transcripts of alleles 1 and 2 showed no difference under different CO,
concentrations (Supplemental Figure S3). Although the iron limitation decreased
allele 1 transcription, Fe- or vitamin B12-limition had no significant (P > 0.05) effect
on the mRNA levels of allele 2 (Allen et al., 2008) (Supplemental Figure S3). These
results indicated that allele 2 transcript could be specifically induced by nitrogen
stress. According to our immunoblotting assay, PDAT protein level in the batch
culture soared from 12 to 36 h (nitrate in the media was nearly exhausted at 36 h, Ge
et al., 2004), and then a modest increase was observed from 36 to 84 h followed by a

decrease at 108 and 156 h (Figure 1C).

Overexpression of PDAT allele 2 significantly promotes TAG accumulation

To understand the function of PDAT, two PDAT alleles were separately overexpressed
in P. tricornutum cells. A substantial increase (1.6 to 12.4-fold) of PtPDAT
transcription occurred in all the four overexpression (OE) lines on day 5, detected by
RT-gPCR using universal primers, though some OE strains showed no or very little
up-regulation compared with wild-type (WT) on day 3 and 4 (Figure 2A).
Subsequently, allele-specific primers were used to detect PDAT expression, and PDAT
showed up-regulation (4.4~8.3-fold on day 3 and over 38-fold on day 5) only in allele
1 OE lines with allele 1-specific primers, indicating that the primer pair was highly
specific (Figure 2A). When detected with allele 2-specific primers instead of universal
primers, the relative level of PDAT was substantially higher in allele 2 OE lines not
only on day 5 but also on day 3, but the increase fold of the relative level lowered

from 8.1~12.4-fold to 2.3~3.3-fold on day 5 in allele 1 OE lines. Thus, the specificity
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of allele 2-specific primer pair was acceptable but that of allele 1-specific primer pair
was more admirable.

The relative expression results using universal primers and highly specific allele 1
primers respectively were used to evaluate the background expression of PDAT alleles
(transgenic-derived PDAT transcripts were excluded). After calculation using the
formula provided in the Methods, the expression of allele 2 was higher than that of
allele 1 especially on day 5 (about 3 times), which is consistent with the RNA
sequencing data that allele 2-specific transcript was higher under nitrogen limitation.
In addition, RT-gPCR and western blotting results both indicated that the relative
expression levels of PDAT in allele 1 OE lines were higher than those in allele 2 OE
lines, and that PDAT relative expression was up-regulated under nitrogen limitation
(day 4~5) in all lines (Figure 2, A and B).

Overexpression of allele 1 resulted in remarkable inhibition of growth on day 10
(decreased to 77-79% of WT) while no substantial difference of growth was observed
during exponential phase with 500 uM nitrate (LN+NP) (Figure 3A), and it had
almost no effect on both nitrate utilization and neutral lipid content (Figure 3, B and
C). Compared with WT, allele 2 OE lines exhibited lower cell densities throughout the
whole growth phase (decreased by 11-16% on day 10) (Figure 3D). Although there
was no difference in nitrate utilization between allele 2 OE lines and WT (Figure 3E),
neutral lipid content detected by Nile red was higher (increased by 43-59% and 44-54%
on day 8 and day 10, respectively) in allele 2 OE lines during the whole cultivation
period (Figure 3F). Increased TAG contents were also demonstrated by the thin-layer
chromatography (TLC) analysis in allele 2 OE lines on day 8 and 10 (Supplemental
Figure S4a).

To observe how allele 2 functioned in response to different nutrient concentrations,
allele 2 OE lines were cultivated in the media with high nitrate and high phosphate
(HN+HP), high nitrate and normal phosphate (HN+NP), and low nitrate and high

phosphate (LN+HP) respectively. Under HN+HP condition, no differences were
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observed in growth (Figure 4A), and nitrate and phosphate utilization (Figure 4B)
between allele 2 OE lines and WT, meanwhile nearly no neutral lipid was detected in
the OE lines and WT (Figure 4C). Overexpression of PDAT allele 2 inhibited the
growth under HN+NP (Figure 4D) condition after day 8 (decreased by 11-14% on day
14, P < 0.05) but did not affect the nitrate and phosphate utilization (Figure 4E).
However, allele 2 OE lines possessed higher neutral lipid content (increased by 53-74%
on day 14) (Figure 4F). Growth of allele 2 OE lines tended to decrease slightly
(decreased by 10-19% on day 10) compared with WT under LN+HP (Figure 4G)
condition, and nitrate and phosphate utilization was not different between them
(Figure 4H) while neutral lipid content was higher in the OE lines, especially on day
10 (increased by 58-63%) (Figure 41). These results showed that the limitation of
either nitrate or phosphate in the media could induce neutral lipid accumulation, while
nitrate limitation in the media enhanced neutral lipid accumulation to a higher extent
than phosphate limitation (Figure 4, F and 1). It is suggested that the combination of
allele 2 overexpression and nitrate starvation gave rise to much higher TAG
accumulation. In contrast , overexpression of PDAT allele 1 gave rise to a slightly
higher cell density on day 14 (HN+HP, HN+NP) or 10 (LN+HP), and had almost no

effect on the neutral lipid content (Supplemental Figure S5)

The enzyme encoded by PDAT allele 2 rather than allele 1 shows TAG
biosynthetic activity in yeast

As the overexpression of PDAT allele 2 instead of allele 1 enhanced TAG
accumulation in vivo (Figure 3; Supplemental Figure S4a), the coding sequences
(CDS) of the two alleles and four reconstructed PDATs (PDAT3-6) were expressed in
the TAG-deficient yeast H1246 to verify the activity of proteins encoded by the 6
PDATs. Reconstructed PDAT3-6 were generated by replacing the fragment in PDAT
allele 1 with the corresponding segment from allele 2 (Figure 5A; Supplemental

Figure S2). Obviously, yeast cells carrying the protein encoded by allele 2
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accumulated the TAG-filled lipid droplets (LDs, indicated by green fluorescence). In
contrast, similar to EV (negative control), yeast cells carrying the protein encoded by
allele 1 failed to accumulate detectable LDs (Figure 5B). LDs in yeast cells
expressing the four reconstructed PDATSs were less than those in H1246 cells
expressing PDAT allele 2, and as for the 4 reconstructed PDATS, yeast cells carrying
PDAT6 and PDAT4 exhibited the strongest and weakest green fluorescence signal
respectively (Figure 5B). TLC (Figure 5C) and GC-MS analysis (Figure 5D) further
confirmed that considerably high amount of TAG was accumulated in yeast cells
carrying the protein encoded by allele 2, PDAT6 or PDAT3, while yeasts expressing
PDAT4 or PDATS5 synthesized only a trace amount of TAG. TAG was almost not
detectable in yeast cells carrying the protein encoded by allele 1. The relative
abundance of fatty acids in TAG was similar in yeast cells expressing the three
functional PDATs (Figure 5E).

Although PDAT allele 1 encoding protein showed little TAG biosynthetic activity,
replacing the N-terminal (PDAT3, including 7 amino acid variants) or C-terminal
peptides (PDATS, including 3 amino acid variants) of allele 1 encoding protein with
the corresponding allele 2 encoding peptides recovered the enzyme activity. It is
suggested that these 10 amino acid variants had a positive impact on the protein
activity. Structure predictions revealed subtle differences in the distance between the
catalytic triad residues (S-D-H) in all the 6 PDATSs (Supplemental Figure S6a).
PDAT1 and PDAT2 had similar 3D structures and they were well superposed with
each other except the flexible coil region and transmembrane helix al at the
N-terminal part and the last helix a at the C-terminal (Figure 5F; Supplemental Figure
S6). The amino acid differences in the N-terminus of PDAT1 and PDAT2 were mainly
located at the flexible coil region before the transmembrane helix (Supplemental
Figure 7a), which might lead to different substrate recognition and binding activities
for PDAT1 and PDAT?2. Electrostatic surface potential of PDATs indicated that
negatively charged amino acids in the C-terminus of PDAT1 (T708R and F717R),

10
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compared to PDAT2, drew the last helice closer to the core structure (Supplemental
Figure 7b). These differences might lead to different TAG biosynthetic activities.
Therefore, PDAT3 and PDAT®6, which possess similar structures to PDAT?2 at the
N-terminus and C-terminus respectively (Supplemental Figure S6), recovered the

partial enzyme activity.

PtPDAT uses phosphatidylcholine (PC) and monogalactosyldiacylglycerol
(MGDG) as substrates

To generate PtPDAT knockout (KO) lines, two sgRNAs (Psgl and Psg2) were
designed targeting the N-terminus, and one mutant at each site was selected from the
obtained transformants for further analysis. PDAT-KO34 line (the Psgl mutant) and
PDAT-KO52 line (the Psg2 mutant) had a 2 bp deletion and 1 bp insertion,
respectively (Supplemental Figure S8). Both mutants introduced a premature stop
codon and neither of the two KO lines harbored wild-type alleles. The two PDAT-KO
lines exhibited increased growth compared with WT cells from day 6 to 14 (Figure
6A), and nitrate utilization of the two PDAT-KO lines was slightly slower than that of
WT on day 2 (Figure 6B). Neutral lipid content detected by Nile red in PDAT-KO
cells decreased throughout the cultivation period compared with what was observed in
WT cells (Figure 6C). TLC analysis also showed that TAG content was decreased by
30-32% on days 12 and 14 in the two PDAT-KO lines compared with WT
(Supplemental Figure S4b).

To uncover the PDAT-KO-associated global changes of lipid composition, lipid
class profiling by mass spectrometry analysis was conducted for WT and PDAT-KO
cultures harvested on day 3, 4 and 5 under air-bubbling condition. Most abundant
polar lipids were three plastid glycoglycerolipids, i.e. MGDG,
digalactosyldiacylglycerol (DGDG) and sulfoquinovosyldiacylglycerol (SQDG). In
the course of cultivation, the content of SQDG, MGDG, phosphatidylglycerol (PG),

phosphatidylinositol (PI), phosphatidylethanolamine (PE) and PC decreased, while

11
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that of TAG increased with time (Figure 7A). WT cells contained TAG of about

30 mol%, a content comparable to the previous works (Lupette et al., 2019), on day 4
when nitrogen was exhausted. Consistent with Nile red and TLC assay results, TAG
content on day 4 and 5 decreased by 19-57% and 12-38% respectively in the two
PDAT-KO lines compared with WT cells. Accordingly, the KO lines accumulated a
much higher level of MGDG (increased by 17-54%) and PC (increased by 70-80%)
on day 5 (Figure 7A), indicating that MGDG and PC could be the substrates of
PtPDAT.

The composition of acyl molecular species, especially in MGDG, PC and TAG, was
different between PDAT-KO lines and WT strain (Figure 7, B, C and D; Supplemental
Figure S9). The major MGDG species detected in our study were 20:5/16-C and
16-C/16-C (Figure 7B), which indicated that they were chloroplast-derived or
“prokaryotic” lipids. Similar fatty acid composition could also be observed in DGDG
(Supplemental Figure S9c). The increased MGDG species in PDAT-KO lines,
compared with WT cells, were mainly unsaturated 16-C/16:3 and 16:1/16:2 (Figure
7B), while the decreased TAG species in PDAT-KO lines were mainly 48:1
(16:0/16:0/16:1) and some more unsaturated species such as 52:6 (20:5/16:0/16:1) and
52:7 (20:5/16:1/16:1) (Figure 7C). The PC species of 16:1/16-C, 20:5/16:1 and
20:5/16:2 in PDAT-KO lines were higher than those in WT (Figure 7D). These
acyl-donors were in line with those fatty acids in the decreased species of TAG.
Saturated 16-C acyl-donors in MGDG, which might not be transferred to TAG due to
the loss of PDAT activity in PDAT-KO lines, were rapidly desaturated resulting in a
lower mol% of MGDG 16:1/16:0 (Figure 7B) and increased unsaturated MGDG. In
addition, mol% of unsaturated DGDGs, PEs and DGTA
(diacylglycerylhydroxymethyltrimethyl-B-alanine, 20:5/16:1 and 20:5/16:2) also
increased in PDAT-KO lines (Supplemental Figure S9, c, d and f). The composition of
acyl molecular species in PG, DAG and SQDG showed little difference between KO

lines and WT (Supplemental Figure S9, a, b and e). The relative abundance of C16:0

12
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and C18:3 in the total lipids was lower in PDAT-KO lines, while that of C16:1, C16:2,
C16:3 and C18:1 tended to increase (Supplemental Figure S10). Considering the
species of fatty acids that are strongly decreased in TAG and those were
correspondingly increased in membrane lipids, the dynamic recycling, mainly of 16:1,
was impaired in PDAT-KO strains. In addition, PDAT knockout had contribution to

the feeding of membrane lipids with eicosapentaenoic acid (C20:5).

PtPDAT shares a closer phylogenetic relationship with green algal PDATs

Our previous study suggested that stramenopile PDATs were polyphyletic and diatom
PDATSs did not clustered together with Nannochloropsis PDATSs (Yang et al., 2022).
Maximum-likelihood tree showed PtPDAT and Thalassiosira pseudonana PDAT
exhibited a closer phylogenetic relationship with green algal PDATs and were
clustered with six clades of land plant PDATs (clades 11-V1I) (Pan et al., 2015)
(Figure 8A). Like N. oceanica PDAT, PtPDAT also harbors domains conserved in
PDAT polypeptides based on protein sequence alignment (Yang et al., 2022). We used
HECTAR, a method to predict subcellular targeting in Heterokonts/Stramenopiles
(Gschloessl et al., 2008), to predict the subcellular localization of PtPDAT. It
contained a signal anchor while had no targeting sequence to chloroplast or
mitochondrion. Prediction by TargetP (http://www.cbs.dtu.dk/services/TargetP/) did
not support the localization in chloroplast or mitochondrion, either. Besides, PtPDAT
was not predicted to be a plastid-targeted protein by ASAFind
(https://rocaplab.ocean.washington.edu/tools/asafind/). Laser confocal scanning
microscopy analyses showed that the green eGFP signal formed regular layers
surrounding the chlorophyll autofluorescence in the PtPDAT-eGFP transformants
(Figure 8B). PtPDAT was predicted to have a transmembrane domain (Supplemental
Figure S2), and the green fluorescence signal was not identical to the reported patterns
of marker proteins located in the three outermost membranes of the plastid (Liu et al.,

2016b), but was consistent with the reported fluorescence patterns of two
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endosymbiont-derived inner membrane (IEM)-localized triose phosphate translocators
(TPTs, TPT4a and TPT4b) (Moog et al., 2015). Thus, PtPDAT should be localized in
IEM. A three-dimensional visualization of PtPDAT-eGFP and chlorophyll
autofluorescence signals further supported the IEM localization of PtPDAT (Figure

8B; Supplemental Figure S11).

Discussion
Allelic variation and allele-specific expression of the PtPDAT gene
Allelic variation is considered to be an important driving force in adaptive evolution
to distinct environmental conditions. In plants, the naturally occurring intraspecific
allelic diversity has been reported to contribute to phenotypic variations by altering
the structure, function, or expression level of the encoded protein (Tao et al., 2009;
Kloosterman et al., 2013; Zhao et al., 2016). Natural allelic variation has also been
widely found in diatoms from predominantly coastal regions and the gene diversity
(heterozygosity) estimates range from 39 to 88% (Godhe and Rynearson, 2017). In F.
cylindrus genome, about 29% of the predicted protein-coding genes are represented
by diverged alleles, among which about 66% showed allelic imbalance in at least one
experiment (Mock et al., 2017). Sequence divergence between alleles in F. cylindrus
IS up to 6%, and there was a 2.6% nucleotide base difference of DNA sequence
between PtPDAT allele 1 and allele 2 in our study (Supplemental Figure S1). More
than 80% of the predicted protein-coding genes have homoeologous counterparts and
61% of homoeologous genes show differential expression in the allodiploid diatom F.
solaris (Tanaka et al., 2015). In P. tricornutum, about 60% of the genes have at least
one SNV in transcripts of two alleles and 38% of the genes with SNVs in their alleles
are not equally expressed (Hoguin et al., 2021).

PtPDAT was reported as an ASE gene in previous analysis of RNA-Seq data of WT
P. tricornutum at late exponential phase (Hoguin et al., 2021). In our study, 87 sample

data related to different nitrogen sources, sufficient or limited nitrogen or phosphate,
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and dark or nocodazole treatment were analyzed. The results showed that ASE of the
PtPDAT gene was mainly regulated by the nitrate concentration in the medium
(Figure 1; Supplemental Figure S3) and the PDAT allele 2-specific transcript level
dramatically increased in response to nitrogen limitation, indicating that ASE plays a
key role in TAG accumulation in P. tricornutum. Promoter region analysis indicated
the variants of the regulatory elements in the two PDAT alleles (Supplemental Figure
S12; Supplemental Dataset S2), and these variants might be highly responsive to the
fluctuating nitrate concentrations but further experiments should be performed to
interpret the regulation modes. Abida et al. (2015) found the TAG accumulation with
different time scales and magnitudes in strains Pt1-Pt10 under nitrogen deprivation,
which might result from the gene diversity of PtPDAT in the 10 strains (Supplemental
Figure S1). Except for the different expression levels of PDAT in the 10 strains
(Supplemental Figure S13a), the amino acid variation of PDATSs in the four Genotypes
(Supplemental Figure S2) that changed the protein folding (Supplemental Figure S13b)

might also have an impact on TAG biosynthetic activities.

Distinct activity of proteins encoded by PDAT allele 1 and allele 2

Proteins encoded by PDAT allele 1 and allele 2, two differentially expressed alleles in
P. tricornutum, showed distinct enzymatic activities both in P. tricornutum and in
yeast. Overexpression of allele 2 rather than allele 1 gave rise to a substantial TAG
accumulation; likewise no TAG biosynthetic activity was detected in TAG-deficient
yeast expressing PDAT allele 1 encoding protein (Figure 5). In particular, even before
day 4 when the nitrate was not exhausted (Figure 3), TAG content was much higher in
allele 2 OE lines than that of WT, indicating TAG accumulation occurred at the
exponential growth stage (the nonstress condition). In contrast, a negligible increase
was present at the stationary stage (day 8 and 10) in the allele 1 OE strains (Figure 3).
Distinct enzymatic activities should be attributed to the amino acid variants between

the two allele encoding proteins, though these variants did not exist in the seven most
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characteristically conserved domains of PDAT polypeptides except the substitution of
alanine by valine and of aspartate by glutamate in conserved domains I and Il
respectively (Supplemental Figure S2). Both of the substitutions took place in
segment 2 of PtPDAT in our study, and replacing this segment in PDAT allele 1 with
the corresponding segment from allele 2 did not change the enzymatic activity,
indicting the two amino acid variants had no effect on the activity. Seemingly trivial
amino acid changes in N-terminal and the C-terminal should be taken into
consideration to interpret the causes of the loss of enzymatic activity in the allele 1
encoding protein. Amino acid substitutions/insertions in animal or plant DGATs have
been reported to substantially change the enzymatic activities in vivo or in vitro. A
nonconservative K232A substitution in bovine DGAT1 gene has a major effect on
milk fat content (Grisart et al., 2002; Winter et al., 2002), and substitutions of two
amino acids (N6D or A26P) near the extreme N-terminus in peanut DGAT? increased
the enzymatic activity level in yeast (Zheng et al., 2017). A phenylalanine insertion in
maize DGAT1-2 in the predicted transmembrane domain alters the overall protein
structure and influences the enzymatic activity (Zheng et al., 2008). The +1 position
of the catalytic serine has been proved to be particularly important for the function of
PDATs and mutagenesis at this site (L206M or L206Y) in human LCAT is likely to
change the conformation of the active site pocket (Falarz et al., 2020). Although
predicted structures of the two PDAT allele encoding proteins are very similar, protein
structure resolution is important to identify the effect of amino acid changes on the
function of the two allele encoding proteins in the future.

Surprisingly, more severe inhibition of growth was observed in allele 1 OE strains
compared with allele 2 OE strains during the period of TAG accumulation (from day
6 to 10, Figure 3), suggesting the potential but unknown activities of the
acyltransferase encoded by allele 1, and thus further studies are required. Indeed, C.
reinhardtii PDAT has been reported to be a multifunctional protein possessing

acyltransferase and lipase activities with broad substrate specificity in vitro (Yoon et
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445  al., 2012).

446

447  Subcellular location and substrates of PtPDAT

448  Phylogenetic analyses indicated that diatom PDATS grouped in a sister clade to green
449  algae clade with a strong support, and they were far away from PDATSs of the

450  secondary endosymbiotic algae N. oceanica and N. gaditana (Figure 8A). N. oceanica
451  PDAT resided at the chloroplast endoplasmic reticulum (Yang et al., 2022), while
452  PtPDAT was proved to be located in IEM here. These results revealed different

453  origins of PDATSs in the two secondary endosymbiotic algae. C. reinhardtii PDAT
454 harbors a chloroplast transit peptide and was identified in the chloroplast based on the
455  proteomic analysis (Terashima et al., 2011). Phylogenetic relationship and subcellular
456  location suggested that diatom PDAT shared the same origin in evolution with green
457  algal PDATs.

458 Arabidopsis PDAT1 and S. cerevisiae PDAT possess similar substrate specificity,
459  and prefer the zwitterionic phospholipids PE and PC, particularly PE, as acyl donor
460  for TAG biosynthesis (Dahlqvist et al., 2000; Ghosal et al., 2007; Fan et al., 2013,
461  2014; Feng et al., 2019); and N. oceanica PDAT uses PE and PG as acyl-donors in
462  vivo and shows an apparent preference for PG in vitro (Yang et al., 2022). C.

463  reinhardtii PDAT, as an acyltransferase and a lipase, can use a broad range of

464  substrates, including TAG, phospholipids, galactolipids, and cholesteryl esters (Yoon
465  etal., 2012) in vitro. However, in vivo, it uses chloroplast membrane lipids,

466  particularly MGDG, SQDG and PG, as substrates to synthesize TAG, and only

467 MGDG could be efficiently utilized as an acyl donor (Yoon et al., 2012). The green
468 alga M. incise preferentially used PC as the substrate as revealed by in vitro enzyme
469  activity assay (Liu et al., 2016¢). IEM-localized PtPDAT also used chloroplast lipids
470 MGDG and PC as substrates in vivo in our study, and MGDG was preferred, which
471  further supports a common origin in evolution of PtPDAT and green algal PDATSs.
472  Thus, like plant PDATSs, PtPDAT contributes to membrane remodeling and
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degradation in this diatom.

Materials and methods

Strain and Growth Conditions

Axenic culture of the diatom Phaeodactylum tricornutum Bohlin (CCMP2561) was
obtained from the Provasoli-Guillard National Center for Marine Algae and
Microbiota at Bigelow Laboratory for Ocean Sciences, USA. For the analysis of lipids,
reverse transcription quantitative PCR (RT-gPCR) and western blot, cultures were
inoculated with 2x10° cells mL™ in artificial seawater enriched with f/2 (Guillard,
1975) and cultivated at 22°C bubbling with filtrated air under continuous illumination
of 100 pmol photons m?s™. For the growth experiment, nitrate and phosphate in the
media were set at different concentrations (500 pM nitrate for nitrogen-limited; 7056
MM nitrate/289 uM phosphate for nitrogen/phosphorus-replete) and cells were

cultivated on a shaking table with continuous shaking at 60 rpm.

PtPDAT Sequence Analysis in Silico and Experimental Verification
Whole genome resequencing data of ten accessions of P. tricornutum (Rastogi et al.,
2020) were used for the detection of single nucleotide variants (SNVs) of PtPDAT
gene. Sequences of two allelic PtPDAT promoters were assembled using
corresponding fragments in the resequencing data of Pt1 (Rastogi et al., 2020).
Reference sequence was from the latest version of the P. tricornutum genome
(http://protists.ensembl.org/Phaeodactylum_tricornutum; Phatr3_J8860). The
full-length cDNA of PtPDAT was further verified based on EST libraries (Maheswari
et al., 2010) and 5°-RACE data. 5’-RACE was performed with specific antisense
primers for 5racel, Srace2, and 5race3 (Supplemental Dataset S3) in combination
with a universal sense primer according to the instructions of the manufacturer
(5’-Full RACE Kit, TaKaRa, Japan).

RNA-seq data with NCBI accession IDs PRINA242990, PRJEB11970,
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PRINA382762, PRINA311568, PRINA278661, PRINA101889 and PRINA322663
were used for in silico analysis of PtPDAT ASE. CDS of the two PtPDAT alleles
(designated as PDAT1 and PDAT2) were used as the reference sequence. Reads with
remaining adapters or with a low quality value (Q<20 more than 30%) were discarded
by NGS QC Toolkit (v2.3.3), and then the clean data were aligned to the two PDAT
alleles using Bowtie2 (v2.1.0) (Langmead and Salzberg, 2012) and alignments
without mismatch or gap were selected for subsequent statistical analysis. We counted
the number of reads matched to PDAT allele 1 and PDAT allele 2 and got the
coverage of the reads on each base of two alleles using bedtools (v2.25.0). An
in-house bash script was used to calculate the number of reads at SNP of the two

alleles. Then RPKM values were calculated from the number of reads.

Western blot analysis

For the analysis of PtPDAT protein expression, wild-type cells grown for 12, 24, 36,
48, 60, 72, 84, 108 and 156 h were harvested by centrifugation (3000 g, 15 min), and
so were WT and PDAT overexpression (OE) lines grown for 2, 3 and 4 d. By
ultrasonication for 10 min at 10% intensity, total protein was extracted from cells
washed with PBS before liquid nitrogen freezing in western and IP lysis buffer
supplemented with 1 mM phenylmethanesulfonyl fluoride (Beyotime Biotechnology,
China). Extracts were centrifuged and protein concentration was determined using the
Beyotime BCA protein assay Kit. After denaturation, total protein was separated by 10%
SDS-PAGE gel and then transferred to polyvinylidene fluoride membrane. The
membranes were incubated with anti-PtPDAT antibody followed by HRP-conjugated
secondary antibody, and blots were developed with Immobilon Western
Chemiluminescent HRP Substrate (Millipore, USA). Images of the blots were
obtained using an ImageQuant LAS 4000 mini apparatus (GE Healthcare Life
Science). Polyclonal antibody of PtPDAT was generated by Genscript Corporation
(Nanjing, China) against a synthetic peptide COEKPSSRTWHDPTR.
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Reverse transcription quantitative PCR (RT-qPCR)

For RNA extraction, cells of WT and PDAT OE lines grown for 3, 4 and 5 days were
harvested by centrifugation (3000 g, 15 min), and then washed with PBS. Total RNA
was extracted with TRIzol reagent (Invitrogen) from liquid nitrogen-frozen cells.
DNA was removed by gDNA Eraser and first-strand cDNA was synthesized using
PrimeScript RT reagent Kit (TaKaRa). RT-gPCR analysis was performed with
LightCycler 480 SYBR Green | Master Mix and a LightCycler 480 Machine (Roche).
Primers used for RT-gPCR are shown in Supplemental Dataset S3. Histone H4, whose
MRNA expression was stable under the cultivation condition (Siaut et al., 2007),
served as the internal control gene for normalizing the expression of PtPDAT.
Technical triplicates were performed for duplicate cultures. The mean values of

272 method.

relative mRNA quantities were calculated according to the

Ratio of background expression level of PDAT allele 2 and 1 (N) was estimated
using the following formula: N= (L2-L1)/(L1-1), where L1 is the relative level of
PDAT in allele 1 OE lines detected by RT-gPCR using universal primers, and L2 is
the relative level of PDAT in allele 1 OE lines detected by RT-qPCR using allele
1-specific primers. The specificity of PDAT allele-specific primers was validated by
PCR, RT-gPCR, and sequencing (Supplemental Figure S14).

For the comparison of PDAT mRNA levels in different accessions of P. tricornutum

(Pt1-Pt10 strains), exponential growth cells were used for the total RNA extraction.

Overexpression, GFP Fusion and Knockout Construction

To generate allele-specific overexpression constructs, full-length CDS of two
PtPDAT alleles were PCR amplified respectively with different allele-specific primer
pairs using cDNA as template and cloned into the pPha-T1 vector (between the Xbal
and HindlII1 sites). For the localization analysis of PtPDAT, the CDS of PDAT2 was

inserted into the pPhaT1-eGFP vector between the EcoRI and Kpnl sites (Zhang and
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Hu, 2014) to generate a C-terminal GFP fusion protein PtPDAT-eGFP. Inserts of all
constructs were sequenced to confirm that no unintended nucleotide changes were
present.

The CRISPR/Cas9 vector developed by Nymark et al. (2016) was employed to edit
PDAT in P. tricornutum. Candidate sRNAs were generated using the Phyto
CRISPEX online package (Rastogi et al., 2016) and two 20 nt guide RNAs Psgl
(PDAT _293: GTTTCGGTGTCCTGGATCCT) and Psg2 (PDAT_523:
TATCCTGTGGTCATGATGCC) were chosen based on the position and allelic
consensus sequence within PDAT gene. Complementary oligos containing flanking
overhang sequences were then synthesized and ligated into pKS diaCas9_sgRNA
plasmid (Nymark et al., 2016). The constructs were verified via sequencing and were
co-transformed into WT cells with the pPha-T1 vector endowing zeocin-resistance.

Vectors were linearized before transformation and then introduced into P,
tricornutum by electroporation (Zhang and Hu, 2014). OE and eGFP fusion
transformants were screened by checking the integration of the target gene with the
primers pPhaT1 fw and pPhaT602_rv. Putative PtPDAT knockout lines were
screened via PCR (primers oe-fw and 523-rev for PDAT_293 KO lines, primers
293-fw and 979-rev for PDAT_523 KO lines) and the PCR product was sequenced
with primers oe-fw or 979-rev to identify the mutation in the corresponding region.

All primers for the PCR are listed in Supplemental Dataset S3.

Growth and TAG Content Analysis

Growth was determined by cell enumeration every 2 d using a Malassez chamber.
Concentrations of nitrate in the culture were measured spectrophotometrically at 220
nm (Collos et al., 1999) and those of phosphate with the colorimetric
phosphomolybdate complex method at 885 nm (Harrison 1988). Relative abundance
of the neutral lipid was estimated by fluorescence spectroscopy (Perkin-Elmer, LS 55)

with the fluorescent dye Nile red (Sigma-Aldrich) according to procedures described
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before (Ge et al., 2014). Total lipids were extracted from the cell pellet (Bligh and
Dyer, 1959) and were separated by one-dimensional thin-layer chromatography (TLC)
for the comparison of TAG contents (Reiser and Somerville, 1997) on silica gel plates
60 F254 (Merck KgaA, Darmstadt, Germany) with triolein as the standard

(Sigma-Aldrich). TAGs were identified by staining with iodine.

Functional complementation of PtPDAT in the TAG-deficient yeast

The full-length CDS of two PtPDAT alleles were PCR amplified (primers HR-fw and
plHR-rev for PDAT1 allele, primers HR-fw and p2HR-rev for PDAT2 allele) with P.
tricornutum cDNA as template. To reconstruct the PDAT CDS, the coding region of
PtPDAT gene was divided into four segments as shown in Figure 5A and
Supplemental Figure S2. Each segment was amplified with the corresponding primer
pair and template as shown in Supplemental Dataset S3 to generate four reconstructed
PDATs (PDAT3-6). The six PDAT sequences were cloned into the yeast expression
vector pYES2-CT (Invitrogen), respectively, using a ClonExpress Ultra One Step
Cloning Kit (Vazyme, C115, China). The resulting vectors were confirmed by
sequencing and then were transformed into the yeast (Saccharomyces cerevisiae)
TAG-deficient strain H1246 using S.c. EasyComp Transformation Kit (Invitrogen).
The empty vector (EV) pYES2-CT was used as the negative control. Transformants
were selected on solid SC-uracil medium (Teknova, Hollister, CA, USA). Yeast cells
were grown in liquid SC-uracil medium with 2% (w/v) raffinose for 24 h and
harvested by centrifugation (1,500 g, 5 min). For induction, cells were resuspended in
SC-uracil medium containing 2% (w/v) galactose with an initial ODgg of 0.4. After
the induction of 2 d, total lipids from yeast cells were extracted as described by Mao
et al. (2019) and were separated by one-dimensional TLC on silica gel plates 60 using
hexane/tert-butylmethyl ether/acetic acid (80/20/2, by volume) as the mobile phase.
Lipids were detected by spraying the TLC plate with 10% (w/v) CuSOy in 8% (v/v)

phosphoric acid, followed by charring at 180°C for 3 min.
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Fluorescent and Confocal Microscopy Analyses

Neutral lipids in yeast cells were stained with the fluorescence BODIPY™ 505/515
(Invitrogen) and then visualized under an Olympus BX51 Fluorescence Microscope
(Olympus) with excitation at 488 nm and emission between 505 and 530 nm (Zhang
et al., 2021). To observe the subcellular localization of PtPDAT, transformants were
visualized under a Leica TCS SP8 laser scanning confocal microscope with Leica
HyD hybrid detector in photon-counting mode (gain 10%). Chlorophyll
autofluorescence and GFP fluorescence were excited at 488 nm (30% intensity), and

were detected with 630-690 nm and 500-550 nm, respectively.

Lipid analysis

Fatty acid methyl esters prepared from the transesterification of yeast lipids were
analyzed using an Agilent 7890 capillary gas chromatograph equipped with a 5975 C
mass spectrometry detector and a HP-88 capillary column (60 m x 0.25 mm; Agilent
Technologies) (Liu et al., 2016a).

Triplicate cultures of wild-type P. tricornutum and PtPDAT KO lines were
harvested by centrifugation (3000 g, 10 min) and pellets were quickly frozen in liquid
nitrogen and then lyophilized. Lipids from the 100 mg freeze-dried cells per sample
were extracted and quantified by mass spectrometric analysis according to Lupette et

al. (2019).

Protein Structure Prediction and Phylogenetic Analysis
The protein models were predicted by Alphafold2. The structural models were viewed
using PYMOL software. The majority of PDAT protein families (Supplemental

Dataset S4) were incorporated into a maximume-likelihood tree by PHYML algorithm.

Statistical treatments
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Data were statistically analyzed using analysis of variance (ANOVA) followed by the
LSD test (P <0.05). Student’s t test was performed to assess the significant

differences (P <0.05) between two data.

Accession Numbers
Sequence data of P. tricornutum are from the latest version of the P. tricornutum

genome (http://protists.ensembl.org/Phaeodactylum_tricornutum). The accession

numbers used for phylogenetic analysis are in Supplemental Dataset S4.

Supplemental Data

Supplemental Figure S1. Single nucleotide variants (SNVs) within protein coding
regions of the PDAT gene in different accessions of P. tricornutum.

Supplemental Figure S2. Sequence alignment of the amino acids of PDAT in
different accessions of P. tricornutum.

Supplemental Figure S3. The analysis of allele-specific expression of PDAT gene in
response to various environmental stimuli based on the published RNA sequencing
data.

Supplemental Figure S4. Triacylglycerol (TAG) contents in P. tricornutum analyzed
by thin-layer chromatography (TLC).

Supplemental Figure S5. Effect of PDAT allele 1 overexpression on growth and
neutral lipid accumulation.

Supplemental Figure S6. Predicted structure of PDATs by AlphaFold.
Supplemental Figure S7. Close up view of PDAT predicted structures by AlphaFold.
Supplemental Figure S8. Targeted mutations of PDAT in P. tricornutum induced by
CRISPR-Cas9.

Supplemental Figure S9. Composition of PG, DAG, DGDG, PE, SQDG and DGTA
(A-F) (mol% within their class, respectively) in wild-type (WT) and PDAT knockout
lines (PDAT-KO34 and PDAT-KO52).

Supplemental Figure S10. Fatty acid composition of total lipids (mol%) in wild-type
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Figure legends

Figure 1 Transcription and protein levels of PDAT in P. tricornutum strain
CCMP2561 (Pt1). A. The analysis of allele-specific expression (ASE) of PDAT gene
in response to nitrogen stress based on the published RNA sequencing data. B. The
analysis of ASE of PDAT gene in response to phosphate stress based on the published
RNA sequencing data. C. Time course of expression of PDAT protein detected by
western blotting during batch culture. PDAT-com refers to the reads mapped to the
regions with no difference between PDAT alleles; PDAT1-sp and PDAT2-sp refer to
the reads specifically mapped to the two PDAT alleles 1 and 2, respectively. The
transcriptome data of PT1_+N (nitrogen-replete, i.e. treated with 882 uM nitrate for
48 h) and PT1_-N (nitrogen-free treatment for 48 h) were obtained from Levitan et al.
(2015); data of control 4h, 8h, 20h, 36h (88.2 uM nitrate and 36.3 uM phosphate),
data of no nitrate 4h, 8h, 20h, and data of no phosphate 36h were obtained from
Matthijs et al., 2016; data of WT_NH4 (mid-exponential phase cells with 880 uM
NH4+), WT_2h N-free (2 h of incubation in N-free media) and WT_1h, 18h, 42h, 66h,
90h, 114h, 138h, 162h, 228h (1~228 h after the transfer of cultures into 300 uM
NO3— media) were obtained from Mccarthy et al. (2017); and data of control 4d, 8d
(grown with 36.3 uM phosphate for 4 and 8 days), Pi depletion 4d, 8d (grown without
phosphate for 4 and 8 days), and recovery 4d (phosphate supplemented on day 4 to Pi
depleted cultures, then grown for 4 days) were obtained from Cruz de Carvalho et al.
(2016). * (by t-test and compared with PT1+N) and different letters (by one-way
ANOVA, lowercase and upper letters are refer allele 1 and 2, respectively) above the
bars indicate statistically significant differences (P < 0.05). Data represent mean + SD

(n=3).
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Figure 2 Expression of PDAT in allele-specific overexpression strains of P.
tricornutum. A. Relative mRNA levels of PDAT detected by real-time quantitative
PCR using universal primers (PDAT) or allele-specific primers (PDAT1 or PDAT?2).
Error bars represent standard deviation (SD) of triplicate technical replicates of
duplicate cultures. B. Expression of PDAT protein detected by western blotting during
batch culture. WT: wild-type; PDAT1-OE1 and PDAT1-OE4: two overexpression
lines of PDAT allele 1; PDAT2-OE2 and PDAT2-OE4: two overexpression lines of
PDAT allele 2.

Figure 3 Effect of PDAT gene overexpression on growth and neutral lipid
accumulation in P. tricornutum. A and D: growth, B and E: nitrate utilization, C and F:
accumulation of neutral lipid detected by Nile Red assay (fluorescence intensity
normalized to cell number) of wild-type (WT) and four PDAT allele-specific
overexpression strains grown in f/2 (NaNO3 concentration was reduced to 500 uM)
enriched artificial seawater medium. PDAT1-OE1 and PDAT1-OE4: two
overexpression lines of PDAT allele 1; PDAT2-OE2 and PDAT2-OE4: two
overexpression lines of PDAT allele 2. Data represent mean £ SD (n=3).

Figure 4 Effect of PDAT allele 2 overexpression on growth and neutral lipid
accumulation. A, D and G: growth, B, E and H: nitrate (black lines) and phosphate
(blue lines) utilization, C, F and I: accumulation of neutral lipid detected by Nile Red
assay (fluorescence intensity normalized to cell number) of wild-type (WT) and two
overexpression lines of PDAT allele 2 (PDAT2-OE2 and PDAT2-OE4) grown in /2
enriched artificial seawater medium with nitrate and phosphate of different
concentrations (HN+HP: high nitrate and high phosphate, HN+NP: high nitrate and
normal phosphate, LN+HP: low nitrate and high phosphate). Data represent mean +
SD (n=3).

Figure 5 Schematic diagram, functional analysis in yeast and predicted structure of
PDATSs. A. Schematic diagram of the PDAT proteins encoded by alleles 1 (PDAT1)
and 2 (PDAT2), and that of the four reconstructed PDATs (PDAT3-6) obtained by
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replacing the fragment in PDAT1 with the corresponding segment from PDAT2. Pink
sections and light blue sections represent the fragments from PDAT1 and PDAT2,
respectively. Seventeen different amino acids, the putative transmembrane domain
(TM), the catalytic triad (S-D-H) and the pfam of lecithin cholesterol acyltransferase
(LCAT) are marked in PDAT1 and PDAT2. B. Microscopic observation of
PDAT-expressing H1246 cells (the TAG-deficient yeast strain) stained by Bodipy.
Green fluorescence indicates the Bodipy-bound TAG-filled lipid droplets. C. TAG
contents in the PDAT-expressing H1246 cells analyzed by TLC. D. The percentage of
TAG based on total fatty acids (TFA). E. Fatty acid composition of TAG from
PDAT-expressing H1246 cells. F. Predicted structure of PDATs. Empty vector (EV)
was used as the negative control (B to E). Data in D and E are expressed as

mean + SD (n=3). FFA, free FA. Bar, 5 pm.

Figure 6 Effect of PDAT knockout on growth and neutral lipid accumulation. A:
growth, B: nitrate utilization, C: accumulation of neutral lipid detected by Nile Red
assay (fluorescence intensity normalized to cell number) of wild-type (WT) and two
PDAT knockout lines (PDAT-K034 and PDAT-K052) grown in f/2 (NaNO3
concentration was reduced to 500 uM) enriched artificial seawater medium. Data
represent mean + SD (n=3).

Figure 7 Lipidomic analysis of wild-type (WT) and PDAT knockout lines
(PDAT-KO34 and PDAT-KO052). A. Lipid content (mol% of total lipid). B. MGDG
composition (mol% within its class). C. TAG composition (mol% within its class). D.
PC composition (mol% within its class). SQDG, sulfoquinovosyldiacylglycerol;
MGDG, monogalactosyldiacylglycerol; DGDG, digalactosyldiacylglycerol; PG,
phosphatidylglycerol; PI, phosphatidylinositol; PE, phosphatidylethanolamine; PC,
phosphatidylcholine; DGTA, diacylglycerylhydroxymethyltrimethyl-B-alanine; DAG,
diacylglycerol; TAG, triacylglycerol. Data represent mean £+ SD (n=3).

Figure 8 Phylogenetic relationship among the PDAT protein family and subcellular

localization of P. tricornutum PDAT. A. The maximum-likelihood tree of PDAT
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protein family generated by PHY ML algorithm. Numbers above branches represent
the support values. The scale bar represents an estimated evolutionary distance of 1. B.
Fluorescent microscope images of cells expressing PDAT-eGFP. The four panels
above from left to right show microscopical images of transmitted light, chlorophyll
autofluorescence (red), and GFP fluorescence (green) together with a merged image.
Below is the synthetic 3D image of chlorophyll autofluorescence and GFP

fluorescence.
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[— Phytophthora infestans

Oomycota

L Plasmopara halstedii :|

. . Heterokontophyta
100 [ Nannochloropsis gaditana

. . :| Eustigmatophyceae
Nannochloropsis oceanica

Rozella allomycis ] Cryptomycota

Tilletia caries
Cryptococcus neoformans Basidiomycota
ﬁ Phanerochaete carnosa
9% 05 E Saccharomyces cerevisiae
9 Scheffersomyces stipitis
Yarrowia lipolytica

100 [~ Aspergillus oryzae
97 100 —‘_— Aspergillus fumigatus Ascomycota
L Magnaporthe oryzae
. — £ Neurospora crassa
Schizosaccharomyces pombe
ﬂzosacchammyces Jjaponicus

Conidiobolus coronatus 7 Entomophthorales ]

100

Fungi

& ﬂ: Cucumis sativus PDAT1 i|V" T
Arabidopsis thaliana PDAT2

Brachypodium distachyon :||v

Setaria italica

Vitis vinifera PDAT3 ]V
Erythranthe guttata PDAT1
Cucumis sativus PDAT2 ]VI
Arabidopsis thaliana PDAT1
Physcomitrella patens 11l

Plant

% 97 Selaginella moellendorffii 1l

Ostreococcus tauri
{ Micromonas pusilla
98 Micromonas commoda

100 Volvox carteri

100
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Green algae

Chlamydomonas reinhardtii 0 : 0 15
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90 Coccomyxa subellipsoidea furm)

Phaeodactylum tricornutum )
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Thalassiosira pseudonana




