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Monogalactosyldiacylglycerol (MGDG) is the most abundant polar lipid in thylakoid 
membrane, wherein it plays critical roles related to thylakoid membrane assembly and 
function in diatoms. However, diatom MGDG biosynthesis has not been fully characterized. 
In this study, we investigated the role of a novel MGDG synthase (ptMGD2), which is 
one of the key enzymes for MGDG biosynthesis, in the model diatom Phaeodactylum 
tricornutum. An analysis of subcellular localization demonstrated that the ptMGD2 is 
mainly localized in plastids. Gene disruption by gene editing of ptMGD2 resulted in delayed 
growth, decrease in oxygen evolution rate, reduced MGDG and digalactosyldiacylglycerol 
(using MGDG as the substrate) content as well as lipid remodeling. Considered together, 
these observations provide novel insights into the importance of ptMGD2 for regulating 
MGDG biosynthesis and its potential roles in biotechnical application of Phaeodactylum.
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INTRODUCTION

Diatoms, which are one of the major primary producers in oceans (Falkowski et al., 1998; Field 
et al., 1998), are considered to have originated from red algae and some other eukaryotic host 
following a series of endosymbiotic events (Moustafa et al., 2009; Sibbald and Archibald, 2020). 
Although the complicated algal origin of diatoms is still not really understood, whole-genome 
analysis and phylogeny-based horizontal gene transfer detection have revealed that diverse 
genes were acquired from other organisms besides through endosymbiosis (Bowler et al., 2008; 
Lommer et  al., 2012; Traller et  al., 2016; Mock et  al., 2017; Rastogi et  al., 2018; Vancaester 
et  al., 2020). Diatoms are economically important species that have commonly been applied 
as microalgal cell factories for the production of natural and genetically engineered products, 
including triacylglycerols for biodiesel, polyunsaturated fatty acids with nutraceutical uses, and 
heterologous recombinant proteins beneficial for human health (Hempel et  al., 2017; Vanier 
et al., 2018).

Phaeodactylum tricornutum is the most thoroughly characterized diatom to date, with an 
available fully sequenced genome (Bowler et  al., 2008). The biochemical and physiological 

doi: 10.3389/fmars.2022.874448

ORIGINAL RESEARCH
published: 15 July 2022

http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.874448&domain=pdf&date_stamp=2022-07-15
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#articles
mailto:chenzhuo4357@163.com
mailto:pengzh1984@wust.edu.cn
https://doi.org/10.3389/fmars.2022.874448
https://www.frontiersin.org/articles/10.3389/fmars.2022.874448/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.874448/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.874448/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.874448/full
https://doi.org/10.3389/fmars.2022.874448
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
http://creativecommons.org/licenses/by/4.0/


Shang et al. Characterization of the Diatom ptMGD2

2Frontiers in Marine Science | www.frontiersin.org July 2022 | Volume 9 | Article 874448

characteristics of P. tricornutum have been studied and large-
scale transcriptomic and proteomic analyses for this species 
have been developed (Chen et  al., 2018; Ge et  al., 2014; 
Maheswari et al., 2009; Rastogi et al., 2018). This diatom has 
been extensively used as a model species for investigating 
diatom metabolism and evolution. To date, viable methods 
for genetic manipulations, such as nuclear (Falciatore et  al., 
1999) and chloroplast (Xie et al., 2014) transformations, have 
been developed for P. tricornutum. Genetic modifications 
are becoming routine procedures because of the application 
of biolistic transformation, electroporation, and conjugation 
(Falciatore et  al., 1999; Miyahara et  al., 2013; Karas et  al., 
2015). Over the past few decades, researchers have developed 
state-of-the-art molecular tools that have facilitated protein 
tagging and overexpression (Siaut et  al., 2007) and targeted 
gene mutations in this diatom, such as knockdown (De Riso 
et  al., 2009), transcription activator-like effector nucleases 
(TALEN) (Daboussi et  al., 2014; Weyman et  al., 2015), and 
clustered regularly interspaced short palindromic repeat 
(CRISPR)-Cas9 (Sharma et  al., 2018; Slattery et  al., 2018; 
Stukenberg et al., 2018; Moosburner et al., 2020). The use of 
these tools has provided researchers with valuable information 
relevant for structural and functional studies of diatoms.

Monogalactosyldiacylglycerol (MGDG) in plant 
plastids accounts for approximately 50% of the thylakoid 
membrane lipids. Moreover, MGDG, which is synthesized 
in the plastid envelope membrane, is a substrate for 
digalactosyldiacylglycerol (DGDG) synthesis (Block et  al., 
1983). This biosynthetic reaction is catalyzed by MGDG 
synthase (MGD), which transfers a galactosyl residue from 
UDP(uridine diphosphate)-galactose to the sn-3 position of 
sn-1,2-diacylglycerol (Benning and Ohta, 2005). Therefore, 
MGD is the principal enzyme for the synthesis of MGDG 
in phototrophs possessing secondary chloroplast (Dörmann 
and Benning, 2002; Kalisch et  al., 2016). In plants, MGDG 
biosynthesis may occur via the prokaryotic pathway, omega 
pathways, and eukaryotic pathway (Petroutsos et  al., 2014). 
However, the MGDG biosynthetic pathway catalyzed by MGD 
in diatoms remains unclear.

Previous research revealed that MGDG is crucial for 
plant growth and development at least partly because of its 
involvement in photosynthetic membrane biogenesis (Masuda 
et  al., 2011), photosynthetic reactions (Hölzl and Dörmann, 
2007), and tolerance to various adverse environmental 
conditions (Cook et  al., 2021), including phosphorous 
deficiency (Kobayashi et  al., 2009a), salt stress (Wang et  al., 
2014), submergence (Qi et al., 2004), and wounding (Klecker 
et  al., 2014). The roles of MGD have been extensively 
investigated in the green sulfur bacterium Chlorobaculum 
tepidum (Masuda et al., 2011) as well as in the photosynthetic 
and non-photosynthetic tissues of higher plants, including 
Arabidopsis (Kobayashi et  al., 2009b; Myers et  al., 2011) 
and rice (Basnet et  al., 2019). In contrast, little is known 
about the contribution of such enzymes to diatom MGDG 
synthesis, including their cellular sublocation, involvement 
in lipid remodeling, and roles in response to unfavorable 
environmental conditions. The objective of this study was to 

characterize one of the MGD-encoding genes in biosynthesis 
of MGDG in P. tricornutum (ptMGD2) by applying a reverse 
genetic approach. Specifically, the CRISPR/Cas9 system 
was used to mutate ptMGD2 and elucidate its importance for 
MGDG biosynthesis and its effects on the corresponding lipid 
remodeling. Loss-of-function mutations to this gene had obvious 
detrimental effects on diatom cells, suggestive of its vital role in 
the MGDG biosynthetic pathway in marine diatoms.

MATERIALS AND METHODS

Cell Culture and Growth Conditions
Axenic cells of P. tricornutum Bohlin (CCMP 632 from culture 
collection of the Provasoli-Guillard National Center for Culture 
of Marine Phytoplankton, Bigelow Laboratory for Ocean 
Sciences, USA) were cultured in f/2 medium (Guillard, 1975) 
at 22 ± 1°C with a 16-h light/8-h dark photoperiod (60 µmol 
photons m−2 s−1 white light). For the growth experiment, the 
medium was inoculated with wild-type (Wt) and mutant cells  
(2 × 105 cells mL−1) from those maintained in enriched seawater 
at the exponential phase (5 × 106 cells mL−1) and the cultures were 
bubbled with filtered axenic air. We measured the cell growth rate 
every 2 days for determination of cell number.

Plasmid Construction
Escherichia coli DH5 alpha cells (Tiangen, Beijing, China) were 
grown on Luria–Bertani broth or agar supplemented with 
ampicillin (50 mg L-1), kanamycin (50 mg L-1), or gentamicin (50 
mg L-1) as needed. E. coli DH5 alpha cells were used to propagate 
recombinant plasmids according to the manufacturer’s 
instructions. The ptMGD2 cDNA sequence was initially 
cloned into pMD18-T (TaKaRa, Dalian, China) using primers 
9619cDNA_F and 9619cDNA_R (Qingke, Beijing, China) 
before being subcloned into the pPha-T1 vector containing 
the eGFP (Enhanced Green Fluorescent Protein) sequence. 
Primers of P9619_GFP_F and P9619_GFP_R were used for the 
subcellular localization analysis of ptMGD2. We constructed 
the PtPuc3_diaCas9_sgRNA vector (AddGene, ID: 109219) for 
the targeted mutagenesis of the ptMGD2 gene. Two different 
PAM(protospacer adjacent motif)-target sites (ptMGD2 PAM1 
and ptMGD2 PAM2) with low homology to other genomic loci 
were designed targeting the coding sequence of the ptMGD2 
gene. Small adapters for the targets of interest were inserted 
into the sgRNA of PtPuc3_diaCas9_sgRNA vectors according 
to Nymark et al. (2016). Primers used were: 9619cas_SmaI_F, 
9619cas_SmaI_R, 9619cas_AccIII_F, and 9619cas_AccIII_R. 
All primers used in this study are listed in Supplemental Table 
S1, and all constructs were confirmed by DNA sequencing.

Quantitative Real-Time PCR
To analyze the effects of high salinity and phosphate 
deprivation, cells were cultured in f/2 medium supplemented 
with 0.8 M NaCl or without phosphate. We also analyze the 
relative abundance of MGDs in both Wt and mutants under 
normal growth conditions. Total RNA was extracted from 
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P. tricornutum cells collected during the exponential growth 
phase using the RNAprep Pure kit (BioFlux, Hangzhou, China) 
and then reverse transcribed to cDNA using the PrimeScript 
RT Reagent kit (Yeasen, Shanghai, China). Gene expression 
was examined using the Roche Illuminator system (Roche, 
Mannheim, Germany) and the qPCR SYBR master mix 
(Yeasen). The analysis was completed using three biological 
replicates. Relative expression levels were calculated according 
to the 2−ΔCt method. qRT-PCR primers used in the study are 
listed in Supplemental Table S1 (9619rt_F and 9619rt_R for 
Phatr3_J9619; 14125rt_F and 14125rt_R for Phatr3_J14125; 
54168rt_F and 54168rt_R for Phatr3_J54168; H4rt_F and 
H4rt_R for Phatr3_J26896).

Immunoprecipitation Analysis
Total protein extract (500 μg, in immunoprecipitation (IP) 
lysis buffer [25mM Tris, 150mM NaCl, 1mM EDTA, 1% NP40, 
5% glycerol, pH 7.4]) for IP analysis was carried out according 
to Pierce Classic IP Kit’s manufacturer’s instructions (Thermo 
Fisher Scientific, Waltham, USA). Briefly, we first had anti-
ptMGD2 antibody (ABclonal, Wuhan, China) bind to 
magnetic beads using 0.25 mM DSS (disuccinimidyl suberate) 
in coupling buffer (10 mM Na3PO4, 150 mM NaCl; pH 7.2). 
Then, we incubated cell lysate with antibody-crosslinked 
beads overnight at 4°C in IP lysis buffer. Finally, the target 
antigens were eluted and magnetically separate from the beads 
by elution buffer (pH 2.0) and the eluent was further identified 
with tandem mass spectroscopy by ABclonal technology 
(Wuhan, China). All acquired raw data were processed with 
pFind (V3.1.6) software (Chi et al., 2018). The peak lists were 
searched against the protein database from http://protists.
ensembl.org/Phaeodactylum_tricornutum/Info/Index. Four 
missed cleavages were allowed for trypsin. The precursor 
and fragment ion mass tolerances were 20 ppm and 20 ppm, 
respectively. Open-search algorithm in pFind was used 
and acetylation (lysine) was set as variable modifications. 
Minimum peptide length was set at 6 while the estimated 
false discovery rate threshold for peptide and protein were 
specified at maximum 1%. For the other parameters in pFind, 
we used the algorithm defaults.

Targeted Mutagenesis of the ptMGD2 
Using the CRISPR/Cas9 System
The pPtPuc3m diaCas9_sgRNA plasmid was used bacterial 
conjugation for the delivery of the CRISPR/Cas9 plasmid to 
P. tricornutum cells as previously described (Sharma et  al., 
2018; Slattery et  al., 2018). The P. tricornutum mutant was 
first grown in f/2 medium supplemented with Zeocin (50 
µg mL-1). Genetically transformed P. tricornutum cells were 
screened for targeted DNA mutations by PCR and enzymatic 
analyses as well as by the Sanger sequencing of the regions 
spanning the ptMGD2 PAM1 and PAM2 target sites. The 
primers for the PCR amplification of genomic DNA included 
9619kn_F/9619kn_R to detect ptMGD2 mutations. Single 
colony with mutations at the target gene sites containing 

the conjugative plasmid were then diluted during the two 
weeks in f/2 liquid medium without antibiotics. Next, cells 
were diluted spread onto non-selective 50% artificial sea 
water f/2, 1% agar plates for three weeks. Several colonies 
randomly picked were selected on 50% artificial sea water 
f/2, 1% agar plates with and without zeocin (50 μg ml-1). The 
colonies without conjugative vector failed to grow on the 
agar plate with zeocin. Finally, such transgene-free colonies 
were verified by performing PCR using vector specific 
primers Ble_F/Ble_R to screen for the loss of resistance gene 
in transgene-free strains and DNA sequencing. All primers 
used in this study are listed in Supplemental Table S1. To 
expel the off-target activity of the selected CRISPR sequence, 
we also performed BLASTN against P. tricornutum genomic 
sequence (ASM15095v2) and use the CRISPR-offinder 
(Zhao et  al., 2017) as the searching tool for the off-targets 
of the Phatr3_J9619 throughout the genome (ASM15095v2) 
(Supplemental Table S3). All constructs were confirmed by 
DNA sequencing.

Subcellular Localization and 
Transmission Electron Microscopy
Both Wt and transformants at the exponential growth phase 
with eGFP were examined using the Zeiss AxioScope A1 
microscope (Carl Zeiss, Oberkochen, Germany) (FITC 
filter; excitation and emission wavelengths of 488 nm and 
500–550 nm, respectively, for eGFP; excitation and emission 
wavelengths of 488 nm and 650–750 nm, respectively, 
for chlorophyll). Cells at the exponential growth phase 
were collected to examine the plastid ultrastructure, then 
processed for transmission electron microscopy imaging 
(Hitachi, Tokyo, Japan) as previously described (Chen et al., 
2018).

Oxygen Evolution Rate Detection
The Wt and mutant P. tricornutum cells (5 × 106 cells ml-1) at 
the exponential phase were collected to calculate the oxygen 
evolution rate. The chlorophyll a content was determined 
as described (Jeffrey and Humphrey, 1975) and the oxygen 
evolution rate of intact cells in a f/2 medium containing 
10 mM NaHCO3 was measured using a Clark-type oxygen 
electrode (Hanstech Instruments, Ltd., Norfolk, England).

Lipid Analysis
The Wt and mutant P. tricornutum cells (approx. 2 × 108 cells) 
were harvested by centrifugation at 3000 × g for 10 min, stored  
at −80°C, and lyophilized for the subsequent lipid extraction 
and analysis. Total lipids were extracted from 200 mg 
lyophilized cells (Bligh and Dyer, 1959) and total fatty acids 
were quantified by gas–liquid chromatography as previously 
described (Hao et  al., 2018). Fatty acids of the total lipids 
from the Wt and mutants were quantified by gas–liquid 
chromatography as previously described (Hao et  al., 2018). 
Total lipids were also separated into neutral lipid (NL), 
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glycolipid (GL), and phospholipid (PL) by solid-phase 
extraction according to Liu et al. (2011) using a 500 mg Sep-
Pak™ silica gel cartridge (Waters, Milford, USA).

Global Lipidomics Analysis by Liquid 
Chromatography With Tandem Mass 
Spectrometry (LC-MS/MS)
The Wt and mutant P. tricornutum lipids were extracted according 
to the method developed by Bligh and Dyer (1959). Samples were 
analyzed using the Waters 2D UPLC system (Waters, Milford, 
USA) coupled to the Q-Exactive mass spectrometer (Thermo 
Fisher Scientific, Waltham, USA) with a heated electrospray 
ionization source. The analysis was controlled using the Xcalibur 
2.3 program (Thermo Fisher Scientific). Chromatographic 
separation was performed on a Waters ACQUITY UPLC CSH 
C18 column (1.7 μm, 2.1  mm × 100  mm, Waters), and the 
column temperature was maintained at 55°C. The mobile phase 
consisted of acetonitrile/water (60:40, v:v), mixed with 10 mM 
ammonium formate and 0.1% formic acid (A) and isopropanol/
acetonitrile (90:10, v:v), mixed with 10 mM ammonium 
formate and 0.1% formic acid (B) in the positive mode, and in 
the negative mode, acetonitrile/water (60:40, v:v), mixed with 
10 mM ammonium formate (A) and isopropanol/acetonitrile 
(90:10, v:v), mixed with 10 mM ammonium formate (B). The 
gradient conditions were as follows: 0-2  min, 40% to 43% B; 
2-2.1 min, 43% to 50% B; 2.1-7 min, 50% to 54% B; 7-7.1 min, 
54% to 70% B; 7.1 to 13 min,70% to 99% B, 13 to 13.1 min, 99% 
to 40% B and 13.1-15 min, 40% B. The flow rate was 0.35 mL/
min and the injection volume was 5 μL. The mass spectrometric 
settings for positive/negative ionization modes were as follows: 
spray voltage, 3.2-3.8 kV; sheath gas flow rate, 40 arbitrary units 
(arb); aux gas flow rate, 10 arb; aux gas heater temperature, 
350°C; capillary temperature, 320°C. The full scan range was 
200–2000 m/z with a resolution of 70000, and the automatic gain 
control (AGC) target for MS acquisitions was set to 3e6 with a 
maximum ion injection time of 100 ms. Top 3 precursors were 
selected for subsequent MS/MS fragmentation with a maximum 
ion injection time of 50 ms and resolution of 17500, the AGC 
was 1e5. The stepped normalized collision energy was set to 
15, 30 and 45 eV. Finally, LC-MS/MS raw data were analyzed 
and the putative identification of the different lipid species were 
processed and validation with LipidSearch v.4.1 (Thermo Fisher 
Scientific). Relative lipid levels were normalized by probabilistic 
quotient normalization. Student’s t-test was used to determine 
statistically significant differences of the fatty acid distribution 
among the MGDG lipid forms. Significance was determined at 
p < 0.05.

RESULTS AND DISCUSSION

Characterization of MGDG Synthase 
Genes in P. tricornutum
Three homologous genes (Phatr3_J54168, Phatr3_J9619, 
and Phatr3_J14125) encoding MGDG synthase (ptMGD) 

were annotated in the P. tricornutum genome. On the basis of 
recent findings (Dolch et al., 2017), we designated these three 
MGD genes as ptMGD1, ptMGD2, and ptMGD3, respectively. 
A phylogenetic analysis revealed all three ptMGD genes are 
closely related to the corresponding genes in higher plants, 
but they belong to a separate clade (Supplementary Figure 
S1A). The MGDs in P. tricornutum diverged from the related 
enzymes in other photosynthetic organisms, but they share 
several amino acids, including P189, W287, and C291, that are 
highly conserved in plant MGDs in the N-domain and play a 
specific role in lipid binding (Botté et  al., 2005; Dubots et  al., 
2010) (Supplementary Figure S1B). Hence, ptMGDs may have 
functions in MGDG biosynthesis and other processes that are 
similar to those of plant MGDs (Jarvis et al., 2000; Awai et al., 
2001; Dubots et al., 2010; Kobayashi et al., 2014).

MGDG has been found to play vital roles in photosynthesis 
(Kalisch et  al., 2016) as well as in response to several adverse 
environmental conditions (Qi et  al., 2004), including 
phosphorous deficiency (Kobayashi et al., 2009a) and salt stress 
(Wang et al., 2014). We first detected the relative transcriptional 
levels of the three ptMGD genes in this study and found that 
ptMGD2 (Phatr3_J9619, which is also subsequently shortened 
to 9619) was most expressed during logarithmic growth phase 
(Figure 1A). Next, we also detected that ptMGD2 is salt-stress 
and phosphate-deprivation inducible (Figures 1B, C), implying 
ptMGD2 catalyzes MGDG synthesis during an exposure to 
various stresses. This is consistent with the salinity-induced 
expression patterns in plants (Qi et  al., 2004). It has been 
reported that ptMGD3 (Phatr3_J14125) has no expression 
(Dolch et  al., 2017) and ptMGD2 (the predicted MGDG 
synthases designated as MGD3 in the original paper) was 
up-regulated under phosphorus limitation (Huang et al., 2019). 
These results above suggest that ptMGD2 may contribute to 
the maintenance of cellular homeostasis and adaptations to the 
changing environments in P. tricornutum. Therefore, we mainly 
focused on ptMGD2 biological functions and its underlying 
mechanisms in this research.

Subcellular Localization of ptMGD2
As there is no obvious N-terminal signal peptide predicted by 
SignalP 5.0 (Almagro Armenteros et  al., 2019) in ptMGD2, 
we examined the subcellular localization of ptMGD2 by 
constructing a fusion protein containing eGFP. Similar to the 
MGDs in other photosynthetic organisms (Awai et  al., 2001; 
Basnet et al., 2019), we detected substantial amounts of ptMGD2 
in plastids, reflecting this protein’s participation in the synthesis 
of the MGDG required for photosynthesis (Figure  2A). 
Furthermore, our analysis of protein–protein interactions by 
immunoprecipitation indicated that most of the candidate 
proteins that interact with ptMGD2 are related to photosynthetic 
processes (e.g., chlorophyll a/b-binding proteins and protein 
fucoxanthin chlorophyll a/c protein) (Supplementary Table 
S2). This provides additional evidence of the plastid localization 
of ptMGD2, which is very likely in the thylakoid membrane. 
Notably, in a few cells lacking intact plastids (<0.1%), 
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ptMGD2 was detected in the cytoplasm under normal growth 
conditions (Figure  2B). Compared to the negtive control 
(Figure 2C). This finding indicates that the ptMGD2 located in  
cytoplasm may play roles in response of certain stimuli in P. 
tricornutum.

Generation of Two ptMGD2 Mutant 
Strains
Two different PAM-target sites with low homology to other 
genomic loci were designed targeting the coding sequence 
of the ptMGD2 gene in this study. Unfortunately, we failed 
to obtain knockout strains with transgene-free ptMGD2 
mutations for the PAM2 target site. The CRISPR/Cas9-based 

mutagenesis involving the PAM1 target site in the first exon 
of ptMGD2 generated two distinct mutations, including 13-bp 
and 20-bp deletions (Figure 3) (Supplementary Figures S2, 
S4). Compared with the wild type (Wt), these two mutations 
resulted in the early termination of protein translation and 
further led to a lack of glycosyl transferase activity. Moreover, 
we screened the two CRISPR/Cas9-free homozygous lines by 
subcloning to assess the possibility of an off-target effect in 
the following generation as previously described (Sharma 
et  al., 2018). Many off-target proof Cas9 nickase systems 
have been established in diatoms (Nawaly et  al., 2020). To 
expel the off-target activity of the selected CRISPR sequence, 
we performed BLASTN against P. tricornutum genomic 
sequence and found only one match point of Phatr3_J9619. 
Then, we used the CRISPR-offinder (Zhao et  al., 2017) for 
the off-targets of Phatr3_J9619 throughout the P. tricornutum 
genome (Supplemental Table S3) and sites of four and five 
mismatches were confirmed to be exactly the same between 
Wt and mutants by DNA sequencing (Supplementary 
Figure S3). These mutants were used for our in-depth 
investigation of the potential roles for ptMGD2 in galactolipid  
metabolism and other biological processes.

Effects of the ptMGD2 Mutations on 
Growth Rate, Oxygen Evolution and 
Thylakoid Membrane
The Wt control and the ptMGD2 knockout lines were 
compared regarding their growth rates under normal 
conditions. The ptMGD2 knockout mutants grew more 
slowly than the Wt cells (Figure 4A), which is consistent with 
the effects of MGD deficiency in rice (Basnet et  al., 2019). 
To further explore the potential function of the other two 
MGDs, we have performed qRT-PCR to measure the mRNA 
abundance of these MGDs in the ptMGD2 knockout mutants. 
Upregulation of ptMGD3 in these mutants indicates the 
ptMGD3 may partially compensate the function of ptMGD2 
in diatom (Figure 4B). These findings reflect the importance 
of galactolipid metabolism mediated by ptMGD2 for the 
normal growth of this model diatoms. We also examined and 
compared the growth rate of Wt with mutants under high 
saline and phosphate deficiency condition (Supplemental 
Figure S5). These findings revealed that the ptMGD2 mutant 
cells was more sensitive than Wt cells responding to such 
conditions, indicating the ptMGD2 gene confers tolerance to 
environmental stresses.

Chlorophyll a is the main photosynthetic pigment 
directly involved in the electron transfer during the light 
transformation reaction (Yahia et al., 2019). A consequence 
of a decrease in the galactolipid content is chlorophyll 
depletion (Kobayashi et al., 2009b). Thus, we compared the 
chlorophyll a content of the Wt and mutant cells during 
the exponential growth phase. The data indicated the 
chlorophyll a level decreased significantly by 20.86% and 
24.90% in the ptMGD2 mutants (5.72 and 5.43 vs 7.23 mg 

A

B

C

FIGURE 1 |   The expression profile of ptMGD transcripts. (A) The expression 
levels of ptMGD genes under normal growth condition. (B, C) qRT-PCR 
was performed detect the ptMGD2 expression under high salt stress and 
phosphate-deprivation, respectively. HS indicates high salinity and -P 
represents phosphate-deprivation. All values represent means standard 
deviations of three biological repeats.
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mL-1 in Wt), which was similar to the effects of mutations 
to the corresponding genes in some plant species (Kobayashi 
et al., 2007; Kobayashi et al., 2014). As with previous results, 
the loss of MGD has detrimental effects on oxygen evolution 

and photosynthesis (Basnet et  al., 2019). We subsequently 
examined the differences in the photosynthetic rate between 
the Wt and mutant cells. Along with the delayed cellular 
growth, the net photosynthetic oxygen evolution rate of P. 

A

B

C

FIGURE 2 | Localization of full-length ptMGD2: eGFP fusion protein expressed in plastids (A) and cytoplasm (B) in P. tricornutum using wild type (Wt) as the 
negative control (C). Bright field, light microscopical images; chlorophyll, chlorophyll auto-fluorescence; eGFP, GFP fluorescence; merged, merged channel. The 
scale bar represents 5 μm. Red circles indicate the cytoplasmic subcellular location.

A

B

FIGURE 3 | Targeted mutagenesis of ptMGD2 using CRISPR/Cas9 system. (A) Domain architecture of the ptMGD2 protein. The domain analysis was performed 
with InterProScan and different domains are represented by different colors. The protein lengths are displayed on the right. The nucleotide sequence of the PAM1 
target site in the first exon of ptMGD2 is also shown. Compared with wild type (Wt), these two mutations resulted in the early termination of protein translation at 
Diacylglycerol glucosyltransferase domain. (B) The CRISPR/Cas9-based mutagenesis of ptMGD2 were designed targeting the coding sequence of the ptMGD2 
and two mutants were detected by SmaI digestion and DNA sequencing. DNA sequences of the target region with PAM and base pairing sequence of sgRNA are 
shown in red and bold between Wt and mutants. *The early termination of protein translation.
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tricornutum was 34.61% and 25.47% lower in the two mutants 
(520.33 and 593.04 μmol O2 chl-1 h-1) than in the Wt (795.71 
μmol O2 chl-1 h-1) control during the exponential growth stage 
as seen in Figure  4C. A similar phenotype was observed in 
earlier related investigations on plants (Basnet et  al., 2019). 
Crystallographic studies on P. tricornutum revealed that 
galactolipid molecules functioning as cofactors are present 
in the PSII–FCPII supercomplex (Pi et al., 2019). Hence, an 
MGDG deficiency in the PSII reaction center may have led to 
suppressed oxygen evolution in the two mutants.

MGDG is vital for the biogenesis of the photosynthetic 
membranes and the light reactions of photosynthesis (Myers 
et al., 2011). To assess the effects of a defective ptMGD2 on 
plastid development, we compared the plastids of Wt and 
mutant cells by transmission electron microscopy (Figure 5), 
which detected differences in the photosynthetic membranes 
among these cells. More specifically, the Wt cells had normal 
mature plastids and stacked thylakoid membranes, whereas 
the plastids in the cells of the two ptMGD2 mutants were 
underdeveloped with abnormal structures (88.1% and 89.7% 
in mutants vs 12.5% in Wt), similar to the plastids of plants 
with mutations to MGD-encoding genes (Jarvis et al., 2000; 
Fujii et al., 2014). Thus, ptMGD2 is indispensable for thylakoid 
membrane biogenesis. These results are indicative of the 
essential role played by ptMGD2 during normal thylakoid 

membrane biogenesis in P. tricornutum. All these observations 
provide strong evidence that ptMGD2 contributes to normal 
growth, plastid biogenesis and photosynthesis.

Effects of the ptMGD2 Mutations on 
Total Lipid Content, Lipid and Fatty Acid 
Profiles, and MGDG Biosynthesis
Cell division arrest or delay during stress responses in P. 
tricornutum may be accompanied by the accumulation of 
lipids (Dolch et al., 2017). To determine the total amount of 
lipids accumulated in diatom cells, we quantified the lipids 
abundance. The lipid content per cell was 2.2-fold higher 
in one of the ptMGD2 mutants (9619cas9-2) than in the Wt 
control and the other mutant (9619cas9-1) (Figure  4D). To 
further investigate the differential lipid profiles between the 
Wt and ptMGD2 mutant cells, we separated the total lipids 
from the cells collected in the late exponential growth phase 
into neutral lipid (NL), glycolipid (GL) and phospholipid (PL) 
(Figure 4E). In the ptMGD2 mutant cells, the photosynthetic 
membrane lipid (i.e., GL) accounted for only 27.78% and 
21.28% of the total lipid content, which was less than the 
corresponding percentage for the Wt cells (31.03%). Thus, 
knocking out ptMGD2 (9619cas9-1) clearly decreased the 
GL content. The storage lipid (i.e., NL) accounted for only 

A B

D

E F

C

FIGURE 4 | Effect of the ptMGD2 gene inactivation on cell phenotype analyses. The Wt and the knockout lines were compared regarding their growth rates  
(A) and qRT-PCR ratio of the mRNA abundance of three MGDs in Wt and the ptMGD2 knockout mutants under normal conditions (B). Analysis of oxygen evolution 
rate (C), total lipid content (D), lipid class ratio (E), fatty acid content (F) from Wt and the ptMGD2 mutants were performed. NL, neutral lipid; GL, glycolipid; PL, 
phospholipid. All values represent means ± standard deviations of three biological repeats. Asterisk represents statistically significant differences between wild-type 
and mutants based on Student’s t test (*p < 0.05).
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17.02% and 19.44% of the total lipid content in the two mutant 
strains, which were slightly higher than the corresponding 
percentage in the Wt cells (13.79%). In contrast, the 
membrane lipid (i.e., PL) accounted for 61.70% and 52.78% 
of the total lipid content in the mutant cells, whereas they 
represented 55.17% of the total lipid content in the Wt cells. 
Thus, mutant cells exhibited a discrepancy of lipid proportions 
and GL in these strains may channel carbon for the storage of 
other lipids. We speculated that the carbon flux may be directed 
toward other lipid pathways unrelated to triacylglycerol (TAG)  
accumulation in the 9619cas9-1 mutant.

We also compared the lipid fatty acid profiles among the Wt and 
mutant cells (Figure 4F). The major fatty acids in P. tricornutum 
cells are C14, C16, C18, C20, and C22, which is similar to previously 
published results (Hao et al., 2018). Compared with the Wt control, 
both mutant strains had less C16:0, C16:2, and C18:2, but more C16:1, 
C16:3, and C18:1. The differences in the abundance of the other 
fatty acids between the mutant and Wt cells were insignificant. 
Considering the decrease in the C16:0 and C16:2 amounts in the two 
ptMGD2 mutants, we speculated that these fatty acids may serve as 
important precursors of MGDG in P. tricornutum.

Lipidomic Profiling of the Wt and  
Mutant Cells
In the current study, we examined the lipidomic profiles of 
the Wt and mutant cells under normal growth conditions 
(Supplemental Table S4 Sheet 1) (Figure 6). According to the 
lipid profiles, the most differentially abundant lipids between 
the Wt and mutant cells were MGDG and DGDG. Along  
with the decrease in the MGDG content, we also observed 
a considerable decrease in the DGDG level in the mutants. 
More specifically, compared with the Wt control, there was 
31.26% and 21.58% less MGDG and 65.71% and 72.89% 
less DGDG in the two mutants, suggesting ptMGD2 has an 
essential role related to MGDG anabolism in diatom cells. 
Accordingly, because it is a substrate for DGDG anabolism, 
the sharp decline in the MGDG content in the ptMGD2 
mutants may result in a drastic decrease in the DGDG level 
in these cells. Similar concomitant decreasing trends in the 
MGDG and DGDG contents have been reported for plants 

(Basnet et  al., 2019). Therefore, the decrease in the MGDG 
level in cells indicated that the inactivation of MGD adversely 
affects MGDG biosynthesis in P. tricornutum.

The decreased abundance of MGDG and DGDG in 
the mutants was accompanied by content changes to other 
major lipids. Consistent with the total lipid contents, the 
9619cas9-2 mutant produced more TAG (1.25-fold) than 
the Wt control. The large amounts of monoacylglycerols 
(MAG) and fatty acids (FA) in the 9619cas9-2 mutant may 
be key metabolites for TAG biosynthesis. The 9619cas9-1 
mutant accumulated lysophosphatidylethanolamine (LPE), 
lysophosphatidylcholine (LPC), and phosphatidylcholine 
(PC), reflecting a carbon flow from GL to PC and its 
precursor. Earlier research revealed the increase in 
phosphatidylethanolamine and PC quantities in the 
shoots of the Arabidopsis mgd2 mgd3 double mutant in 
response to phosphorus starvation, but a lack of changes 
to phosphatidylglycerol and phosphatidylinositol contents 
(relative to the Wt levels) (Kobayashi et  al., 2009a). 
Additionally, the abundance of nonplastidial lipids reportedly 
increases following the complementation of an Arabidopsis 
MGD mutant (mgd1-2) by C. tepidum MgdA (Masuda et al., 
2011). Together with the increased lipid content, our data 
suggest that the 9619cas9-1 mutant cells may be more useful 
as a feedstock for biodiesel production than the 9619cas9-2 
mutant cells (Supplemental Figure S6).

In this study, we also characterized the MGDG fatty acid 
profiles. The fatty acid distribution among the MGDG lipid 
forms differed from that determined by previous research 
(Abida et al., 2015). This may be associated with the diversity in 
the nutrient ratios and sampling time-points (i.e., cultivation 
stages) between studies. Of these fatty acids (Supplemental 
Table S4 Sheet 2), the C16:1 and C16:0 contents decreased in 
the mutant cells (Figure  7A). To more precisely elucidate 
the MGDG fatty acid composition, we analyzed the MGDG 
lipid forms in the Wt and mutant cells (Supplemental Table 
S4 Sheet 3) (Figure 7B). The differences in the MGDG lipid 
forms between the mutants and the Wt control included the 
following: MGDG (14:0/16:1), MGDG (16:1/16:1), MGDG 
(16:0/16:1), MGDG (16:3/16:3), and MGDG (14:0/16:3). 
Previous studies proved that plastid-derived DAG contains 
C16 fatty acids at the sn-2 position. Combined with our 

A B C

FIGURE 5 | Ultrastructure of thylakoid membranes in plastids from Wt (A) and the ptMGD2 mutants (B, C). The arrows indicate the underdeveloped structures of 
mutants. Bar = 1.0 μm.
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findings, we demonstrated that loss of ptMGD2 primarily 
affects MGDG (14:0/16:1), MGDG (16:1/16:1), and MGDG 
(16:0/16:1), which may be generated within plastids. As one 
of the major components of galactolipids, polyunsaturated 
fatty acids influence chloroplast functions to maintain 
photosynthetic activity (Mcconn and Browse 1998; Selstam, 
1998). The results of this study indicate C16 fatty acids are 
crucial for normal plastid functions. Future biochemical 

investigations should further analyze the related endogenous 
enzymatic reactions.

CONCLUSION

Taken together, by combining genetic and phenotypic analyses 
of Wt and mutant cells, we elucidated the multifunctional role of 
ptMGD2 in P. tricornutum. Disruption of ptMGD2 employing the 

A

B

FIGURE 7 | Analysis of the distribution of fatty acids (A) and the fatty acid profiles in the MGDG lipid classes among Wt and mutants (B). All values represent 
means ± standard deviations of four biological repeats. Asterisk represents statistically significant differences between wild-type and mutants based on Student’s 
t test (*p < 0.05).

FIGURE 6 | Major Lipidomic Profiling of Wt and the ptMGD2 mutants. MGDG, monogalactosyldiacylglycerol; DGDG, digalactosyldiacylglycerol; SQDG, 
sulfoquinovosyldiacylglycerol; TAG, triacylglycerol; DAG, diacylglycerol; MAG, monoacylglycerols; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, 
phosphatidylinositol; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; LPI, lysophosphatidylinositol; FA, free fatty acids; PG, phosphatidylglycerol.
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CRISPR/Cas9 system resulted in retarded growth, damaged 
thylakoid membranes, inhibited oxygen evolution, decreased 
MGDG biosynthesis, and lipid remodeling. Interestingly, 
compared with the Wt control, one mutant had a higher 
TAG content, whereas another mutant contained more PL. 
The former with the increased TAG abundance may be a 
genetically engineered strain useful for biotechnology-based 
production of biofuel. Also, ptMGD2 contributes to the 
diatom adaptations to adverse environments, such as high 
saline and phosphate deficiency. Future studies may focus 
on clarifying the molecular mechanism underlying the stress 
response mediated by ptMGD2.
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