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A U-Box Type E3 Ubiquitin Ligase Prp19-Like Protein Negatively Regulates Lipid Accumulation and Cell Size in Chlamydomonas reinhardtii
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Microalgae lipid triacylglycerol is considered as a promising feedstock for national production of biofuels. A hotspot issue in the biodiesel study is to increase TAG content and productivity of microalgae. Precursor RNA processing protein (Prp19), which is the core component of eukaryotic RNA splice NTC (nineteen associated complex), plays important roles in the mRNA maturation process in eukaryotic cells, has a variety of functions in cell development, and is even directly involved in the biosynthesis of oil bodies in mouse. Nevertheless, its function in Chlamydomonas reinhardtii remains unknown. Here, transcriptional level of CrPrp19 under nutrition deprivation was analyzed, and both its RNA interference and overexpressed transformants were constructed. The expression level of CrPrp19 was suppressed by nitrogen or sulfur deficiency. Cell densities of CrPrp19 RNAi lines decreased, and their neutral lipid contents increased 1.33 and 1.34 times over those of controls. The cells of CrPrp19 RNAi lines were larger and more resistant to sodium acetate than control. Considerably none of the alterations in growth or neutral lipid contents was found in the CrPrp19 overexpression transformants than wild type. Fatty acids were also significantly increased in CrPrp19 RNAi transformants. Subcellular localization and yeast two-hybrid analysis showed that CrPrp19 was a nuclear protein, which might be involved in cell cycle regulation. In conclusion, CrPrp19 protein was necessary for negatively regulating lipid enrichment and cell size, but not stimulatory for lipid storage.
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INTRODUCTION

Recently, to achieve the global carbon neutral target, research scientists have put a lot of effort into exploring different sources of green energy, such as biofuels (biodiesel, bioethanol, and bio oil). Among them, biodiesel, which is considered as a high-quality substitute for fossil fuels, has gradually become the research focus for bioenergy science (Ghasemi et al., 2012). As the third-generation biofuels, the biodiesel from microalgae has multiple advantages, i.e., enormous algal species, higher biomass and productivity than oleaginous crops, and short life cycles. Besides, microalgae is able to grow on non-arable land, absorb a large amount of CO2, and purify wastewater. Moreover, triacylglycerol (TAG) of microalgae is easy to produce biodiesel through transesterification (Enamala et al., 2018). However, a high production cost has been a big hindrance in the development of biodiesel from microalgae. Since the selection of lipid-rich microalgae is the first step of promoting algae biodiesel production (Wood, 2021), numerous research effort has been done on lipid yield and high biomass-growth algal species breeding. Genetic engineering of target genes, which are involved in lipid biosynthesis pathway, successfully increased TAG contents in microalgae. For example, co-overexpression of two endogenous key enzymes responsible for TAG biosynthesis, plastidial lysophosphatidic acid acyltransferase (LPAAT1) and diacylglycerol acyltransferase 2 (DGAT2), increased neutral lipid contents in Neochloris oleoabundans twofold (Chungjatupornchai and Fa-Aroonsawat, 2020). Meanwhile, the knockout or silencing of genes involved in lipid biosynthesis could also improve the yields of natural edible oil and biofuel production (Shin et al., 2018; Nguyen et al., 2020). Nevertheless, the increasing trend of improving TAG synthesis by using genetic engineering techniques were lower than that caused by certain nutrient or element deficiencies. For instance, deficiencies of nitrogen (N) and sulfur (S), which are essential macroelements for the growth of microalgae, enhanced relative contents of TAG in Chlamydomonas reinhardtii about 29.1- and 16.5-fold, respectively (Cakmak et al., 2012). Furthermore, it has been revealed that the deficiency of iron (Fe), a microelement, could also increase TAG accumulation in microalgae (Devadasu et al., 2019). However, the lipid generation stimulated by nutrition deprivation was substantially accompanied by serious biomass growth reduction (Breuer et al., 2012). Moreover, the operation of nutrition deficiencies in large-scale production of microalgal biodiesel is difficult. Therefore, it may be necessary to combine nutrient deficiency with genetic engineering. Thus, further investigation of the molecular mechanism of TAG biosynthesis in microalgae is required.

By now, based on the enormous experimental data, the microalgae TAG biosynthesis pathway has been uncovered, which is similar to that in higher plants (Wagner et al., 2010). There are two distinct and parallel TAG biosynthesis pathways in C. reinhardtii. One is the Kennedy pathway, using diacylglycerol acyltransferase (DGAT) as the final key rate-limiting enzyme to catalyze diacylglycerol (DAG) acylation, resulting in TAG formation (Russa et al., 2012). In another pathway, TAG is generated from phospholipid and DAG was catalyzed by phospholipid:diacylglycerol acyltransferase (PDAT) (Yoon et al., 2012). Overexpression of DGATs and PDAT encoding genes could alter the lipid contents in microalgae, but not all DGAT genes affect TAG biosynthesis. When transgenic silencing of five DGAT2 genes were carried out, only CrDGAT2-1 and CrDGAT2-5 silencing showed lipid content decreases (Deng et al., 2012). Besides, the catabolic enzymes of DAG biosynthesis were also considered as lipid metabolism key enzymes, including glycerol-3-phosphate (G3P), fructose 1,6-bisphosphatase (FBP), phosphoenolpyruvate carboxylase (PEPC), phosphoenolpyruvate carboxykinase (PEPCK), citrate synthase (CIS), and phosphatidic acid phosphatase (PAP) (Moellering et al., 2009). Moreover, phosphofructokinase (PFK), a key regulatory enzyme in glycolysis (Kiss et al., 1989), and phosphoglycolate phosphatase (PGP), which is involved in photorespiration and gluconeogenesis (Suzuki, 1995), both affect lipid metabolism in microalgae from the very beginning. In all, the TAG biosynthesis in microalgae is a very comprehensive metabolism network regulated at transcript, translation, and post-translation levels.

E3 ubiquitin ligases are the last step components in the ubiquitination, which is a vital posttranslational mechanism in regulating many physiological processes, including proteasome degradation, endocytic trafficking, DNA replication, signal transduction, transcription, and apoptosis. U-box E3s conserving U-box motifs play diverse functions in eukaryotes, including lipid metabolism (Mudgil et al., 2004). Precursor mRNA processing factor 19 (Prp19), as the core component of eukaryotic RNA spliceosomal complex NTC (nineteen associated complex), is a typical U-box family member. The U-box domain of Prp19 forms a dimer to maintain the tetrameric protein structure, which functions as an E3 ligase (Kooi et al., 2006). Prp19 protein is not only necessary for activation and structurally stabilizing of NTC spliceosome but also essential for mRNA splicing reaction (Chan et al., 2003). Since Prp19 protein was isolated in yeast through the complementary temperature-sensitive growth defect mutant in 1993 (Cheng et al., 1993), its many roles have been revealed gradually, including regulating cell cycle, DNA repair, maintaining genomic stability, RNA splicing, and others (Grey et al., 1996; Lu and Legerski, 2007). In mammalian cells, other accurate functions of Prp19 proteins were identified with the development of biology, such as inhibiting cell death under hypoxia condition, controlling neurologic tissue differentiation, and participating in neuron and astrocyte anti-aging process (Sato et al., 2010; Yamada et al., 2013).

Previous studies have demonstrated that Prp19 is generally localized in the nucleus. Cho et al. (2007) reported that Prp19 was also localized in lipid droplets of mouse adipocytes, and the knock-down of Prp19 resulted in reduced triglyceride accumulation (Cho et al., 2007). By far, only one report has shown that Prp19 functions in lipid droplet biogenesis, so the roles of Prp19 in other species still need to be verified. Besides, fewer studies have been done on plant Prp19 proteins than animal Prp19. The plant Prp19 proteins participate in the co-transcriptional assembly of the spliceosome, and crosstalk with DNA repair and cell death signaling pathways (Koncz et al., 2012). Moreover, Prp19 proteins in plant cells are involved in the regulation of plant endogenous immune response (Monaghan et al., 2009), but the detailed functions of plant Prp19 need further exploration. In previous studies, Prp19 in C. reinhardtii was one of the most decreased genes in nitrogen deprivation transcriptome. Therefore, to illustrate CrPrp19’s roles in lipid metabolism of C. reinhardtii, gene expressions under nutrition deficiencies, gene silencing via mRNA interference, gene overexpression, and subcellular localization analysis were conducted. The expression levels of genes encoding lipid biosynthesis–related enzymes were detected in CrPrp19 RNAi lines. The results will be helpful for understanding the regulatory network of lipid biosynthesis in C. reinhardtii, and the excellent transgenic algae obtained could also be a good algal strain resource for future work.



MATERIALS AND METHODS


Algal Strain and Growth Conditions

C. reinhardtii CC425 and CC124 were obtained from the College of Life Sciences and Oceanography, Shenzhen University, and grown in tris-acetate-phosphate (TAP) medium at 24°C under continuous illumination (about 120 μmol photons m–2 s–1) for 3 days to reach a logarithmic phase as of seeds. For nutrition starvation, cells in the middle log stage were inoculated at the ratio of 10% (v/v) into Sueoka’s High-Salt Medium (HSM) or without nitrogen (-N), sulfur (-S), or iron (-Fe) for 8 days. Cultures were collected by centrifugation and used for total RNA isolation. For cell growth, neutral lipid contents, and fatty acid (FA) assays of CrPrp19 RNAi or overexpression lines, cells were cultured in HSM medium with an initial density of about 5 × 105 cells⋅ml–1. For synchronized culture, cells were grown with aeration of 5% (v/v) CO2 enriched air on a 14/10 h light/dark cycle for 4 days (Dillard et al., 2011), then cells were collected and observed using an optical microscope.



Isolation of CrPrp19 Gene in Chlamydomonas reinhardtii

CrPrp19 complementary DNA (cDNA) sequence was achieved from JGI Chlamydomonas reinhardtii v5.5 (ID: Cre02.g073650) and isolated by RT-PCR. The homologous sequences of CrPrp19 were obtained using BLASTp in the NCBI database.1 Multiple sequence alignments were performed using the ClustalW program.2 Neighbor-joining (NJ) phylogenetic tree was constructed by MEGA7.0 based on the JTT model, using a bootstrap value of 1,000 as default parameters (Kumar et al., 2016). Compute pI/Mw tool3 was used to calculate molecular weight and pI value of CrPrp19. Motifs were annotated by the conserved domain database using the SMART program.4 Subcellular localization was predicted with Cell-PLoc 2.0.5 Transmembrane regions and orientation were predicted by TMHMM program.6 Comparative 3D protein prediction was obtained using Phyre2.7



Expression Profile of CrPrp19 Gene

Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, United States) following the manufacturer’s instructions. About 0.1 mg of total RNA was reversed to the first cDNA using the PrimerScript RT Reagent Kit with gDNA Eraser (Takara, Beautilion, Otsu, Japan). Primers used for qRT-PCR are listed in Supplementary Table 1. The quantified expression level of the target gene was normalized against the housekeeping gene, 18S rRNA (GenBank accession no. MF101220.1). ABI-7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, United States) was applied for qRT-PCR using the SYBR Green master mix (Takara). The conditions for quantitative analysis were as follows: 94°C for 2 min; 35 cycles of 94°C for 10 s, 62°C for 15 s, and 72°C for 20 s; and a final extension at 72°C for 10 min. Gene expression was normalized with the 2–ΔΔCt method setting HSM-cultured groups as controls.



Vector Construction and Transformation

Plasmid pMaa7 IR/ CrPrp19 IR, which was used for knockdown of CrPrp19 in C. reinhardtii, was constructed as follows. The primers that were used in this experiment are listed in Supplementary Table 1, and a fragment 278 bp from 5’-UTR to non-conservative domain-encoding region was amplified from cDNA by PCR and cloned into pMD18-T vector. After being digested by KpnI/BamHI and HindIII/SalI, the fragment was subsequently inserted into a modified vector pMD18T-18S as previously described by Deng et al. (2011). Finally, CrPrp19 IR was double digested with KpnI and HindIII and inserted to pMaa7 IR with EcoRI blunt-end, while overexpression plasmid pCAMBIA1302-CrPrp19 was constructed by restriction digestion and ligation method using other primer pairs, which are also listed in Supplementary Table 1. For RNAi experiment, the plasmid was introduced into C. reinhardtii by the glass beads method (Kindle, 1990). Transformants were screened in TAP medium with 1.5 mM L-tryptophan, 5 mg/L paromomycin, and 5 μM 5-FI (Sigma-Aldrich, San Francisco, CA, United States). To obtain overexpression lines, the recombinant plasmid was transformed into cells via Agrobacterium meditation method and putative transformants were screened using a TAP medium, which was supplemented with 50 mg/L kanamycin. Finally, transgenic algae lines were confirmed by the transcription level of CrPrp19 using qRT-PCR.



Measurement of Cell Growth

Growth of the C. reinhardtii CrPrp19 RNAi, Maa7, overexpression lines, and wild-type CC124 were determined by a Coulter Multisizer 4 (Beckman Coulter, Fullerton, CA, United States) daily. Cell sizes were measured using a microscope after synchronization culture referred elsewhere (Dillard et al., 2011). Moreover, cell responses to stresses such as -N, -S, and high salinity (8 g/L sodium acetate) were observed using the plated method.



Nile Red Fluorescence Determination of Neutral Lipid Content

Neutral lipid (NL) was measured based on fluorescence intensities of 7-day-old cells staining with Nile Red (Sigma-Aldrich) according to a modified method reported by Chen et al. (2009). Liquid cell cultures were mixed with Nile Red and DMSO with a final concentration of 5 μg/ml and 20% (v/v), respectively. After being incubated in darkness for 15 min, mixtures were directly measured by a Glomax-Multi Detection System (Promega, Madison, WI, United States), with excitation and emission wavelengths of 530 and 575 nm, respectively. The standard curve between the concentration of neutral lipid (μg/ml) and the Nile Red fluorescence level was made based on using Triolein (Sigma-Aldrich) as a reference standard. NL contents (μg/106 cells) were calculated using the following formula: NL(g/106cells) = cell0004×FI(530/575)−0.0038]×50/celldensity. For lipid drop observation, cells were cultured for 7 days and stained with Nile Red dye, then observed with a Nikon Eclipse 80i fluorescence microscope (Nikon, Tokyo, Japan) using an excitation and emission wavelength of 480 and 560 nm, respectively.



Fatty Acid Methyl Ester Transformation and Fatty Acid Methyl Ester Analysis

For fatty acid methyl ester (FAME) transformation, 5–10 mg weighed freeze-dried cell powder was used. Cells were suspended in 1 ml NaOH–CH3OH solution (2 mol/L) and incubated at 75°C for 30 min with shaking. Methyl non-adecanoate (C15:0, 200 μg/ml; Sigma-Aldrich) was applied as the internal standard. After cool-down, 1 ml of HCl–CH3OH (4 mol/L) was added, and pH was adjusted to below 2.0 using HCl, and the mixture was then incubated at 75°C for 30 min with shaking. The methyl esters of FAs were extracted with 2 ml hexane, then dried by nitrogen blowing, and dissolved in 10 μl of CH2Cl2 for GC/MASS analysis. FAMEs were examined by Thermo Trace GC Ultra gas chromatograph coupled to Thermo Polaris Q mass spectrometry (Agilent, Santa Clara, CA, United States) equipped with an HP-5MS column (30 mm × 0.25 mm, film thickness 0.25 μm) as previously described (Wang et al., 2018).



Yeast Two-Hybrid Analysis

A yeast two-hybrid assay was performed to find the binding proteins of CrPrp19 by using Matchmaker GAL4 Two-Hybrid Systems (Takara), following the manufacturer’s instructions. To construct bait vector pGBKT7-CrPrp19, CDS of CrPrp19 was amplified using primers, which are listed in Supplementary Table 1 with the BamHI and PstI flanking restriction sites, then cloned through double digests and ligation. A total of 5 mg of C. reinhardtii total RNA was used to create the cDNA library. Both bait and cDNA library vectors were transformed together into yeast strain Y2H Gold and screened on quadruple dropout QDO/X/A medium (SD/-Ade/-His/-Leu/-Trp supplemented with X-a-Gal and Aureobasidin A). The plasmids of potential yeast positives were extracted and amplified in E. coli. All plasmids from E. coli were sequenced and blasted.



Subcellular Localization of CrPrp19

For CrPrp19 localization assay, a GFP- CrPrp19 fusion protein expression vector was constructed and transformed into C. reinhardtii CC124 using Agrobacterium-mediated genetic transformation method. The coding region of CrPrp19 cDNA without stop codon was amplified by using primer pairs, which are listed in Supplementary Table 1, then it was inserted into the NcoI and SpeI sites at the initiator codon downstream of the cauliflower mosaic virus (CaMV) 35S promoter in the plant cell expression vector pCAMBIA1302. The control plasmid, pCAMBIA1302, and plasmids containing the fused gene construct were transformed to Agrobacterium LBA4404, which were then co-incubated with cultured CC124 cells. After dark-repairing culture for 24 h at 24°C, cells were plated on TAP mediums with 50 mg/L kanamycin and 15 mg/L rifampin. The clones were imaged with the Nikon Eclipse 80i fluorescence microscope with an excitation wavelength of 488 nm and an emission wavelength of 530 nm.



Statistical Analysis

Statistical analysis was performed using SPSS 11.5 program, and differences were analyzed with one-way ANOVA followed by Duncan’s multiple comparison test. Data are shown as mean ± SD from three independent experiments unless specified otherwise.




RESULTS


Identification of CrPrp19 Gene and Bioinformatics Analysis

The cDNA of CrPrp19 comprises an ORF of 1,512 bp encoding a Prp19-like protein of 503 aa with a calculated molecular weight of 53.95 kDa and an isoelectric point of 6.61. CrPrp19 protein contains a conserved U-box at the N terminal, a coiled coil motif, and a WDR domain with seven WD repeats at C terminal (Figure 1A). None of the transmembrane helices was found in CrPrp19 according to TMHMM program. A total of 37 CrPrp19 homologous protein sequences were retrieved by BLASTp from the NCBI database. After multiple alignments, a Neighbor-Joining phylogenetic tree of CrPrp19 was constructed with bootstrap values of 1,000 replicates (Figure 1B). The phylogenetic analysis showed that the overall amino acid residues of Prp19 proteins had a relatively low conservation from yeast to human. Prp19 proteins from eukaryotes were divided into four major clades, microalgae (clade I), higher plants (clade II), animals (clade III), and fungi (clade IV). CrPrp19 was mostly closely related to GpPrp19 from Gonium pectoral, which was grouped with microalgae Prp19 proteins. Rather, Prp19 proteins from yeast formed a separate branch, showing a distinct generation relationship (Figure 1B). The three-dimensional protein prediction by Phyre 2 (Kelley et al., 2015) showed that CrPrp19 was structurally homologous with pre-mRNA-processing factor 19 of the yeast spliceosome at 3.6 Å resolution (PDB ID:c3jb9U_1), with a confidence of 100% (Figure 1C).
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FIGURE 1. Features of CrPrp19 protein. (A) Scheme shows the domains of CrPrp19 protein. (B) NJ phylogenetic tree of CrPrp19 protein. The tree was constructed with the Mega7.0 with amino acid sequences of CrPrp19 homologous proteins retrieved by BLASTp searching in NCBI (GenBank accession numbers are listed in Supplementary Table 2). (C) Three-dimensional structure of U-box and WDR domain of CrPrp19.




Expression Patterns of CrPrp19 Under Nutrition Deprivation

Nutrition deprivation has been generally considered as an effective method to induce lipid biosynthesis in microalgae. To evaluate the expression profile of CrPrp19 gene under nutrition deprivation conditions, C. reinhardtii cells cultured under nitrogen (N), sulfur (S), and iron (Fe) deficiencies stress for 8 days were collected for RNA isolation, and the untreated cells (HSM) were used as control. Gene expression of CrPrp19 fold changes at the starvations were normalized with controls. As shown in Figure 2, mRNA expressions of CrPrp19 were detected in all cells under treatments. However, compared with the controls, a significant decrease in CrPrp19 gene expression was found under N and S deficiency stresses. More specifically, the transcript level of CrPrp19 was remarkably decreased under N deficiency since 2 days and reached its lowest point at 4 days, which was approximately 30.9% lower than that of control. Meanwhile, the expression level of CrPrp19 under S deprivation showed a similar expression pattern, which was dramatically reduced by S deficiency after 2 days, and the inhibition effect was on until 8 days, with a minimum transcript, 9.7% of control. Unlike N and S deprivation, the expression of CrPrp19 was induced by deprivation of Fe at 2 days, but was markedly repressed after 4 and 6 days, which decreased by 47.1 and 31.3%, respectively (Figure 2). Taken together, the transcript of CrPrp19 is deduced by nutrition deprivation, implying that it may be a regulator in response and adaptation to these nutrition stresses.
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FIGURE 2. Effects of the deprivation of N, S, and Fe on the expression of CrPrp19. 18S rRNA was used as an internal control. Expression was normalized to that of untreated HSM groups. Data are means ± SD (n = 3). Asterisks indicate significant differences at p ≤ 0.05 (*) or p ≤ 0.01 (**) compared with its control by one-way ANOVA.




Construction and Identification of CrPrp19 RNA Interference and Overexpression Lines

To investigate the roles of CrPrp19 gene in C. reinhardtii cells, RNA interference (RNAi) silencing and gene overexpression were carried out, respectively. A 278-bp fragment of CrPrp19 cDNA was subcloned and inserted to pMaa7 IR vector, generating the CrPrp19 gene RNAi construct pMaa7 IR/CrPrp19 IR (Figure 3A). The coding region of CrPrp19 was also cloned by RT-PCR and used to construct the gene overexpression binary vector pCAMBIA1302/CrPrp19 (Figure 3B). After transforming pMaa7 IR/CrPrp19 IR and pCAMBIA1302/CrPrp19 constructs into C. reinhardtii CC425 and CC124, respectively, antibiotic resistance transformants were generated. pMaa7 IR vector was also transformed to C. reinhardtii CC425 as controls for RNAi experiment, and named as Maa7 lines. After twice plating on selected plates, the survival transformants were randomly chosen for CrPrp19 gene expression analysis by qRT-PCR. Two RNAi and two overexpression lines with the biggest differences in gene expression level compared with controls were selected, and named as CrPrp19i-2, CrPrp19i-42 and CrPrp19o-18, CrPrp19o-31, respectively. As shown in Figures 3C,D, CrPrp19 mRNA abundance was decreased by 98.64 and 98.45% in RNAi lines, CrPrp19i-2 and CrPrp19i-42, respectively, while it increased by 44.67 and 74.42 times in overexpression lines, CrPrp19o-18 and CrPrp19o-31, respectively, compared with controls. The results suggested the high effectiveness of CrPrp19 silencing and overexpression was achieved.
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FIGURE 3. Schematic illustration of CrPrp19 RNA interference and overexpression constructs and presentation of the resulting gene relative expression levels after transformation. (A) Schematic diagram of pMaa7 IR/CrPrp19 IR drawn according to Deng et al. (2011). (B) Schematic diagram of pCAMBIA1302/CrPrp19. (C) Gene relative expression levels of two CrPrp19 RNA silencing individuals during standard growth conditions; the values were normalized to the expression level of the empty vector pMaa7 IR transgenic line. (D) Gene relative expression level of CrPrp19 overexpression cell lines normalized to the expression level of the wild type; error bars indicate a standard error, asterisks (**) show significant differences at p < 0.01 compared with controls by one-way ANOVA.




CrPrp19 Regulates Cell Growth and Neutral Lipids Accumulation in Chlamydomonas reinhardtii

To determine the function of CrPrp19 in cell growth and neutral lipid (NL) metabolism, CrPrp19 silencing and overexpression lines were cultured in HSM medium for 7 days with the same initial cell density, and then the cell densities and NL contents were examined. The time-course profiles of cell growth and NL accumulation of different transgenic lines are shown in Figure 4. Compared with control Maa7-24 line, the cell densities of CrPrp19 RNA interference lines were decreased significantly in Maa7-24 line as compared with control after cultured for 4 days (p < 0.01). However, cell growth had no discernible difference between CrPrp19 overexpression line and wild-type strain, p > 0.05 (Figure 4A). The growth curves also showed that CrPrp19 RNAi lines had a maximum cell concentration at day 5 with the highest values of 6.8 × 107 and 7.0 × 107 cells/ml. They were 21.5 and 19.2% less than that of the control group, respectively. Figure 4B shows that the contents of NL (μg/106 cells) of two CrPrp19 RNAi lines were more than that of controls since cultured for 4 days. After being cultured for 6 days, NL contents of CrPrp19 RNAi lines became stable, which had a similar value of about 0.8 μg/106 cells, which were 1.46 and 1.33 times more than that of the control line at day 6 and day 7. In contrast, overexpressed CrPrp19 gene seems unregulated on NL accumulation in C. reinhardtii. CrPrp19o-18 line had less NL at day 2 and day 3 than CC124 strain, while lipid contents of CrPrp19o-31 lines were increased by 119% than that of control at 6 days. These results suggested that the silencing of CrPrp19 gene could increase lipid accumulation, but this effect was at the price of less cell densities.
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FIGURE 4. CrPrp19 gene expression, cell growth, and NL contents of RNAi and overexpression transformants and their controls. NL contents were estimated by dividing cell density with NL concentration calculated by Nile Red fluorescent dye staining method. (A) Cell densities of CrPrp19 RNAi and overexpression lines and controls. The different letters above each point indicate that they were significantly different at p ≤ 0.05 according to one-way ANOVA. (B) NL contents of CrPrp19 RNAi and overexpression lines and controls. The different letters of each column indicate that they were significantly different at p ≤ 0.05 according to one-way ANOVA. (C) Aerated cultures of CrPrp19 RNAi and overexpression transformants and their controls. (D) CrPrp19 RNAi line (CrPrp19i-2) and Maa7 line grown in stress plates. (E) Heat map of mRNA expression levels of lipid synthesis–related genes in CrPrp19 RNAi and overexpression transformants, which was analyzed via qRT-PCR normalized with Maa7 line and CC124, respectively.


CrPrp19 RNAi silencing and overexpressed lines and their respective controls were aerated cultured for 4 days, and the result showed that CrPrp19 RNAi silencing seemed more yellow than others (Figure 4C). Because of the growth difference between CrPrp19 RNAi and Maa7 line, a further comparison and analysis between the growth of CrPrp19 RNAi and Maa7 line under stresses conditions were performed. Here, a high concentration of sodium acetate (NaAc, 8 g/L) was also applied. Acetate is the carbon source usually used in heterotrophic cultivation to promote biomass of C. reinhardtii, but high concentration of NaAc inhibits C. reinhardtii metabolism. Appropriate amount of NaAc could also increase the yield of intracellular FA in C. reinhardtii mutant (Ramanan et al., 2013). The results showed that CrPrp19 RNAi and Maa7 line showed no obvious difference under nitrogen or sulfur deficiency, but much better tolerability to high concentration of NaAc than control (Figure 4D). The growth abilities of CrPrp19 RNAi lines under high concentration of NaAc could be applied to produce lipids with NaAc addition.

Moreover, to reveal the changes of lipid synthesis–related genes in CrPrp19 RNAi and overexpressed lines, qRT-PCR was applied. CrDGAT2-3 was induced to be expressed in CrPrp19 RNAi line, while the expression of CrPDAT increased in CrPrp19 overexpressed line (Figure 4E). The transcript of CrPEPCK gene was stable in both CrPrp19 RNAi and overexpressed lines, but expressions of other chosen lipid biosynthesis–related genes decreased. In summary, when CrPrp19 was silenced or overexpressed, the majority of transcriptions of genes participating in lipid synthesis were changed, suggesting that CrPrp19 could regulate lipid synthesis through control gene transcription.

The accumulation of lipid bodies in CrPrp19 RNAi and overexpressed transformants was examined by fluorescence microscopy (Figure 5). After Nile Red staining, numerous fluorescent lipid droplets (LDs) were observed in CrPrp19 RNAi cells, but none or only a few were present in control cells and overexpressed lines (Figure 5). CrPrp19 RNAi cells were almost twice bigger than the control Maa7-24 line, while overexpression of CrPrp19 did not change cell morphology. To verify this phenomenon, all microalgae strains were synchronized with 5% CO2 aerated cultured under long-day station. After synchronization culture, the CrPrp19 RNAi cell lines also seemed larger than others (Figure 5), indicating that CrPrp19 plays a critical role in cell size control.
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FIGURE 5. Cells and accumulated lipid droplets in CrPrp19 RNAi and overexpression lines. Cells cultured for 7 days were stained by Nile Red staining and photographed by fluorescence microscopy. Scale bar, 10 μM. 1st row: Bright field, 2nd row: fluorescence microscopy images stained with Nile Red, red showed chlorophyll autofluorescence, yellow showed lipid drops. 3rd row: Cells after synchronization culture for 4 days.




Fatty Acid Composition Analysis of CrPrp19 RNAi and Overexpression Transformants

In general, the composition of FAs determined the quality of natural edible oils and biofuels. Therefore, we analyzed the FA composition of CrPrp19 RNAi and overexpressed transformants. After transesterification, FAMEs were examined using GC-MS with methyl non-adecanoate (C15:0) as the internal standard. As shown in Figure 6, FAMEs of CrPrp19 overexpressed line had no difference with the wild-type CC124, with p > 0.05, which was similar to the contents of total lipids (Figure 4B). Total FAMEs in CrPrp19 RNAi showed a significant increase compared with control Maa7-24 line and wild-type CC124. Among FAs in microalgae lines, the highest contents were C16:0 and C18:3n3. The C16:0 in the CrPrp19 RNAi line compared with Maa7 lines and wild type was increased 1.98 and 1.59 times, respectively, whereas there was no obvious distinction among CrPrp19 RNAi lines and controls in C18:3n3 contents. Another high-content FA in CrPrp19 RNAi transformants was C18:1n9c, which was 2.65 and 1.37 times more than that of Maa7 lines and wild type. Others, such as C14:0 and C18:2 in CrPrp19 RNAi lines, also showed significant accumulation than controls, with 2.02- and 2.20-fold increase. Besides, C16:1, C18:0, C18:3 (5, 9, 12), and C20:0 of CrPrp19 RNAi lines were much more than that of Maa7 lines. C18:1n9t in transformant CrPrp19i-2 compared with wild-type CC124 was increased by 36.6%, but the same as the Maa7 line. The other FAs showed no significant difference. CrPrp19 may negatively regulate FA synthesis.


[image: image]

FIGURE 6. Fatty acid composition in CrPrp19 RNAi and overexpression lines. FAMEs in transformant CrPrp19i-2, CrPrp19o-18, and controls were analyzed using GC-MS. TFA is total fatty acids. Each value represents mean ± SD (n = 3). Significant difference between transformant CrPrp19i-2, CrPrp19o-18, and controls by one-way ANOVA is indicated with different letters.




Nuclear Localization of CrPrp19

Protein subcellular localization predicted by Cell-PLoc 2.0 showed that CrPrp19 was a nuclear protein. To verify this result, a fusion construct containing the CrPrp19 gene fused in-frame with the GFP gene and driven by the CaMV 35S promoter was used to transform C. reinhardtii CC124 cells by Agrobacterium-mediated genetic transformation method. As shown in Figure 7, the cells of C reinhardtii CC124 successfully transformed with the chimeric CrPrp19-GFP gene exhibited GFP fluorescence only in the nucleus. Transformation of C. reinhardtii CC124 cells with the empty construct pCAMBIA1302, which contains CaMV35S/GFP gene construct but lacks the CrPrp19 coding sequence, showed no evidence for nuclear localization of GFP activity. That is, in pCAMBIA1302, transformed cells of C. reinhardtii showing GFP were uniformly distributed throughout the cytoplasm of each cell. So CrPrp19 is a nucleoprotein.


[image: image]

FIGURE 7. Nuclear localization of the CrPrp19 protein. C. reinhardtii CC124 cells were transformed via Agrobacterium-mediated genetic transformation method with a fusion gene construct including a truncated CrPrp19 gene fused in frame with a GFP coding gene and driven by the CaMV35S promoter. Cells were fixed and observed by fluorescent microscopy using an excitation wavelength at 488 nm.




Interacting Protein of CrPrp19

Generally, a well understanding of protein interactions could help reveal the cellular functions of target proteins. Here, the yeast two-hybrid (Y2H) assay was conducted to screen interactions of CrPrp19 protein. The full-length coding CrPrp19 gene was cloned in frame with GAL4 DNA-binding domain, and C. reinhardtii cDNA library was cloned with GAL4 activation domain. After detection of non-autoactivation of CrPrp19, the Y2H assays were performed according to the manufacturer of the yeast two-hybrid assay kit. Finally, 52 positive clones grown in SD/QDO/X-α-Gal/AbA (selects for activation of auxotrophic, chromogenic, and antibiotic resistance markers through positive interaction) medium were selected. The gene sequences were identified by PCR amplification, sequencing, and BLASTp analysis. After removing the repeat and invalid sequences, 12 proteins were chosen for gene cloning. Since some of these proteins had long coding genes, only gene fragments were cloned and sequenced from first time Y2H assays. Target genes were cloned into pGADT7 vector and interacted with CrPrp19 bait protein. Finally, six binding proteins were identified, and their information is listed in Table 1, i.e., structural maintenance of chromosomes (SMC) protein, growth factor receptor domain containing protein, peroxisomal coenzyme A diphosphatase, peroxisomal membrane protein 2, phosphoserine transaminase, and pyrophosphate phosphohydrolase.


TABLE 1. List of coding genes of putative interacting proteins of CrPrp19 identified by yeast two-hybrid assay.
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DISCUSSION

Prp19 complex, also named as NineTeen Complex (NTC), functions in several critical processes in eukaryotes, including RNA splicing, transcription elongation, genome maintenance, and protein ubiquitination degradation by the proteasome (Chanarat and Sträßer, 2013). As a large protein complex, NTC/Prp19C consists of eight core proteins and more than 30 associated proteins in higher eukaryotes. Although NJ tree in this study also demonstrated that PRP19 proteins from yeast to human had relatively low evolutionary homolog in complete sequences (Figure 1B), CrPrp19 showed high similarity with yeast Prp19 (Figure 1C), which has highly conserved residues essential for protein interactions and function (Kooi et al., 2010). Three recognized protein motifs, WD-40 repeat domain, U-box, and coiled-coil domain, were predicted in CrPrp19 (Figure 1A). These domains are essential for Prp19p tetramer structure formation, ubiquitination degradation, and interaction with other proteins. U-box domain of Prp19 forms dimer functioning as an E3 ligase mediating poly-ubiquitination (Kooi et al., 2006), and WDR structured a highly conserved surface centered around blade five that is required for the physical interaction (Kooi et al., 2010).

The most thoroughly examined role of NTC/Prp19C is splicing, which is a critical step in gene expression to remove introns (Yin et al., 2012). Prp19 proteins have vital physiological roles for regulation of gene expression networks. In CrPrp19 mutants and overexpression lines, it was noticed that most of the genes that are related to synthesis of lipids decreased (Figure 4D). These findings indicated that CrPrp19 is important for mRNA maturation. Since ScPrp19 was identified in yeast, more and more members of this family have been explored. Duplication of Prp19 proteins was isolated in Arabidopsis, while a single copy of Prp19 was found in human and yeast, as well as in C. reinhardtii. CrPrp19 develop clusters with algae and plant Prp19 (Figure 1B), which most (showed resemblance with GpPrp19) likely reflects that plant Prp19 proteins have a common evolutionary origin. In plants, the scarce function of Prp19 was mostly found in stress tolerance and innate immunity (Monaghan et al., 2009; Zhang et al., 2017). CrPrp19 also responded to nutrition deficiencies, where its gene expressions were obviously altered under these conditions (Figure 2). CrPrp19 is possibly regulated by other proteins, which are involved in responding to environmental influences. About 95% of human and 61% of Arabidopsis intron-containing genes need to undergo alternative splicing, which is critical for growth and development, as well as for responses to changes in environmental conditions. As the core element of the spliceosome, Prp19 proteins are also involved in stress responses. This could explain why the expression of CrPrp19 gene modulated obviously under nutrition deprivation stresses. It requires further investigations to explain how Prp19 acts under different stresses to regulate cell development.

Among the core proteins of NTC, Prp19 proteins play key functions in many different cellular processes. Besides the roles of NTC, Prp19p has also been implicated in lipid droplet biogenesis of mouse adipocytes, which in Prp19p downregulated mouse pre-adipocyte cells, fewer lipid droplets were formed (Cho et al., 2007). However, this is inconsistent with our findings that more lipids were observed in the CrPrp19 RNAi lines (Figures 4B, 5). One of the putative explanations may be because of the cellular distribution difference. In mouse adipocytes, Prp19p is located in both cellular and lipid droplets, but CrPrp19 was only detected in the nucleus (Figure 7), so these two kinds of Prp19 proteins function in lipid biosynthesis maybe via different pathways. Another explanation for RNAi silencing of Prp19 from two species that resulted in distinct lipid body formation is that TAG biosynthesis of animals and plant has so many differences. In plants and animals, members from one protein family sometimes play various roles. For example, DGAT1 and DGAT2 proteins are positively functionally redundant for TAG accumulation in mice adipocytes under basal conditions, and DGAT2 is also essential in maintaining skin lipids (Chitraju et al., 2019); however, seven members of DGATs were found in C. reinhardtii having distinct roles during lipid biosynthesis (Liu et al., 2016). As described in a previous study, Prp19 protein controls TAG accumulation via indirectly regulating triacylglycerol synthesis enzymes, including DGAT-1 and GPAT (Cho et al., 2007). In this investigation, it has been found that the expression of CrDGAT2-3 gene in lipid-rich CrPrp19 RNAi lines significantly enhanced about 9.9-fold more than controls (Figure 4E), indicating that CrPrp19 could also regulate DGAT2-3 to modulate TAG biosynthesis. Since CrDGAT2-3 was not detected to interact with CrPrp19 by Y2H assay (Table 1), it suggested that the functions of CrPrp19 in lipid biosynthesis are independent of regulating CrDGAT2-3.

In microalgae, synthesis of neutral lipids uses glycerol-3-phosphate (G3P) as substrate. G3P is generated through the Calvin cycle and regulated by a series of carbon partitioning–related enzymes. Lysophosphatidic acid (LPA) is formed via G3P and acetyl-CoA acylation by glycerol-3-phosphate acyltransferase (GPAT) catalysis, and then LPA is generated as phosphatidic acid (PA) under LPAAT catalysis. DAG is synthetized by removing the phosphate group in the sn-3 position of PA catalyzed by PAP (Moellering et al., 2009), and finally TAG forms from DAGs. The enzymes modulating carbon flows in microalgae affect lipid accumulation too. Downregulated CrPEPC1 gene increased biomass and lipid accumulation rate (Kao and Ng, 2017). It is a mystery that these enzymes, which are involved in DAG biosynthesis, displayed various degrees of decline when expression levels of CrPrp19 were changed (Figure 4E). As noted previously, plant peroxisomes, which are abundant in oil seeds along with lipid droplets, are important for plant TAG synthesis (Pracharoenwattana et al., 2005). Several peroxisome proteins were found to interact with CrPrp19, so speculation could be made that suppression of CrPrp19 resulted in the inhibition of ubiquitination degradation of peroxisome proteins mediated by CrPrp19 and subsequential lipid biosynthesis. The composition of fatty acids in microalgae determines the quality of lipids, especially their acceptability for use in biodiesel production. The higher amount of C16:0, C16:1, and C18:1n9c were detected in CrPrp19 RNAi lines (Figure 6), showing that FA composition of CrPrp19 RNAi lines was more fit for biodiesel synthesis.

However, overexpression of CrPrp19 had little effects neither on content of lipids nor on cell phenotypes (Figures 4, 5). These data clearly support previous results from mouse Prp19p overexpression 3T3-L1 cells, in which overexpression of Prp19 also had no effect on TAG synthesis (Cho et al., 2007). This further indicates that Prp19 is not a stimulus for lipid storage in cells. Interestingly, the observed benefits of CrPrp19 overexpression were the increased expression of PGAT1 (Figure 4E), which is a key enzyme responsible for TAG biosynthesis in microalgae; however, the increased degree was not enough to cause changes in lipid content.

Accumulation of high-value products, including lipid, was against cell growth, and previous studies showed that carbon availability was the major limiting factor for product biosynthesis and cell reproduction. High carbon/nitrogen ratio was capable of stimulating algal cells cycle under nitrogen starvation fed-batch culture condition (Sun et al., 2020). This study suggested that silencing of CrPrp19 caused inhibition of cell cycles (less cell densities, Figure 4A) and abundance of lipid biosynthesis (Figure 4B), which would result from repression in chemical energy consumption by general metabolism that slows down, and the diversion of the chemical energy to conditionally induce metabolism, including TAG synthesis. Normally, lipid content in cell is more in late stationary phase than in logarithmic phase, when cell growth is repressed (Deshmukh et al., 2019). Similar metabolic changes would occur in KO lines that are repressed in cell division and growth. The well growth of CrPrp19 mutant on NaAc medium (Figure 4D) is consistent with the previous reports that addition of NaAc (4 g/L) significantly increased biomass of C. reinhardtii under the absence of nitrogen absence condition (Yang et al., 2018). Cultured CrPrp19 RNAi lines under high concentration of NaAc may be applied to produce high lipids and biomass.

Silencing of CrPrp19 not only significantly increased the lipid contents but also enlarged cell sizes (Figure 5). As one member of spliceosome, Prp19-associated complex is essential for cell development through regulating intron splicing in several model species, including yeasts and human cells. The splicing factor Cwf15, a component of Prp19-associated complex, plays important roles in fungal growth, and the deletion of Cwf15 resulted in a shorter cell length (Liu et al., 2021). Previous studies showed that mutations in splicing factors could affect plant growth, development, and stress responses. The loss of the splicing factor PRP40C caused a late flowering phenotype in medium or long-day photoperiods, and a significant enrichment for genes related to salt and biotic stress responses (Hernando et al., 2019). However, CrPrp19 RNAi mutants showed larger cell sizes (Figure 5), indicating the different roles of CrPrp19 in plant cells. Prp19 might be necessary for the cell cycle, so inhibition of CrPrp19 resulted in decreased cell densities (Figure 4A). As we know, the quantities of cells depend on mitosis in single-celled organism C. reinhardtii. Human Prp19 is known to directly contribute to functions in open mitosis independent of its role in the interphase nucleus as the first spliceosome subcomplex (Hofmann et al., 2013). CrPrp19 interacts with SMC protein, which generally binds to DNA and is induced early in S phase, acting in organizing and segregating chromosomes for cell division. The RNAi of CrPrp19 may disrupt the normal cell cycle and cause abnormal cell division, which also resulted in cell sizes changes. During biodiesel production in microalgae, harvesting is one of the major energy and cost consumption progress, which is against the “green energy” concept. Generally, appropriate harvesting technique with low energy consumption and less cost maintenance majorly is selected depending on cell size and density (Vasistha et al., 2021). The larger cell size of CrPrp19 RNAi lines makes it easier to be collected, but unfortunately, the cell densities decreased significantly (Figure 4A), which needs to be improved for direct applications.

PRP19 in humans and yeast often binds to Pre4/β7 subunit, which is the central component of 20S proteasome, while mouse PRP19 binds to the 19S proteasome regulatory subunit SUG1 (Löscher et al., 2005; Sihn et al., 2007). Yet, the interaction proteins of CrPrp19 in this study are not subunits of proteasomes, but some metabolic enzymes and cell cycle–related proteins (Table 1). This may account for the mechanism of CrPrp19 regulating cell growth and lipid biosynthesis. To date, Prp19p has countless repeated functions in nucleus, and we also found CrPrp19 located in the nucleus exclusively (Figure 7). Based on the phenotypes of CrPrp19 RNAi lines and the protein–protein interactions analysis, we speculated that CrPrp19 might also act in the cell cycle control and regulate lipid formation via an indirect pathway. Nevertheless, detailed molecular mechanisms of CrPrp19 functions still need more studies to reveal.

In summary, according to our results, the achievement of microalgae with more lipids and larger cell size through CrPrp19 RNA interference silencing can be applied as an alternative strategy for the development of microalgal strains that meet industrial biofuel production.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

QL and YL performed the experiments. QL, HZ, and YL analyzed the data. CW and ZH provided reagents and materials. QL and XZ wrote the article. ZH revised the article. QL and ZH conceived and designed the experiments. All authors read and approved the final manuscript.



FUNDING

This work was supported by the Chinese National Key R&D Project for Synthetic Biology (2018YFA0902500), the Guangdong Provincial Key Laboratory of Functional Substances in Medicinal Edible Resources and Healthcare Products (2021B1212040015), the National Natural Science Foundation of China (31770272 and 41876188), the Shenzhen Basic Research Projects (JCYJ20180507182405562), Guangxi Innovation Drive Development Special Fund (Gui Ke AA18242047), Funding for the Construction of Southern Marine Science and Engineering Guangdong Laboratory (Guangzhou), Shenzhen Special Fund for Sustainable Development to ZH and the Doctoral Scientific Research Foundation of Hanshan Normal University (QD20180929, QN202017).



ACKNOWLEDGMENTS

We thank additional laboratory personnel support provided by the Shenzhen Engineering Laboratory for Marine Algal Biotechnology, and Kang Xiao for the corrections of English.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.860024/full#supplementary-material


FOOTNOTES

1https://www.ncbi.nlm.nih.gov/

2http://www.clustal.org/clustal2/

3http://kr.expasy.org/tools/pi_tool.html

4http://smart.embl-heidelberg.de/

5http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/

6http://www.cbs.dtu.dk/services/TMHMM/

7http://www.sbg.bio.ic.ac.uk/phyre2/html


REFERENCES

Breuer, G., Lamers, P. P., Martens, D. E., Draaisma, R. B., and Wijffels, R. H. (2012). The impact of nitrogen starvation on the dynamics of triacylglycerol accumulation in nine microalgae strains. Bioresour. Technol. 124, 217–226. doi: 10.1016/j.biortech.2012.08.003

Cakmak, T., Angun, P., Ozkan, A. D., Cakmak, Z., Olmez, T. T., and Tekinay, T. (2012). Nitrogen and sulfur deprivation differentiate lipid accumulation targets of Chlamydomonas reinhardtii. Bioengineered 3, 343–346. doi: 10.4161/bioe.21427

Chan, S., Kao, D., Tsai, W., and Cheng, S. (2003). The Prp19p-associated complex in spliceosome activation. Science 302, 279–282. doi: 10.1126/science.1086602

Chanarat, S., and Sträßer, K. (2013). Splicing and beyond: the many faces of the Prp19 complex. BBA Mol. Cell Res. 1833, 2126–2134. doi: 10.1016/j.bbamcr.2013.05.023

Chen, W., Zhang, C., Song, L., Sommerfeld, M., and Hu, Q. (2009). A high throughput Nile red method for quantitative measurement of neutral lipids in microalgae. J. Microbiol. Meth. 77, 41–47. doi: 10.1016/j.mimet.2009.01.001

Cheng, S. C., Tarn, W. Y., Tsao, T. Y., and Abelson, J. (1993). PRP19: a novel spliceosomal component. Mol. Cell Biol. 13, 1876–1882. doi: 10.1128/MCB.13.3.1876

Chitraju, C., Walther, T. C., and Farese, R. V. (2019). The triglyceride synthesis enzymes DGAT1 and DGAT2 have distinct and overlapping functions in adipocytes. J. Lipid Res. 60, 1112–1120. doi: 10.1194/jlr.M093112

Cho, S. Y., Shin, E. S., Park, P. J., Shin, D. W., Chang, H. K., Kim, D., et al. (2007). Identification of mouse Prp19p as a lipid droplet-associated protein and its possible involvement in the biogenesis of lipid droplets. J. Biol. Chem. 282, 2456–2465. doi: 10.1074/jbc.M608042200

Chungjatupornchai, W., and Fa-Aroonsawat, S. (2020). Enhanced triacylglycerol production in oleaginous microalga Neochloris oleoabundans by co-overexpression of lipogenic genes: plastidial LPAAT1 and ER-located DGAT2. J. Biosci. Bioeng. 131, 124–130. doi: 10.1016/j.jbiosc.2020.09.012

Deng, X. D., Gu, B., Li, Y. J., Hu, X. W., Guo, J. C., and Fei, X. W. (2012). The roles of acyl-CoA: diacylglycerol acyltransferase 2 genes in the biosynthesis of triacylglycerols by the green algae Chlamydomonas reinhardtii. Mol. Plant 5, 945–947. doi: 10.1093/mp/sss040

Deng, X. D., Li, Y. J., and Fei, X. W. (2011). The mRNA abundance of pepc2 gene is negatively correlated with oil content in Chlamydomonas reinhardtii. Biomass Bioenerg. 35, 1811–1817. doi: 10.1016/j.biombioe.2011.01.005

Deshmukh, S., Kumar, R., and Bala, K. (2019). Microalgae biodiesel: a review on oil extraction, fatty acid composition, properties and effect on engine performance and emissions. Fuel Process. Technol. 191, 232–247. doi: 10.1016/j.fuproc.2019.03.013

Devadasu, E., Chinthapalli, D. K., Chouhan, N., Madireddi, S. K., Rasineni, G. K., Sripadi, P., et al. (2019). Changes in the photosynthetic apparatus and lipid droplet formation in Chlamydomonas reinhardtii under iron deficiency. Photosynth. Res. 139, 253–266. doi: 10.1007/s11120-018-0580-2

Dillard, S. R., Van, K., and Spalding, M. H. (2011). Acclimation to low or limiting CO2 in non-synchronous Chlamydomonas causes a transient synchronization of the cell division cycle. Photosynth. Res. 109, 161–168. doi: 10.1007/s11120-010-9618-9

Enamala, M. K., Enamala, S., Chavali, M., Donepudi, J., Yadavalli, R., Kolapalli, B., et al. (2018). Production of biofuels from microalgae - A review on cultivation, harvesting, lipid extraction, and numerous applications of microalgae. Renew. Sust. Energ. Rev. 94, 49–68. doi: 10.1016/j.rser.2018.05.012

Ghasemi, Y., Rasoul-Amini, S., Naseri, A. T., Montazeri-Najafabady, N., Mobasher, M. A., and Dabbagh, F. (2012). Microalgae biofuel potentials (Review). Appl. Biochem. Micro. 48, 126–144. doi: 10.1134/S0003683812020068

Grey, M., Düsterhöft, A., Henriques, J. A. P., and Brendel, M. (1996). Allelism of PSO4 and PRP19 links pre-mRNA processing with recombination and error-prone DNA repair in Saccharomyces cerevisiae. Nucleic Acids Res. 24, 4009–4014. doi: 10.1093/nar/24.20.4009

Hernando, C. E., Hourquet, M. G., Leone, M. J., Careno, D., Iserte, J., Garcia, M. S., et al. (2019). A role for pre-mRNA-processing protein 40C in the control of growth, development, and stress tolerance in Arabidopsis thaliana. Front. Plant Sci. 10:1019. doi: 10.3389/fpls.2019.01019

Hofmann, J. C., Tegha-Dunghu, J., Dräger, S., Will, C. L., Lührmann, R., and Gruss, O. J. (2013). The prp19 complex directly functions in mitotic spindle assembly. PLos One 8:e74851. doi: 10.1371/journal.pone.0074851

Kao, P. H., and Ng, I. S. (2017). CRISPRi mediated phosphoenolpyruvate carboxylase regulation to enhance the production of lipid in Chlamydomonas reinhardtii. Bioresour. Technol. 245(Pt B), 1527–1537. doi: 10.1016/j.biortech.2017.04.111

Kelley, L. A., Mezulis, S., Yates, C. M., Wass, M. N., and Sternberg, M. J. (2015). The Phyre2 web portal for protein modeling, prediction and analysis. Nat Protoc. 10, 845–858. doi: 10.1038/nprot.2015.053

Kindle, K. L. (1990). High-frequency nuclear transformation of Chlamydomonas reinhardtii. Proc. Natl. Acad. Sci. U.S.A. 87, 1228–1232. doi: 10.1073/pnas.87.3.1228

Kiss, F., Johnson, T. C., Klecan, A. L., Vincze, G., Buchanan, B. B., and Balogh, A. (1989). Identification of two forms of PFK and a fructose-2,6-bisphosphate independent form of PFP in a green alga. Photosynth. Res. 21, 123–128. doi: 10.1007/BF00033366

Koncz, C. W., Dejong, F., Villacorta, N., Szakonyi, D., and Koncz, Z. (2012). The spliceosome-activating complex: molecular mechanisms underlying the function of a pleiotropic regulator. Front. Plant Sci. 3:9.

Kooi, C. W. V., Ohi, M. D., Rosenberg, J. A., Oldham, M. L., Newcomer, M. E., Gould, K. L., et al. (2006). The Prp19 U-box crystal structure suggests a common dimeric architecture for a class of oligomeric E3 ubiquitin ligases. Biochemistry 45, 121–130. doi: 10.1021/bi051787e

Kooi, C. W. V., Ren, L., Xu, P., Ohi, M., Gould, K. L., and Chazin, W. J. (2010). The Prp19 WD40 domain contains a conserved protein interaction region essential for its function. Structure 18, 584–593. doi: 10.1016/j.str.2010.02.015

Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870–1874. doi: 10.1093/molbev/msw054

Liu, J., Han, D., Yoon, K., Hu, Q., and Li, Y. (2016). Characterization of type 2 diacylglycerol acyltransferases in Chlamydomonas reinhardtii reveals their distinct substrate specificities and functions in triacylglycerol biosynthesis. Plant J. 86, 3–19. doi: 10.1111/tpj.13143

Liu, X., Pan, X., Chen, D., Yin, C., Peng, J., Shi, W., et al. (2021). Prp19-associated splicing factor Cwf15 regulates fungal virulence and development in the rice blast fungus. Environ. Microbiol. 23, 5901–5916. doi: 10.1111/1462-2920.15616

Löscher, M., Fortschegger, K., Ritter, G., Wostry, M., Voglauer, R., Schmid, J. A., et al. (2005). Interaction of U-box E3 ligase SNEV with PSMB4, the β7 subunit of the 20S proteasome. Biochem. J. 388, 593–603. doi: 10.1042/BJ20041517

Lu, X., and Legerski, R. J. (2007). The Prp19/Pso4 core complex undergoes ubiquitylation and structural alterations in response to DNA damage. Biochem. Biophys. Res. Commun. 354, 968–974. doi: 10.1016/j.bbrc.2007.01.097

Moellering, E. R., Miller, R., and Benning, C. (2009). “Molecular genetics of lipid metabolism in the model green alga Chlamydomonas reinhardtii,” in Lipids in Photosynthesis. Advances in Photosynthesis and Respiration, eds H. Wada and N. Murata (Dordrecht: Springer), 30. doi: 10.1007/978-90-481-2863-1_7

Monaghan, J., Xu, F., Gao, M., Zhao, Q., Palma, K., Long, C., et al. (2009). Two Prp19-like U-Box proteins in the MOS4-associated complex play redundant roles in plant innate immunity. PLoS Pathog. 5:e1000526.

Mudgil, Y., Shiu, S. H., Stone, S. L., Salt, J. N., and Goring, D. R. (2004). A large complement of the predicted Arabidopsis ARM repeat proteins are members of the U-box E3 ubiquitin ligase family. Plant Physiol. 134, 59–66. doi: 10.1104/pp.103.029553

Nguyen, T., Park, S., Jeong, J., Ye, S. S., and Jin, E. S. (2020). Enhancing lipid productivity by modulating lipid catabolism using the CRISPR-Cas9 system in Chlamydomonas. J. Appl. Phycol. 32, 2829–2840. doi: 10.1007/s10811-020-02172-7

Pracharoenwattana, I., Cornah, J. E., and Smith, S. M. (2005). Arabidopsis peroxisomal citrate synthase is required for fatty acid respiration and seed germination. Plant Cell 17, 2037–2048. doi: 10.1105/tpc.105.031856

Ramanan, R., Kim, B. H., Cho, D. H., Ko, S. R., Oh, H. M., and Kim, H. S. (2013). Lipid droplet synthesis is limited by acetate availability in starchless mutant of Chlamydomonas reinhardtii. FEBS Lett. 587, 370–377. doi: 10.1016/j.febslet.2012.12.020

Russa, M. L., Bogen, C., Uhmeyer, A., Doebbe, A., Filippone, E., Kruse, O., et al. (2012). Functional analysis of three type-2 DGAT homologue genes for triacylglycerol production in the green microalga Chlamydomonas reinhardtii. J. Biotechnol. 162, 13–20. doi: 10.1016/j.jbiotec.2012.04.006

Sato, M., Sakota, M., and Nakayama, K. (2010). Human PRP19 interacts with prolyl-hydroxylase PHD3 and inhibits cell death in hypoxia. Exp. Cell Res. 316, 2871–2882. doi: 10.1016/j.yexcr.2010.06.018

Shin, Y. S., Jeong, J., Nguyen, T., Kim, J., Jin, E., and Sim, S. J. (2018). Targeted knockout of phospholipase A2 to increase lipid productivity in Chlamydomonas reinhardtii for biodiesel production. Bioresour Technol. 271, 368–374. doi: 10.1016/j.biortech.2018.09.121

Sihn, C. R., Si, Y. C., Lee, J. H., Lee, T. R., and Sang, H. K. (2007). Mouse homologue of yeast prp19 interacts with mouse SUG1, the regulatory subunit of 26S proteasome. Biochem. Biophys. Res. Commun. 356, 175–180. doi: 10.1016/j.bbrc.2007.02.134

Sun, H., Ren, Y., Mao, X., Li, X., Zhang, H., Lao, Y., et al. (2020). Harnessing C/N balance of Chromochloris zofingiensis to overcome the potential conflict in microalgal production. Commun. Biol. 3:186. doi: 10.1038/s42003-020-0900-x

Suzuki, K. (1995). Phosphoglycolate phosphatase-deficient mutants of Chlamydomonas reinhardtii capable of growth under air. Plant Cell Physiol. 1, 95–100. doi: 10.1159/000163933

Vasistha, S., Khanra, A., Clifford, M., and Rai, M. P. (2021). Current advances in microalgae harvesting and lipid extraction processes for improved biodiesel production: a review. Renew. Sust. Energ. Rev. 137:110498. doi: 10.1016/j.rser.2020.110498

Wagner, M., Hoppe, K., Czabany, T., Heilmann, M., Daum, G., Feussner, I., et al. (2010). Identification and characterization of an acyl-CoA: diacylglycerol acyltransferase 2 (DGAT2) gene from the microalga O. tauri. Plant Physiol. Biochem. 48, 407–416. doi: 10.1016/j.plaphy.2010.03.008

Wang, C., Li, Y., Lu, J., Deng, X., Li, H., and Hu, Z. (2018). Effect of overexpression of LPAAT and GPD1 on lipid synthesis and composition in green microalga Chlamydomonas reinhardtii. J. Appl. Phycol. 30, 1711–1719. doi: 10.1007/s10811-017-1349-2

Wood, D. A. (2021). Microalgae to biodiesel – Review of recent progress. Bioresour. Technol. Rep. 14:10066. doi: 10.1016/j.biteb.2021.100665

Yamada, T., Urano-Tashiro, Y., Hashi, Y., Sakumoto, M., and Tashiro, F. (2013). The U-box-type ubiquitin ligase PRP19β regulates astrocyte differentiation via ubiquitination of PTP1B. Brain Res. 1524, 12–25. doi: 10.1016/j.brainres.2013.06.007

Yang, L., Chen, J., Qin, S., Zeng, M., Jiang, Y. G., Hu, L., et al. (2018). Growth and lipid accumulation by different nutrients in the microalga Chlamydomonas reinhardtii. Biotechnol. Biofuels 11:40. doi: 10.1186/s13068-018-1041-z

Yin, J., Zhu, J. M., and Shen, X. Z. (2012). New insights into pre-mRNA processing factor 19: a multi-faceted protein in humans. Biol. Cell 104, 695–705. doi: 10.1111/boc.201200011

Yoon, K., Han, D., Li, Y., Sommerfeld, M., and Hu, Q. (2012). Phospholipid:diacylglycerol acyltransferase is a multifunctional enzyme involved in membrane lipid turnover and degradation while synthesizing triacylglycerol in the unicellular green microalga Chlamydomonas reinhardtii. Plant Cell 24, 3708–3724. doi: 10.1105/tpc.112.100701

Zhang, M., Zhang, G. Q., Kang, H. H., Zhou, S. M., and Wang, W. (2017). TaPUB1, a putative E3 ligase gene from wheat, enhances salt stress tolerance in transgenic Nicotiana benthamiana. Plant Cell Physiol. 58, 1673–1688. doi: 10.1093/pcp/pcx101


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Luo, Zhu, Wang, Li, Zou and Hu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A U-Box Type E3 Ubiquitin Ligase Prp19-Like Protein Negatively Regulates Lipid Accumulation and Cell Size in Chlamydomonas reinhardtii



		INTRODUCTION



		MATERIALS AND METHODS



		Algal Strain and Growth Conditions



		Isolation of CrPrp19 Gene in Chlamydomonas reinhardtii



		Expression Profile of CrPrp19 Gene



		Vector Construction and Transformation



		Measurement of Cell Growth



		Nile Red Fluorescence Determination of Neutral Lipid Content



		Fatty Acid Methyl Ester Transformation and Fatty Acid Methyl Ester Analysis



		Yeast Two-Hybrid Analysis



		Subcellular Localization of CrPrp19



		Statistical Analysis







		RESULTS



		Identification of CrPrp19 Gene and Bioinformatics Analysis



		Expression Patterns of CrPrp19 Under Nutrition Deprivation



		Construction and Identification of CrPrp19 RNA Interference and Overexpression Lines



		CrPrp19 Regulates Cell Growth and Neutral Lipids Accumulation in Chlamydomonas reinhardtii



		Fatty Acid Composition Analysis of CrPrp19 RNAi and Overexpression Transformants



		Nuclear Localization of CrPrp19



		Interacting Protein of CrPrp19







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fmicb-13-860024-g006.jpg
TI.

Y.
o DN RN RN NN NSRRI QA\

W NN NN RO RNONN RN NN

<

“
C
b

< T OO

£
Ha)
O

ae]
SHEROSSOONNONNN

o
Q

=)
= FEIOS OO\

- CrPrp190-18
[ Jccia4

b

O
O
< .MW MAATRRAR LR

/A CrPrp19i-2
[ 1Maa7-24

o
)
O
o]

\\
| D \ YL DL DL L L DL DL |
S < o W T N AN = O
o en

90

(Swi/3n) Judjuo0d spre Ayeg





OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

A U-Box Type E3 Ubiquitin
Ligase Prp19-Like Protein
Negatively Regulates Lipid
Accumulation and Cell Size
in Chlamydomonas reinhardltii





OPS/images/fmicb-13-860024-g005.jpg
Bright field Nile red stained Synchronization

z . % 7% -_— .y T
C‘,’ v %
Vo” e # ‘ 6% > -
e P &%, ‘.: / ’ o
4 7 4 5 4

&'.::l Z _ &

(Z , s %y

/ 2 gl

1',‘ ' I;‘:: ;
CrPrpl9%-2 = & 9%
w

Maa7-24

z:'.‘s iﬂ ;‘ -
CrPrpl90-18 o < o "(";;.9!
.} -

7. ’;’
cci4 P @,

4
.






OPS/images/fmicb-13-860024-g007.jpg
CrPrp19 pCAMBIA1302

Bright field GFP signal Bright field GFP signal







OPS/images/fmicb-13-860024-g002.jpg
<¢<<4
5558
0.0.9.0.4
oedede%
2020202

&c&q

BE= HSM-Fe

44444444

KK
odose!
o%e%%%!

Time (days)

0.9,
KR

X
3
SXKX

444444444444444

*
*

XK K K XXX XK I KKK K K K )
3 BRI

< 9, 0.90.0.9.9.9.0.0.0.9.0.0.9.
3 PR
LS 0.0.0.9.9.9.9.0.0.0.0.0.9.4

\
AR RS Ra\wm e e e s
o —1 9 oy g I O
aslcila Nat fa NI o B o QN o v i o QY -

uorssaxdxa aAne[RI YN W

rTrrerrr et
TS W~ &
cooS S o

4






OPS/images/fmicb-13-860024-g001.jpg
coiled coil
]

o ' T100 ' 1200 ' 1300 ' 1200 J T500

N-terminal

U-box

ScPrp19
o
3






OPS/images/fmicb-13-860024-g004.jpg
Cell densities (10°cells/mL)

Neutral lipid content (ng/ 10° cells)

ab g
—{]=CrPrpl9%-2 =—>&— CrPrpl90-18 ab atl))
1204 | —C—CrPrpl%i-42 —¥—CrPrp19-31 | 2 9
g -/~ Maa7-24 —(O0—CC124 a c g
110 a b
J T
100 - 2 :
= a
90 : A
g a b -’
80 - o -
J b g
- oy JEPT
60 - A B T T
- /
50 - /
- (4
40 - g ! 5/
30 - "
| b V4
20 4 Y /4
104
0 i T T T 1 T T J I I
0 2 3 4 S 6 7
Time (days)
0.9 ] CrPrp19i-2 g CrPrp190-18
0.8 - crprp19i-42 B crprp19o-31 % o—
1 Crmeer2s %
o7 Mear2e Ed o /\\,
- a . /
0.6 ?§
. A Z
0.5 %%
0.4 -
0.3 - ab%
1d

0.2~

0.1+

Time (days)

Maa7-24

CrPrpl9i-2 CCl124  CrPrpl90-18

CrPpl9%i Maa7  CrPrpl% Maa7 CrPrpl% Maa7 CrPrpl9%i Maa7
3.2-E4 & ‘ o
6.4-E3 W @
1363 = @

2.6-E2 ®

=Y.

HSM NaAc

-N

E CrPrp19i-2 CrPrp190-15
CrDGAT2-1
CrDGAT2-3
CrDGAT2-5
CrDGAT2-4
CrPDAT
CrPAP2
— CrPEPC1
[ CrPFK1
CrDGAT2-2
CrPEPCK
CrFBP1
CrPAP1
CrPGP1

CrCIS
CrDGAT1






OPS/images/fmicb-13-860024-g003.jpg
(@

ive expression level

Gene relat

RbcS pro

Maa7 3’UTR CrPrpl9

-

al

1.1-
1.0-

0.9

0.8
0.016-
0.012-
0.008-
0.004-
0.000-

[ 1crPrp19

i
Kpn [ Bam

188

/7 \ |
/ \ |
! \ I

HI Sall HindIll
aadA (Kan®)NOS ter hpt [[(hyg®) CaMV35S8 pro CaMV35S pro

*%

Maa7-24

CrPrp19i-2

 CrPrpl19i-42

O
W A N QA I X
S oo o o <
\‘I‘.I.I.I.I.I.

Gene relative expression level

= = =
S W o
a2 .

= -

A CrPrpl9

CrPrpl19 Maa7 3°UTR 35S ter HSP70A pro aph VIl (prm®R) RbcS ter

L

CrPrpl9 CDS

*k
1

mGFP  NOS ter

w%

I

/

_

CC124

C rPrpi 90-18 C rPrpIl 90-31





OPS/images/fmicb-13-860024-t001.jpg
Gene symbol

SMC

Hypothetical protein

NUDT7

PXMP2
PSAT
PPase

Gene locus

Cre06.g307250.t1.2

Cre16.9668700.t1.2

Cre02.9081300.t1.1

Cre16.9668900.t1.1
Cre07.g3315650.t1.2
Cre09.g387875.t1.1

Chromosome position?

6:8434625..8442485R

16:4199135..4206852F

2:11156202..1119675R

16:4168064..4170253R
7:2791510..2794528R
9:3253978..3256301F

aF and R represent the forward and reverse directions on the chromosome, respectively.

Amino acids

1,286

831

737

167
406
192

Description

Structural maintenance of
chromosomes (SMC) protein

Hypothetical protein contains growth
factor receptor domain

Peroxisomal coenzyme A
diphosphatase

Peroxisomal membrane protein 2
Phosphoserine transaminase
Pyrophosphate phosphohydrolase





OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Microbiology





