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Neopyropia yezoensis, previously known as Pyropia yezoensis, is regarded as a model macroalgae because of its economic value and typical intertidal seaweed species. However, the genetic transformation system to introduce foreign genes into its cells is inefficient and not stable. This study developed a more efficient transformation toolbox that allows the stable expression of foreign genes in N. yezoensis cells. We constructed an efficient transformation platform with the parameters of biolistic bombardment of 6 cm target distance, 600 μg gold particles/shot, 10 μg plasmid DNA/shot, 1,350 psi of helium, and 30 mmHg vacuum pressure. Thalli at 35 days of age were the most suitable transformation conditions, in which the highest transformation efficiency was generated. The endogenous promoter pPyACT1 could control gene expression efficiently compared to pPyUBC, pPyDPE2, and pPyEF1-a, especially the exogenous promoter d35S. Finally, the foreign genes PyGUS and PyHygR were stably expressed in different generations of transformants, including monospores, gametophytes, and filamentous sporophytes. Southern blotting analysis confirmed that PyGUS was integrated into the genome of N. yezoensis transformants. Establishing an efficient gene expression toolbox provides a strong foundation for functional genomics research and molecular genetic breeding on N. yezoensis.
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Introduction

Genetic transformation has become an important technique in modern molecular biology research to analyze gene functions and regulatory mechanisms, increase the tolerance of organisms to various environmental stresses, and obtain organisms that efficiently produce biofuels and medically important materials (Torney et al., 2007; Bhatnagar-Mathur et al., 2008; Rochaix, 2013). Achieving algal transformation is also crucial for investigating the function and regulation of genes and laying the foundation for genetic breeding (Walker et al., 2005; Hallmann, 2006). In microalgae, with simple cellular structures and life cycles, stable transformation systems have already been developed, such as in the model green alga Chlamydomonas reinhardtii via electroporation (Jiang et al., 2014), in the model diatom Phaeodactylum tricornutum via biolistic transformation (Kikutani et al., 2016; Slattery et al., 2018), and in Nannochloropsis sp. via electroporation (Ma et al., 2017). Macroalgae are multicellular organisms with a life cycle characterized by an alternation of generations (Bowman et al., 2016). The establishment of a transformation system in macroalgae is relatively few compared with that in microalgae. Thalli of the red alga Kappaphycus alvarezii was used in the first report of the transient transformation of seaweeds using particle bombardment (Kurtzman and Cheney, 1991). Transient transformation systems have been established in the red macroalgae Gracilaria chagii, G. gracilis, and K. alvarezii by particle bombardment (Gan et al. 2003a; Wang et al., 2010a; Huddy et al., 2012); the life cycle of the three organisms corresponds to heteromorphic alternation of generations. In the brown macroalgae, Laminaria japonica and Undaria pinnatifida, transient transformation has been described in sporophytes by particle bombardment (Daozhan et al., 2002; Jiang et al., 2003). For the green macroalgae Ulva, which has a life cycle characterized by the isomorphic alternation of generations, transient transformation has been reported in U. lactura via electroporation and U. pertusa via particle bombardment (Huang et al., 1996; Kakinuma et al., 2009). The transformation efficiency of these macroalgae is not high, while the stable transformation is immature. Recently, in the multicellular green macroalga U. mutabilis, which has two layers of cells, a molecular toolkit was developed that stably overexpresses transgenes in cell lines. It can also be used for the expression of fluorescent proteins, marker lines, and tagged endogenous proteins (Blomme et al., 2021).

Neopyropia yezoensis, one of the Bangiophyceae algae, has a life cycle of the haploid gametophyte (thalli) and diploid sporophyte (filament) and is an essential economic seaweed for its value in the food, food additives, and medicine industries. Moreover, N. yezoensis thalli, which can tolerate broad and extreme environmental stresses, is regarded as a model red macroalga for physiological and genetic research (Saga and Kitade, 2002). The completion of the N. yezoensis genome sequence allowed the prediction of 12,855 protein-coding genes, almost half of which have an unknown function (Wang et al., 2020). Therefore, it will be beneficial to develop transformation technology to accelerate the elucidation of gene function in N. yezoensis. Some studies have reported the progress of transient transformation technologies for N. yezoensis (Hirata et al., 2011; Mikami et al., 2011; Uji et al., 2013). Plastid genetic transformation based on homologous recombination technology has also been established in N. yezoensis (Kong et al., 2017). However, many bottlenecks remain in the stable and efficient transformation of macroalgae N. yezoensis, such as the lack of effective transformation methods, efficient expression vectors, and proper selection markers.

In previous studies, the use of exogenous promoters, such as those of the cauliflower mosaic virus 35S RNA (CaMV 35S) and simian virus 40 (SV40) genes, was attempted in G. changii, L. japonica, P. miniate, and N. yezoensis (Mei et al., 1998; Jiang et al., 2003; Gan et al., 2003b). However, the activity of the CaMV 35S and SV40 promoters in these algal species is very low. Strong endogenous promoters from algae show higher expression levels of exogenous genes, such as those of the β2-tubulin (β2TUB) gene, ribulose bisphosphate carboxylase small subunit 2 (RBCS2) gene, and heat shock protein 70 (HSP70) genes (Davies et al., 1992; Schroda et al., 2000; Sizova et al., 2001). The promoter of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene from N. yezoensis efficiently controls PyGUS in N. yezoensis cells (Fukuda et al., 2008). Thus, selecting strong endogenous promoters is critical for controlling the high expression of foreign genes. Suitable reporter genes can accelerate the selection of positive transformants. Bacterial β-galactosidase lacZ and β-glucuronidase (GUS) uidA genes in macroalgae have already been used as reporters. For foreign genes, the incompatibility of codon usage may be responsible for the poor translation efficiency of N. yezoensis cells. AT codons are abundant in bacterial GUS and lacZ. A GUS gene optimized for codon usage in N. yezoensis is efficiently expressed compared with a nonoptimized GUS gene (Fukuda et al., 2008). Fluorescent proteins, such as green protein ZsGFP, sGFP, and cyan AmCFP, can also be transiently expressed in gametophytic cells of N. yezoensis (Uji et al., 2010), which highlights their potential utilization as reporter genes in future genetic transformation research. The gene expression efficiency in these studies was relatively low. Therefore, to establish a reliable gene delivery system in N. yezoensis, it is necessary to select an efficient promoter and appropriate reporter gene for assaying gene expressions.

Gene transfer methods are critical for exogenous gene expression. In plants, Agrobacterium-mediated, electroporation, polyethylene glycol (PEG), lipofection, virus-mediated, and biolistic bombardment transformation methods have been developed (Rathus and Birch, 1992; Chen et al., 1998; Howe et al., 2006; Zhang et al., 2011; Westwood et al., 2013; Keymer et al., 2017). New transformation methods, such as nanomaterial-mediated transformation, have also been developed to achieve efficient plant genetic transformation and no transgene integration in the genome (Demirer et al., 2019; Kwak et al., 2019). The glass bead, electroporation, PEG, PEG plus electroporation (Mei et al., 1998), and Agrobacterium-mediated (Cheney et al., 2001) methods have been used for N. yezoensis; however, these transformation methods do not generate a high transformation efficiency. Particle bombardment is the most commonly used transformation technology without the limitation of host cells. Factors such as microparticle type, amount and size, helium pressure, vacuum pressure, bombardment distance (the distance between the stopping screen and the biological target), and the amount of DNA used for coating the microcarriers can influence the final transformation efficiency. Thus, for particle bombardment, the optimization of these transformation factors will improve the transformation efficiency to select an efficient gene transfer system.

Protoplasts, conchospores, gametophytic thalli, and sporophytic filaments have been used as transformation recipients for Neopyropia. For protoplast transformation, the beta-glucuronidase (GUS) and green fluorescent protein (GFP) genes driven by the ribulose-bisphosphate-carboxylase/oxygenase gene promoter can be expressed via electroporation (Mizukami et al., 2004). The transformation efficiency is low in protoplasts due to the low viability and complex preparation procedure. For conchospore transformation, lacz and egfp can be expressed under the control of the SV40 promoter by glass bead agitation in N. haitanensis (Wang et al., 2010b). However, the preparation of conchospores requires a long time, and the transformation efficiency is nearly 0.006‰. In sporophytic filaments, the PyGUS reporter gene is controlled by the PyKPA1 promoter through particle bombardment transformation (Uji et al., 2013). However, the enzymatic activity of PyGUS is lower in sporophytic cells than in gametophytic cells by particle bombardment. It is thought that the thin filamentous form of sporophytic cells makes them difficult to target by particle bombardment (Mikami et al., 2011). Gametophytic cells have been widely used for particle bombardment in N. yezoensis and N. haitanensis, by which foreign genes, such as PyGUS and sGFP reporter genes, can be transiently expressed (Takahashi et al., 2010; Hirata et al., 2011). Gametophytic thalli are an appropriate receptor to introduce foreign genes.

In this study, several endogenous strong promoters, pPyACT1, pPyUBC, pPyDPE2, and pPyEF1-a, were selected and ligated into the PBI121-GUS vector separately to compare their transcriptional activity. The antibiotic resistance hygromycin PyHygR was used as a selection marker. The constructs were transformed into N. yezoensis gametophytic thalli using biolistic bombardment, and different transforming parameters, such as target distance, gold particle/plasmid DNA content, vacuum pressure, and growing age of thalli, were optimized to improve transformation efficiency. Using these parameters, a toolbox was constructed to integrate foreign elements into the genome. This study would provide a foundation for functional genomics research and molecular genetic breeding in N. yezoensis.



Materials and Methods


Algal Strains and Culture Conditions

We selected and bred the N. yezoensis pure culture strain RZ (PYL201306-440). Gametophytic thalli and sporophytic filaments were both cultured in a PES medium made with sterilized seawater at 10°C and 20°C, respectively. Sperms and carpogonia from mature gametophytic thalli (gametophytic thalli were incubated at 20°C for approximately 30 days under stationary conditions) can inbreed to generate carpospores and further develop into sporophytic filaments. The irradiance for the gametophytic thalli was 50 μmol photons m−2 s−1 and continuous aeration with filter-sterilized air. The irradiance for the sporophytic filaments was 20 μmol photons m−2 s−1 without aeration. The photoperiod was 12 L:12 D. PES medium was renewed every 3 days and continuously aerated with filter-sterilized air. Thalli were used for particle bombardment after culturing for 5–7 weeks.



Isolation Promoter of the PyACT1, PyUBC, PyDPE2, and PyEF1-a Genes From N. yezoensis

Genomic DNA of N. yezoensis was extracted using a plant genomic DNA extraction kit (TIANGEN, China). Cis-acting elements and core promoter regions were predicted using PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) and Promoter 2.0. The four genes PyACT, PyUBC, PyDPE2, and PyEF1-a are housekeeping genes in N. yezoensis and encode actin, putative ubiquitin-conjugating enzyme, disproportionating enzyme type 2, and elongation factor 1-α, respectively. The four corresponding gene promoter sequences, pPyACT1, pPyUBC, pPyDPE2, and pPyEF1-a, were cloned from the N. yezoensis genome (accession number: PRJNA589917). The selected amplified promoter regions were located at around 2,000 bp upstream of each gene’s initiation codon (ATG). PCR conditions comprised an initial denaturation at 94°C for 1 min followed by 40 cycles of 94°C for 10 s and 68°C for 1 min/1 kb with the Tks Gflex DNA polymerase (Takara, Japan). The PCR amplification product was purified and ligated into the pMD19-T vector (Takara, Japan). Positive clones confirmed by sequencing were used for constructing expression vectors.



Construction of Plasmids for Genetic Transformation

To construct the vector for genetic transformation, the GUS gene was optimized based on the codon usage of the N. yezoensis genome and designated PyGUS, which was synthesized by Sangon Biotech (Shanghai, China). The promoter and PyGUS gene fragments were cloned into the vector PBI121-GUS, which replaced the 35S promoter and GUS simultaneously by multifragment homologous recombination using the ClonExpress Ultra One Step Cloning Kit (Vazyme, China), and the primers used are shown in Supplementary Table S1. Six construction vectors were generated: PBI121-pPyACT1-PyGUS, PBI121-pPyUBC-PyGUS, PBI121-pPyDPE2-PyGUS, PBI121-pPyEF1-a-PyGUS, and PBI121-d35S-PyGUS. The antibiotic resistance gene HygR was also optimized for codon usage and designated PyHygR.



Particle Bombardment and Orthogonal Experiment Design

The constructed plasmids were transformed into N. yezoensis thalli using a PDS-1000/He particle bombardment device (Bio-Rad, Foster City, CA, USA). Gold particles (30 mg, 0.6 μm diameter, Bio-Rad) were suspended in 1 ml of 70% ethanol, vortexed for 5 min, and kept on ice for 15 min. The supernatant was discarded by centrifugation at 10,000×g for 10 s, and the sample was suspended in 500 μl of 50% sterile glycerol solution and stored at −20°C until use. To coat the particles with plasmids, 50 μl gold particle mother liquor was sequentially mixed with 50 μg DNA solution by vortexing for 20 s, adding 50 μl of 2.5 M CaCl2 and vortexing an additional 20 s and 20 μl of 0.1 M spermidine by vortexing for 20 s. The mixed solution was vortexed for 1 min 10 times, kept on ice for 20 min, and finally centrifuged at 10,000×g for 10 s. The pellet was washed with 140 μl 70% ethanol and 140 μl pure ethanol and resuspended in 60 μl pure ethanol.

The orthogonal test is a multifactor and multilevel designing method that conducts tests by selecting representative points from comprehensive tests based on orthogonality (Peng et al., 2006). To achieve a high transformation efficiency, the transformation parameters were optimized by orthogonal experiment design according to the design module of Statistica 6.0 (SoftStat, 1984–2001, USA). Three relevant factors were evaluated: vacuum pressure, target distance, and gold particle/plasmid DNA content. The orthogonal table L18(3)7 (Table 1) was designed, in which interaction factors between every two factors were included, and a blank column was designated for error evaluation. Since this column is blank, the sum of the squared deviations excluded the difference between the factor levels and was only representative of the size of the experimental error; hence, repeating the experiments for error analysis was not necessary (Zhou et al., 2021). Three levels were set for each factor, and the boundary values for the levels were determined in pilot experiments to ensure an appropriate range of values. Vacuum pressure conditions were set at 28, 29, and 30 mmHg. The target distances were 3, 6, and 9 cm. The plasmid concentrations per shot were 5, 10, and 20 μg. The gold particle concentration was set at 600 μg, and the bombard pressure for the rupture disks was 1,350 psi. Thalli at 25, 30, 35, and 40 days after conchospore release were used to screen the most accessible transformation conditions. The thalli were cut and combined into 3 cm × 3 cm squares and placed in the center of 9 cm Petri dishes. After bombardment, the thalli were placed in a 96-well plate with a PES medium and incubated at 10°C for 96 h (48 h in the dark) before GUS histochemical assays.


Table 1 | Orthogonal test design and results.





GUS Histochemical Assay for Transformed N. yezoensis Thalli

Transformed N. yezoensis thalli individuals were assayed via GUS histochemical staining to analyze the expression of PyGUS. GUS histochemical staining of bombarded N. yezoensis thalli was performed as previously described (Jefferson et al., 1987). The thalli were incubated with a staining solution, which consisted of 2 mM X-gluc, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 0.5% Triton X-100, 1.5 M sorbitol, and 50 mM sodium phosphate, pH 7.0, and incubated in 37°C for 6 h. Thalli were then placed on a glass slide and observed under an optical microscope (Olympus BX53, Japan). The number of PyGUS-expressing cells was counted using a hand tally cell counter (BERM, China).



Screening and Subculture of the N. yezoensis Transformants

Experiments were conducted to prepare the gametophytic thalli individuals for the hygromycin resistance assay. The bombarded gametophytic thalli were cultured in a PES medium under nonselective conditions for 1 week. Subsequently, the medium was replaced with the PES medium containing 2 mg/ml hygromycin B. Hygromycin B concentration was confirmed by the sensitivity of N. yezoensis to the drug. After incubating for 2 weeks in an antibiotic-containing medium, N. yezoensis thalli were transferred into a normal medium. When continuously cultivated for approximately 30 days, most of the thalli cells die, and live cells can grow into a new thallus through cell division and proliferation. After cultivation for approximately 30 days, regenerated thalli were further screened using GUS histochemical staining to select successful transformants. The positive transformants released monospores using the physical sectioning method, which further grew into next-generation thalli (Chen et al., 2020). Monospores, small thalli, and filaments of positive transformants were again stained with GUS.



Southern Blot Analysis of N. yezoensis Transformants

Southern blot analysis was made to analyze whether the foreign gene was integrated into the genome in transformed thalli. Genomic DNA was extracted from the wild-type and transformants using the HP Plant DNA Kit (OMEGA, USA). DNA (10 μg) was digested with restriction enzyme BamHI and SmaI, run on an agarose gel, and transferred to a nylon membrane through the capillary siphon imprinting method. A 1,500-bp fragment of PyGUS was labeled with DIG High Prime and used as a probe. The following protocols were performed using the DIG High Prime Lab/Detection K1 Kit (Roche, Switzerland).




Results


Cloning and Analysis of Endogenous Promoters From N. yezoensis

PyUBC, PyACT, PyEF1-a, and PyDPE2, housekeeping genes in N. yezoensis, are stably and highly expressed under temperature stress or dehydration stress (Gao et al., 2018). The gene IDs py04835.t1 (PyUBC), py08823.t1 (PyACT), py06023.t1 (PyEF1-a), and py11282.t1 (PyDPE2) were retrieved from the N. yezoensis genome sequence. The core promoter element TATA box and some cis-acting elements were identified in the upstream region of the transcription start site (TSS) in the four genes. The results of cis-acting element analysis are presented in Supplementary Figure S1. Based on sequence analysis, pPyACT1, pPyUBC, pPyDPE2, and pPyEF1-a were cloned from the upstream sequences to the initiation codon (ATG) of the genes via PCR amplification (Supplementary Figure S2). The total lengths of pPyUBC, pPyACT1, pPyEF1-a, and pPyDPE2 were 3,620, 3,073, 2,555, and 2,852 bp, respectively.



Optimization of Particle Bombardment Parameters

The orthogonal test design results of bombardment factor effects on PyGUS expression are shown in Table 1. The number of cells expressing PyGUS was set to compare the effects of different factors on transformation efficiency. Extreme difference analysis was aimed at clarifying the significance levels of the different influencing factors. The most significant factors were identified based on the results of the range analysis. The larger the   and R values, the greater the significance of the level or factor in the results. Based on the extreme difference analysis, the order of significance of the factors was vacuum pressure, DNA content, and bombardment target distance. The optimal conditions for the three factors were the third level of vacuum pressure, the second level of DNA content, and the second level of target distance. The interactive factors target distance × vacuum pressure, target distance × DNA content, and vacuum pressure × DNA content were included in the orthogonal test. The   and R values of the two interactive factors were smaller than those of the single factors; therefore, the interaction between the two factors was not significant. Finally, according to the extreme difference analysis, the optimal vacuum pressure level was 30 inHg, the bombardment distance was 6 cm, and the DNA content was 10 μg.

The sum of squares of deviation (SS), degree of freedom (df), and mean-squared deviation (MS) of the number of cells expressing PyGUS were determined and are summarized in Table 2. The F-value of a factor is the ratio of the MS value to the error line. By comparing the obtained F-value with the theoretical value of a specific level and the df, the significance level can be determined for each factor. As shown in Table 2, ANOVA with vacuum pressure had a significant impact on the number of cells expressing PyGUS (p < 0.05), and DNA content significantly affected the number of cells expressing PyGUS (p < 0.1). In addition, bombardment distance had no significant effect on expression efficiency, with significant interaction between any two factors of target distance, vacuum pressure, or DNA content.


Table 2 | Variance analysis of orthogonal test.



The developmental stages of thalli play an important role in the transformation efficiency of particle bombardment (Son et al., 2012). Leafy gametophytes of different ages, such as 25, 30, 35, and 40 days, were transformed and compared by estimating the number of cells expressing PyGUS (Figure 1). The highest transformation efficiency was observed in the thalli at 35 days (p < 0.01). Lower numbers of cells expressing PyGUS were observed after transformation with young thalli at 25 days of age, and the transformation efficiency at 30 days was almost similar to that at 40 days of age. Therefore, 35-day-age thalli can be used as transformation recipients in further genetic experiments.




Figure 1 | Effects of different thalli ages on the number of cells expressing PyGUS in N. yezoensis. The thalli age of 25, 30, 35, and 40 days correspond to the time after conchospores release. Data are expressed as mean ± SD (n = 3). **P < 0.01 by analysis of variance.





Comparison of pPyACT1, pPyUBC, pPyDPE2, pPyEF1-a, and d35S Promoter Activity

To identify the higher promoter efficiency, the promoters of four housekeeping genes (pPyACT1, pPyUBC, pPyDPE2, and pPyEF1-a) and d35S were used to control PyGUS gene expression in the PBI121 vector. Plasmids PBI121-pPyACT1-PyGUS, PBI121-pPyUBC-PyGUS, PBI121-pPyDPE2-PyGUS, PBI121-pPyEF1-a-PyGUS, and PBI121-d35S-PyGUS (a schematic representation of the plasmids is shown in Supplementary Figure S3) were transformed into N. yezoensis thalli under the optimized transformation conditions. PyGUS was expressed in all thalli after transformation with plasmids under the control of the four different endogenous promoters (Figure 2). Few cells expressing PyGUS were observed after transforming the plasmid with the pPyUBC promoter, while no cells expressing PyGUS were observed when the d35S-PyGUS plasmid was introduced into N. yezoensis. The number of cells expressing PyGUS was analyzed 96 h post bombardment (Figure 2G). The number of cells expressing PyGUS driven by the pPyACT1 promoter was the highest, with more than 20,000 cells, indicating that the pPyACT1 promoter was the strongest among the selected promoters. The number of cells expressing PyGUS driven by pPyEF1-A and pPyDPE2 ranked second and did not show a significant difference. PPyUBC was the weakest, and only a few cells expressed PyGUS. It is worth noting that no cells expressing PyGUS driven by the exogenous promoter d35S were observed in the transformed cells, indicating that the activity of the exogenous promoter in thalli was low. We conclude that the endogenous promoter pPyACT1 was most suitable for genetic transformation.




Figure 2 | Expression of PyGUS in gametophytic cells of N. yezoensis. Gametophytic cells of N. yezoensis were transformed with expression plasmids PBI121-pPyUBC-PyGUS (A), PBI121-pPyEF1-a-PyGUS (B), PBI121-pPyACT1-PyGUS (C), PBI121-pPyDPE2-PyGUS (D), PBI121-d35S-PyGUS (E), and without transformation of plasmid (F). Blue spots indicate cells expressing PyGUS. (G) Comparison of the numbers of cells expressing PyGUS driven by different promoters in N. yezoensis. Plasmids with different promoters used for transformation were as follows: (1) PBI121-pPyUBC-PyGUS, (2) PBI121-pPyEF1-a-PyGUS, (3) PBI121-pPyACT1-PyGUS, (4) PBI121-pPyDPE2-PyGUS, and (5) PBI121-d35S-PyGUS. Scale bars indicate 50 μm. Data are expressed as mean ± SD (n = 3). ***P < 0.001 by analysis of variance.





Determination of the Active Promoter Region of pPyACT1

As mentioned above, the pPyACT1 promoter possessed the strongest ability to control exogenous PyGUS expression. To further determine the shortest-length functional region of the pPyACT1 promoter, different length regions of the upstream sequence from the initiation codon of the PyACT gene were used to control PyGUS to compare their activity. The different regions were denoted pPyACT1 (3,073 bp), pPyACT2 (2,316 bp), pPyACT3 (1,858 bp), and pPyACT4 (1,125 bp). The results revealed that all four constructs could be expressed in thalli cells (Figure 3), and the number of cells expressing PyGUS was not significantly different among the four constructs with different promoter lengths (Figure 3G). This indicates that the different upstream regions of pPyACT1 did not affect PyGUS expression. Bioinformatic analysis showed that the core sequence of pPyACT4 was located within the region from −1,125 bp to ATG, and the TSS was located 530 bp upstream of ATG. The 1,125-bp sequence contains the core promoter regions such as TAAT-box and CAAT box. A longer sequence did not increase promoter activity.




Figure 3 | Expression of PyGUS driven by different promoters in gametophytic cells of N. yezoensis. Gametophytic cells of N. yezoensis were transformed with expression plasmids using different promoters. PBI121-pPyACT1-PyGUS (A), PBI121-pPyACT2-PyGUS (B), PBI121-pPyACT3-PyGUS (C), PBI121-pPyACT4-PyGUS (D), PBI121-pPyACT5-PyGUS (E), and PBI121-pPyACT6-PyGUS (F). Blue cell spots indicate cells expressing PyGUS. (G, H) Comparison of the numbers of cells expressing PyGUS with different lengths of pPyACT promoters in N. yezoensis. (G) Plasmids with different lengths of pPyACT promoters for transformation were as follows: (1) PBI121-pPyACT1-PyGUS, (2) PBI121-pPyACT2-PyGUS, (3) PBI121-pPyACT3-PyGUS, and (4) PBI121-pPyACT4-PyGUS. (H) Plasmids with different lengths of pPyACT promoters for transformation were as follows: (1) PBI121-pPyACT4-PyGUS, (2) PBI121-pPyACT5-PyGUS, and (3) PBI121-pPyACT6-PyGUS. Scale bars indicate 50 mm. Data are expressed as mean ± SD (n = 3). *P < 0.05; **P < 0.01 by analysis of variance.



The length of the promoter influences the size of the constructed vector, which adds to the difficulty of transforming the constructs. Therefore, we further determined the shortest active domain of pPyACT1, and pPyACT4 was divided into two fragments according to TSS: pPyACT5 and pPyACT6. A schematic representation of the plasmid constructs is shown in Supplementary Figure S4. The number of cells expressing PyGUS (Figure 3H) after transformation with pPyACT4-PyGUS was the highest, followed by pPyACT5-PyGUS, and pPyACT6-PyGUS was the lowest. Therefore, pPyACT4 was the smallest functional unit with promoter activity, and the pPyACT5 and pPyACT6 regions are essential components.



Screening Positive N. yezoensis Transformants and Subculture

To obtain positive transformants, the bombarded gametophytic thalli were first selected and cultured in a PES medium with 2 mg/ml hygromycin B for 2 weeks and then transferred to normal seawater with a PES medium. Approximately 30 days later, new thalli were gradually regenerated. After cultivation for approximately 30 days, the thalli were cut into small pieces and stained with GUS. All cells of the two thalli in all 156 thalli are shown in blue. PyGUS was also expressed in the released monospores and small thalli (Figure 4) originating from these two transformants. PyGUS was also expressed in sporophytic filaments (Figure 4D).




Figure 4 | Expression of PyGUS in gametophytes and sporophytes from the transformants. PyGUS was expressed in monospores (A), thalli (B, C), and filaments (D). Scale bars indicate 50 μm.





Southern Blotting Analysis of N. yezoensis Transformants

PyGUS was stably expressed in different generations through asexual subculture and sexual propagation, suggesting that PyGUS was integrated into the genome. To verify this, Southern blotting was performed, which showed multiple DNA segments of different sizes in the genome of all the examined transformants, confirming that PyGUS was indeed randomly integrated into the genome (Supplementary Figure S5). Thus, PyGUS can be stably expressed in thalli through cell division and generation. However, it should be noted that similarly sized bands were observed on the nylon membrane compared with the plasmid, which indicated that the transformed plasmid was also present in thalli cells.




Discussion

The objective of this study was to establish an efficient and stable gene expression toolbox for N. yezoensis. In biolistic bombardment experiments, transformation efficiency is influenced by many factors, such as bombardment devices, samples, and operators. Vacuum pressure and target distance have the most significant effects on the transformation efficiency (Dhir et al., 2010). Fukuda et al. (2008) described the optimal transformation conditions using the IDERA particle acceleration device as follows: device parameters of 6 cm target distance, 700 mmHg vacuum, and 0.6 MPa helium in leafy gametophytes of N. yezoensis (strain TU-1). Son et al. (2012) reported the following optimal conditions: 3 cm target distance, 28 mmHg vacuum, and 900 psi helium. The gold-to-DNA content ratio is also important for transformation efficiency. The gold particle and plasmid DNA contents can affect the precipitation of DNA onto gold particles and determine the amount of DNA delivered into tissues (Dhir et al., 2010). Too little DNA precipitates inefficiently onto gold particles, while too much leads to a surplus. A total of 600 μg gold particles with 3.3 μg plasmid DNA and 250 μg gold particles with 20 μg plasmid DNA were employed by different groups (Fukuda et al., 2008; Son et al., 2012). Furthermore, interactions among different parameters can affect transformation efficiency (Meng et al., 2021). Previously, only single factors have been analyzed while not considering the interactions among factors. Therefore, in our study, these factors were analyzed together, and the interaction was considered using an orthogonal design. The optimized conditions were as follows: 6 cm target distance, 1,350 psi helium, 30 mmHg vacuum, bombardment particle of 600 μg gold particles/shot, and 10 μg plasmid DNA/shot. The number of cells expressing PyGUS (around 104 cells per shot) in the present study was higher than that in the above reports (around 102 to 103 cells per shot) in thalli of N. yezoensis. The growth status of recipient materials is also crucial for transformation efficiency in particle bombardment (Takumi and Shimada, 1996). Some studies suggest that different transformed materials will affect the transformation efficiency. The transient expression efficiency by particle bombardment in embryo-derived calli was higher than that in embryonic axes, immature embryos, cotyledons, shoot tips, and leaves in peaches (Ye et al., 1994). Meanwhile, higher levels of transient transformation efficiency were obtained in younger thalli of 1–3 cm in N. yezoensis leafy gametophytes (Son et al., 2012; Lim et al., 2013). The age of the N. yezoensis gametophytes used in other studies was not stated (Mikami et al., 2009; Hirata et al., 2011). However, the length range of leafy gametophytes was affected by culture conditions and could not reflect the physiological conditions of thalli. In the present study, different thalli age days were used to compare differences in the transformation efficiency of foreign genes. Finally, thalli at 35 days of age can be an ideal state for genetic transformation.

The promoter is also an essential element for vector expression during genetic transformation. The CaMV 35S promoter is widely used in heterologous plant cells because of its robust, constitutive, and nontissue-specific activity (Louis et al., 2010). In the present study, no cells expressing PyGUS were obtained after transformation with the PBI121-d35S-PyGUS construct. The expression levels of the four selected housekeeping genes were usually higher than those of most other genes in the genome (Kong et al., 2015; Gao et al., 2018). Thus, the promoters of these four genes were selected, and their ability to control exogenous gene expression was assessed. The results show that pPyACT1 had the highest activity among the selected promoters. Based on RNA-seq data from different stress factors and developmental stages, the gene expression level of PyACT was the highest, followed by PyEF1-a, pPyUBC, and PyDPE2. The activity of pPyACT1 was the highest, and the expression levels of related genes were also high (unpublished data). The actin gene promoter in D. salina has also been used to drive the expression of resistance genes for nuclear transformation (Jiang et al., 2005). The 5’ flanking region of Upactin1 of U. prolifera is a much stronger promoter than the foreign CaMV 35S (Wu et al., 2018).

The core region and length of the promoter influence the activity and complexity of the vector construction. In the present study, we analyzed the activity of different regions of pPyACT1. The promoter activities of the pPyACT5 and pPyACT6 regions were lower than that of pPyACT4. The activity of pPyACT6 was significantly lower than that of pPyACT5. According to sequence analysis, pPyACT5 was located approximately 500 bp from the TSS, which contained core elements such as CAAT box, TATA box, and G-box, and thus it could be inferred that pPyACT5 was the core region of the promoter. PPyACT6 has some responsive elements involved in light, abscisic acid, auxin, drought, and the CAT-box is involved in meristem-specific expression; hence, it may be an upstream regulatory region. The pPyACT5 and pPyACT6 regions of pPyACT4 are essential. The fragment pPyACT4 with a short length can be used to construct an expression vector for gene function research in N. yezoensis.

The PBI121 vector is a binary vector generated via Agrobacterium-mediated transformation in plants, and T-DNA can incorporate the inserted fragment into the host genome at random sites through the T-DNA LB and RB borders in the plant (Chen et al., 2003). Herein, foreign genes were inserted between the LB and RB borders in the PBI121 vector. Southern blotting analysis confirmed that the PyGUS gene was randomly integrated into the genome by transformation with particle bombardment. Few reports are available on the Agrobacterium-mediated transformation of N. yezoensis. Thus, particle bombardment could be an efficient method for delivering the vector with T-DNA LB and RB borders into the N. yezoensis genome, which would result in stable genetic transformation. This finding also suggests the possibility of developing an insertion mutant library for N. yezoensis. We also found that the entire circular plasmids with PyGUS might be stably maintained in transformed cells and inherited by subsequent generations. Interestingly, some studies have reported that plasmid DNA has been isolated from red macroalgae, including N. tenera and N. yezoensis (Goff and Coleman, 1990; Uji et al., 2014). Therefore, the vector used in the present study was possibly present in cells as an entire circular structure, except when integrated into the nuclear genome. The specific integration site will be investigated using resequencing technology in future studies.

In conclusion, the activity of the pPyACT1, pPyUBC, pPyDPE2, and pPyEF1-a promoters were compared, and pPyACT1 could be used in the genetic transformation of N. yezoensis for the highest expression levels. High transformation efficiency was achieved by optimizing the transformation parameters of the particle bombardment of N. yezoensis and thalli age, and PyHygR-resistant genes provide efficient selection markers for stable transformation. This optimized genetic transformation toolbox can deliver foreign fragments for integration in the nuclear genome and generate stable transformants, which will provide a foundation for functional genomics research and molecular genetic breeding of N. yezoensis.
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Source ss df MS F-value p-value
Corrected model 187,922,626.0 12 15,660,218.8 4.1 0.065
Intercept 200,233,401.4 1 200,233,401.4 52.4 0.001
Target distance 22,025,398.8 2 11,012,699.4 2.9 0.147
A 85,571,658.8 2 42,785,829.4 1.2 0.014
AB 22,742,561.4 2 11,371,280.7 3.0 0.141
C 36,132,173.4 2 18,066,086.7 4.7 0.070
AC 11,019,211.4 2 5,509,605.7 1.4 0.320
BC 10,431,622.1 2 5,215,811.1 1.4 0.337
Error 19,107,629.6 5 3,821,625.9

Total 407,263,657.0 18

Corrected total 207,030,255.6 17

F0.01(2,5)=13.27 F0.05 (2,5)=5.79. SS, sum of square; df, degree offreedom; MS, mean of square; A, target distance (cm); B, vacuum pressure (inHg); C, DNA content (ug); AB, target
distance x vacuum pressure; AC, target distance x DNA content: BC, vacuum pressure x DNA content. p < 0.01 [F > F0.01 (2.5)] p < 0.05 [F > F 0.05 (2,5)].
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EXP Factors Numbers of cells expressing PYGUS

A B AB Cc AC BC
1 9 30 1 10 3 1 6,095
2 9 30 3 20 1 2 320
3 6 28 3 20 3 1 2,632
4 3 30 3 5 1 3 6,126
5 3 28 1 5 1 1 1,191
6 3 30 2 10 3 2 11,026
7 6 29 2 10 1 3 3,002
8 6 28 1 10 1 2 2,437
9 6 29 3 5 3 2 3,855
10 3 29 1 20 2 2 570
1 6 30 2 5 2 1 12,422
12 9 29 2 20 1 1 1,169
13 9 28 3 10 2 3 1,192
14 9 29 1 5 3 3 1,273
15 9 28 2 5 2 2 949
16 3 29 3 10 2 1 2,475
17 6 30 1 20 2 3 2,438
18 3 28 2 20 3 3 863
K1 22,251 9,264 14,004 25,816 14,245 25,984
K2 26,786 12,344 29,431 26,227 20,046 19,157
K3 10,998 38,427 16,600 7,992 25,744 14,894
K1 3,708.5 1,644 2,334 4,302.7 2,374.2 4,330.7
K2 4,464.3 2,057.3 4,905.2 4,371.2 3,341 3,192.8
K3 1,833 6,404.5 2,766.7 1,332 4,290.7 2,482.3
Priority level A2 B3 c2 A2B2 A3C3 A1C1
R 2,631.3 4,860.5 2,571.2 3,039.2 1,916.5 1,848.3
Primary B>C>A>AB>AC>BC
Optimal combination A2B3C2

The K value for each level of a factor is the sum of all six values in that level, K1 value is the average value, and the range value (R) for each factor is the difference between the maximal and
minimal K values. A, target distance (cm); B, vacuum pressure (inHg); C, DNA content (ug); AB, target distance x vacuum pressure; AC, target distance x DNA content; BC, vacuum
pressure x DNA content.





