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 37 

Abstract 38 
This study aimed to assess the potential of a gene delivery technique in the red macroalga Pyropia yezoensis 39 

(Rhodophyta) using electroporation without removing the cell wall. An antibiotic resistance gene was 40 

introduced into P. yezoensis tissues containing cells with intact cell walls through electroporation, followed 41 

by selection with the corresponding antibiotic. No germlings survived in the non-electroporated control 42 

tissue fragments under antibiotic selection. In contrast, some germlings were observed to survive in the 43 

electroporated group. Furthermore, the presence of antibiotic resistance genes was confirmed in the 44 

genomic DNA of several antibiotic-resistant germlings. Although reporter genes such as β-glucuronidase 45 

(GUS) and green fluorescent protein (GFP) were also introduced as supplementary markers, their 46 

expression was not detectable under the tested conditions. These findings provide evidence supporting the 47 

successful introduction of antibiotic resistance genes into P. yezoensis cells via electroporation. This study 48 

offers a preliminary assessment of a gene delivery strategy in P. yezoensis that bypasses cell wall removal, 49 

presenting a straightforward method for introducing foreign genes into Pyropia. To the best of our 50 

knowledge, this is the first report to demonstrate successful gene transfer via electroporation in a macroalga 51 

without cell wall removal. These results provide valuable insights for the development of genetic 52 

transformation systems in red macroalgae. 53 
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 55 

Introduction 56 

Red macroalgae (Rhodophyta) are the most extensively cultivated seaweeds globally, serving as a source 57 

of commercially valuable products such as food, food additives, and pharmaceuticals (García-Poza et al. 58 

2020). To develop efficient breeding strategies and varieties enriched with beneficial compounds, a 59 

thorough understanding of their physiological processes is essential. Genetic transformation offers a 60 

powerful tool for uncovering gene functions and regulatory mechanisms underlying these processes. 61 

In seaweeds, genetic transformation has largely been achieved through physical methods, particularly 62 

particle bombardment and electroporation (Mikami 2013; Khatri et al. 2023). Particle bombardment is a 63 

flexible method that can be applied across various types of receptor materials. In contrast, electroporation 64 

is advantageous for its speed, low cost, and consistent transformation efficiency (Kar et al. 2018; Ozyigit 65 



2020). However, electroporation is constrained by its reliance on protoplasts, as it requires the removal of 66 

cell walls to enable material uptake. Protoplast preparation involves enzymatic digestion, which demands 67 

costly reagents and multiple, time-intensive steps. Moreover, regenerating whole plants from protoplasts 68 

remains a major challenge in many plant species (Reed and Bargmann 2021). Although genetic 69 

transformation studies in red macroalgae began over three decades ago (Kurtzman and Cheney 1991), 70 

successful gene transfer has been achieved in only a few species, and reports of consistently stable 71 

transformants remain scarce (Uji et al. 2014; Khatri et al. 2023). This underscores the need for new 72 

approaches in red macroalgal transformation research. In recent years, several studies have demonstrated 73 

the introduction of foreign materials into cells without cell wall removal in cultured plant cells (e.g., 74 

Arabidopsis thaliana, tobacco) and various microalgae (e.g., Chlamydomonas, diatoms, charophycean 75 

algae) using a multi-step electroporation system (Yamano et al. 2013; Miyahara et al. 2013; Furuhata et al. 76 

2019; Kawai et al. 2022; Furuhata et al. 2023). Notably, a recent study showed that this method enables the 77 

direct introduction of materials into intact carnation plant tissues (Mori et al. 2024). This electroporation 78 

strategy holds promise for achieving more efficient and stable gene introduction in red macroalgae and 79 

offers a compelling alternative to traditional transformation techniques.  80 

Pyropia yezoensis, a multicellular red alga in the class Bangiophyceae, is an economically valuable 81 

species in Japan and other parts of Asia. Among red macroalgae, it is the only species for which stable 82 

transformants have been consistently reported (Uji et al. 2014; Hirata et al. 2014; Cao et al. 2022; Izumi et 83 

al. 2025), making it a key model for genetic transformation studies. This suggests that essential functional 84 

data on transformation is already available. In this study, we introduced foreign genes into P. yezoensis 85 

tissues with intact cell walls using a multi-step electroporation system to assess its applicability for gene 86 

delivery without requiring cell wall removal. 87 

 88 

Material and methods 89 

Algal material and culture conditions 90 

We used the P. yezoensis strain TU-1 (Kuwano et al. 1996). Gametophytic thalli were cultured in enriched 91 

sea life (ESL) medium (Kitade et al. 2002), aerated with filter-sterilized air at 15℃ under a 10:14 h 92 

light:dark (L:D) photoperiod. Illumination was provided by cool-white fluorescent lamps at an intensity of 93 

40–60 µmol photons/m2/s. The medium was refreshed weekly. Thalli cultured for 5–7 weeks were used for 94 



electroporation experiments. 95 

Transformation 96 

In this study, we evaluated the feasibility of gene delivery via electroporation in P. yezoensis without cell 97 

wall removal by introducing a hygromycin resistance gene and selecting for surviving germlings. Reporter 98 

genes such as β-glucuronidase (GUS) and green fluorescent protein (GFP) were used as supplementary 99 

tools to facilitate the optimization of electroporation conditions, as they allow rapid and direct observation 100 

of gene expression. We employed the plasmid pEA7-PyAct1::PyGUS, which carries both a hygromycin 101 

resistance gene and the GUS reporter and has been validated in previous studies (Hirata et al. 2014). 102 

Additionally, using established protocols (Uji et al. 2010; Hirata et al. 2014), we constructed the plasmid 103 

pEA7-PyAct1::sGFP by incorporating the functional GFP reporter construct pPyAct1-sGFP into pEA7. 104 

This plasmid was also used for transformation. The functionality of both plasmids was verified by 105 

introducing them into P. yezoensis via particle bombardment, following methods described previously 106 

(Fukuda et al. 2008; Uji et al. 2014), and assessing gene expression. Specifically, GUS expression was 107 

detected in tissues bombarded with pEA7-PyAct1::PyGUS, and GFP fluorescence was observed in tissues 108 

bombarded with pEA7-PyAct1::sGFP. In addition, antibiotic-resistant germlings were obtained following 109 

the introduction of both plasmids, confirming that the constructs were functional in P. yezoensis cells. 110 

For electroporation-mediated transformation, algal tissue fragments were prepared (Fig. 1a, b). The tips 111 

of gametophytic thalli containing archeosporangia (>3 mm wide) were excised into ~3 mm squares. These 112 

fragments were washed in electroporation buffer (ESL medium with 0.6 M mannitol) and placed on filter 113 

paper. Electroporation was conducted using the NEPA21 Type II electroporator (Nepa Gene, Chiba, Japan). 114 

Electroporation buffer was added to the circular platinum electrode CUY700P3E (Nepa Gene). A Millipore 115 

filter (Merck, Darmstadt, Germany) was laid on the electrode, followed by placement of the tissue fragment. 116 

A plasmid solution (7 μg) in TE buffer was then applied directly onto the tissue. A covered circular platinum 117 

electrode CUY700P1L (Nepa Gene) was then placed in contact with the surface of the solution, and electric 118 

current was applied to the tissue fragment. Electroporation conditions were as follows: Poring pulses 119 

voltage: 75, 100, or 125V; pulse width: 0.1, 0.5, or 1.0ms; number of pulses: 3; pulse interval: 50 ms; 120 

polarity: (+). Transfer pulses—voltage:  7 V; pulse width: 50 ms; number of pulses: 3; pulse interval: 50 121 

ms; polarity: both (+) and (–). All procedures were conducted at room temperature. Immediately after 122 

electroporation, the tissue fragment was transferred to a dish containing ESL medium for washing. It was 123 



then placed in a 24-well plate (AS ONE Corporation, Osaka, Japan) filled with fresh ESL medium and 124 

incubated overnight at 15℃ in the dark. This was followed by culture under a 10L:14D light:dark 125 

photoperiod for five days. A GUS histochemical assay was conducted following the protocol described by 126 

Fukuda et al. (2008). GFP fluorescence was observed using an inverted fluorescence microscope (CKX41, 127 

U-HGLGPS, Olympus, Japan). To assess hygromycin resistance, electroporated tissues were cultured in 128 

ESL medium supplemented with 2 mg/ml hygromycin B at 15℃ under a 10L:14D photoperiod. After two 129 

weeks of incubation in the selection medium, hygromycin-resistant germlings that regenerated from the 130 

electroporated tissues were identified and counted under a microscope at the bottom of the well. The 131 

concentration of hygromycin B used in this study was twice the level previously shown to eliminate all 132 

wild-type P. yezoensis strains (Takahashi et al. 2011; Uji et al. 2014). As demonstrated by Cao et al. (2022), 133 

transformants selected under these conditions consistently integrate the exogenous DNA into their genome. 134 

Genomic polymerase chain reaction (PCR) 135 

Genomic PCR was conducted to verify the presence of exogenous DNA in the genome of P. yezoensis 136 

transformants. Genomic DNA was extracted from gametophytes of hygromycin-resistant germlings 137 

cultured for six weeks in ESL medium containing 1 mg/ml hygromycin B, using Chelex 100 (Bio-Rad, 138 

Hercules, CA, USA) following the protocol described by HwangBo et al. (2010). PCR amplification was 139 

performed using Q5 High-Fidelity DNA Polymerase (New England Biolabs, MA, USA). PyElf1 served as 140 

the internal control gene, as reported by Uji et al. (2014). The primer pairs PyAph7-F/R (5′-141 

TGGTGATGAGCCGGATGAC-3′/5′-AAGTCGTGCAGGAAGGTGAAG-3′) and PyElf1-F/R (5′-142 

AAGGCCAAGGCACCCAAGCTG-3′/5′-ACCACACCAAGAGCGTCCAATC-3′) were used to amplify 143 

PyAph7 (864 bp) and PyElf1 (734 bp), respectively. The PCR products were separated on 1.5% agarose 144 

gels and post-stained with GR Red Post Stain 10000X (BioCraft Inc., Tokyo, Japan). DNA bands were 145 

visualized under UV illumination using a GelDoc imaging system (Bio-Rad). 146 

 147 

Result and Discussion 148 

In this study, we evaluated the feasibility of gene delivery into P. yezoensis via electroporation without cell 149 

wall removal, using hygromycin resistance as a selection marker. Germlings that survived selection were 150 

considered transformed with the hygromycin resistance gene. No surviving germlings were detected in 151 

wells containing non-electroporated control tissue fragments cultured in selection medium (Fig. 2a). In 152 



contrast, some germlings survived in the electroporation-treated group (Fig. 2b, c). However, no germlings 153 

persisted in electroporated samples lacking plasmid DNA, regardless of the electroporation parameters used. 154 

Although no statistical analysis was performed, we observed a tendency for the number of hygromycin-155 

resistant germlings to increase with higher poring pulse voltages, despite variation under the same 156 

conditions (Fig. 2d). To refine the energy level of poring pulses, we assessed the correlation between poring 157 

pulse energy and transformation efficiency (Fig. 2e). While transformation efficiency showed substantial 158 

variability, pulse energies between 0.04 and 0.1 J typically resulted in relatively improved outcomes. At 159 

identical energy levels, higher voltages tended to yield more hygromycin-resistant germlings, indicating 160 

that poring pulse voltage may be an important factor of electroporation success in P. yezoensis. These 161 

findings offer the first empirical evidence that gene delivery via electroporation is achievable in P. yezoensis 162 

without the need for cell wall removal. 163 

Furthermore, electroporated samples were cultured in hygromycin-containing medium for six weeks, 164 

following the protocol outlined by Uji et al. (2014). Under electroporation settings of 100 V and a 0.1 ms 165 

pulse width for poring pulses, three surviving strains were successfully isolated. Genome PCR analysis 166 

verified the presence of the hygromycin resistance gene in these strains (Fig. 2f). Although these findings 167 

are derived from a limited sample set, they suggest that stable transformants may be generated in P. 168 

yezoensis through electroporation. 169 

The GUS and GFP reporter assays were conducted as supplementary experiments to facilitate the 170 

optimization of electroporation conditions. However, no GUS-positive cells were detected under any tested 171 

conditions using histochemical assays. Likewise, GFP fluorescence was not clearly observed. These 172 

findings indicate that transient expression of the reporter genes was not detectable under the electroporation 173 

conditions employed in this study. Several factors may account for the absence of detectable expression. 174 

One possibility is the low copy number of the introduced transgenes. Particle bombardment typically leads 175 

to the integration of multiple transgene copies (Kohli et al. 2003), as seen in P. yezoensis transformants with 176 

at least six copies (Izumi et al. 2025). Additionally, in Closterium, a positive correlation between transgene 177 

copy number and expression level has been reported (Kawai et al. 2022). Therefore, it is possible that the 178 

lower number of transgene copies introduced by electroporation contributed to weak expression and 179 

difficulty in detecting reporter activity. Another possible factor is the difference in expression thresholds 180 

between marker types. Antibiotic resistance genes generally can confer survival under selection pressure 181 



even with low expression levels, whereas reporter genes like GUS and GFP require higher expression levels 182 

to be detected, which may have contributed to the lack of detection under the tested conditions. Transgene 183 

silencing may also have played a role. In P. yezoensis, transgene silencing has been reported, in which 184 

antibiotic resistance was retained while expression of a co-introduced reporter gene was suppressed (Shin 185 

et al. 2016). Consistently, in our laboratory, GUS activity was detected in only about half of the antibiotic-186 

resistant transformants (Izumi et al. 2025). Our primary objective in this study was to evaluate whether 187 

foreign genes could be introduced into P. yezoensis cells via electroporation. To minimize vector-related 188 

effects, we used constructs previously validated in particle bombardment experiments (Uji et al. 2010; 189 

Hirata et al. 2014). Nevertheless, the possibility remains that vector design partially contributed to the 190 

undetectable reporter expression. Taken together, these factors may have contributed to the failure to detect 191 

reporter expression. Future studies should focus on quantifying transgene copy number, optimizing vector 192 

design specifically for electroporation, and developing new strategies to improve the sensitivity of 193 

transgene expression detection. 194 

Traditionally, electroporation-based transformation in P. yezoensis has relied on generating protoplasts 195 

by enzymatically removing cell walls (Mei et al. 1998; Liu et al. 2003; Mizukami et al. 2004). This process 196 

is labor-intensive, requiring multiple enzymatic treatments and specialized expertise, as the approach 197 

remains underdeveloped for P. yezoensis. Additionally, regenerating whole macroalgae from protoplasts 198 

poses technical difficulties, a challenge that also persists in this species ( Fujita and Migita 1985; Araki et 199 

al. 1987; Fukui et al. 2023; Khatri et al. 2023). As a result, electroporation has not yet been widely adopted 200 

for genetic transformation in P. yezoensis. The findings of this study provide the first indication that these 201 

longstanding barriers might be addressed. Although the current method shows variable efficiency and is 202 

still undergoing refinement, continued optimization of host tissue, donor DNA, and electroporation 203 

parameters is anticipated to establish electroporation as a reliable technique for genetic transformation in P. 204 

yezoensis. It should be noted that, due to the technical challenges associated with stable protoplast 205 

preparation and regeneration in P. yezoensis, we were unable to perform direct comparisons between cells 206 

with and without cell walls. However, such comparisons is essential to evaluate the practical applicability 207 

of this method and thus remains an important subject for future research. 208 

   Beyond P. yezoensis, electroporation-mediated transformation in macroalgae has been predominantly 209 

reported in the genus Pyropia (Kübler et al. 1994; Okauchi and Mizukami 1999; Zuo et al. 2007), using 210 



enzymatically prepared protoplasts. Reports in other macroalgae remain very limited. In green macroalgae, 211 

transient expression following electroporation of protoplasts has been shown in Ulva lactuca (Huang et al. 212 

1996), whereas no such reports have been confirmed in brown macroalgae. Our findings may contribute to 213 

broadening the applicability of electroporation-based approaches by suggesting that gene delivery is 214 

feasible even in macroalgal tissues with intact cell walls. While further validation is necessary, this work 215 

may serve as a step toward establishing more accessible transformation methods for macroalgae, including 216 

red algae. 217 

 218 

Conclusions 219 

In summary, we demonstrate the successful introduction of foreign genes into P. yezoensis cells using 220 

electroporation, without requiring cell wall removal. This study provides an initial assessment of an 221 

electroporation-based gene delivery method for P. yezoensis, offering a streamlined alternative to 222 

conventional approaches that rely on protoplast formation. To our knowledge, this is the first report to 223 

establish that gene transfer via electroporation is feasible in macroalgae without enzymatic removal of cell 224 

walls. This technique offers a promising foundation for advancing genetic transformation strategies in red 225 

macroalgae. 226 
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Figure Captions 333 

Fig. 1 Sample preparation for electroporation in Pyropia yezoensis. (a) TU-1 strain. (b) Algal tissue sections 334 

prepared for electroporation. Bar = 10 mm 335 

Fig. 2 Transformation of Pyropia yezoensis using the hygromycin-resistant gene (PyAph7) via 336 

electroporation. (a-c) Germlings regenerated from algal tissue cultured for 2 weeks in selection medium 337 

containing hygromycin B (2 mg/ml). (a) Non-electroporated tissue (negative control). (b) Electroporated 338 

tissue. Arrowheads indicate hygromycin-resistant germlings regenerated via archespores. (c) Hygromycin-339 

resistant germling. Scale bar =100 μm. (d, e) Impact of poring pulse parameters on transformation efficiency. 340 

(d) Relationship between voltage, pulse width, and transformation efficiency. The average number of 341 

hygromycin-resistant germlings was determined by counting surviving germlings of P. yezoensis across 342 

three trials. NC represents the negative control. The error bar indicates standard deviation. "n.d." denotes 343 

no detection (no surviving germlings were observed). (e) Relationship between pouring pulse energy and 344 

transformation efficiency. Each black circle represents data from one experiment. (f) Polymerase chain 345 

reaction (PCR) amplification of the PyAph7 and PyElf1 genes in genomic DNA from P. yezoensis 346 

transformants. Genomic DNA from the wild type (WT) and three hygromycin-resistant germlings (E1–E3) 347 

was analyzed using PCR 348 
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