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The traditional method of sexual reproduction in Sargassum fusiforme can lead to difficulties in maintaining the stable inheritance of superior traits. However, technology for asexual proliferation of seedlings in seaweed tissue culture is not well-developed. Therefore, we established a tissue culture method to study, the effects of different parts of S. fusiforme, uniconazole (UIZ) concentrations, and culture methods on the regeneration of tissue-derived juveniles of S. fusiforme. The results showed that the optimal culture conditions were solid medium with modified Provassoli’s enriched seawater containing 3 μM UIZ for at least 17 days followed by transfer to liquid medium to induce rapid cell proliferation. These optimal conditions resulted in a callus-like/adventitious bud induction rate of 100%, callus-like/adventitious bud number per explant of 27.43 ± 4.57, and relative growth rate of 3.05 ± 0.27. The best plant parts for tissue culture were the filamentous holdfasts followed by the stem tip. In addition, UIZ treatment increased photosynthesis, resulting in soluble sugar and soluble protein contents of 30.47 mg·g-1 and 1.39 mg·g-1 of in the regenerated juveniles. Based on our results, S. fusiforme can be cultured using a tissue culture technique in which UIZ is added to a solid medium, followed by culture in liquid medium for proliferation. Sargassum fusiforme juveniles obtained using this technique can be cultured continuously until the next culture season and grow normally, providing a technical reference for indoor preservation and expansion of algal species.
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1 Introduction

Sargassum fusiforme (Harvey) Okamura (Sargassaceae, Phaeophyta) is a brown macroalga with high economic and nutritional value that grows in warm temperate and subtropical regions (Mantri et al., 2022; Pang et al., 2023). Sargassum fusiforme and other seaweeds are widely distributed in eastern China, Korea, and Japan, among other locations, and provide egg-laying and seedling resource sites for various marine organisms (Uji et al., 2015; Hwang et al., 2020; White and White, 2020). This algae is rich in polyunsaturated fatty acids, fucoidans, polysaccharides, and polyphenols, and exerts anti-obesity, anti-inflammatory, antioxidant, anti-tumor, and antiviral properties, making it applicable in the fields of nutraceuticals, pharmaceuticals and cosmetics (Akremi et al., 2017; Garcia-Poza et al., 2020; Kelly et al., 2020; Ali et al., 2021). The global annual production of S. fusiforme has increased from 109,597t in 2003 to 303,797 t in 2020; therefore, the seaweed aquaculture industry shows high development prospects (Tian et al., 2023).

Sargassum fusiforme has been traditionally cultivated in two ways; sexual propagation by fertilizing the male and female receptacles to form a zygote, which regenerates the holdfasts, and asexual propagation by artificially retaining the holdfasts of S. fusiforme during the harvest of the mature algal mass, followed by culturing the holdfasts in the following year (Xu et al., 2022b). However, the traditional method of seedling cultivation leads to the growth of weed algae, which compete with seedlings for nutrients and space, and it is challenging to control the temperature, pH, and light. Even during sexual reproduction, it is difficult to stabilize the inheritance of some heat- and cold-tolerant strains because of crossbreeding (Chen and Zou, 2014; Chen et al., 2019; Luo et al., 2023). Traditional seedling culture conditions are complicated and time-consuming, and the maintenance and replacement of cultivation equipment during cultivation can cause a serious economic burden (Largo et al., 2020; Collins et al., 2022; Arbaiza et al., 2023). Additionally, cultivation of seaweed in marine areas can alter the ecological structure, abundance, and diversity of phytoplankton, thereby adversely affecting ecosystems, organisms and the surrounding environment (Kelly et al., 2020; Eggertsen and Halling, 2021; Tian et al., 2023). Therefore, improved cultivation methods for S. fusiforme must be explored.

Tissue culture is the most common method of cultivation and broadly refers to use of the plant itself, such as isolated organs, tissues, cells, protoplasts, and mutants. This approach has the advantages of simple operation, easy cultivation in large quantities, short cultivation time, easy control of cultivation conditions, and a low mutation rate of cells (Custodio et al., 2022; Yan et al., 2022). Nutritional propagation is an effective means of tissue culture. According to the morphological changes that occur during tissue culture, propagation can be divided into direct regeneration and indirect regeneration (including callus culture and protoplast culture) to generate virus-free and fast-growing resistant algal strains (Avila-Peltroche et al., 2022; Jiksing et al., 2022). However, there are some limitations to tissue culture, such as the lack of development of tissue culture methods for different seaweeds, susceptibility to bacterial contamination during the culture process, uncertainty in the optimal composition of the culture medium, and difficulty in controlling the culture results (Baweja et al., 2009; Yong et al., 2014; Muhamad et al., 2018).

Tissue culture techniques can be used to induce the production of calluses, budding, and plant development by adding plant growth regulators, which are synthetic (or extracted from microorganisms), along with an organic compound similar to natural plant hormones that regulate the growth and development of biological organisms (Rademacher, 2015; Luo et al., 2023). Uniconazole (UIZ), known as a triazole-type cytochrome P450 enzyme inhibitor, is a plant growth regulator. Most studies of UIZ application were conducted in soybean, corn, and wheat to evaluate resistance to high salt, drought and low temperatures, and to induce germination and emergence, and its effects on the photosynthetic characteristics, antioxidant activity, and morphological parameters of plants. However, the application of UIZ to economic seaweeds has not been widely examined (Keshavarz and Khodabin, 2019; de Araújo Amatuzzi et al., 2020; Aghaei et al., 2021; Zhou et al., 2021; Hu et al., 2022).

Tissue culture technology has the advantages of simple operation, easy control of growth conditions, short cultivation time, high yield, and low cost. In this study, we utilized tissue culture technology for seedling propagation of S. fusiforme to investigate the effects of different parts, UIZ concentrations and culture methods on juvenile regeneration, growth, development, and nutrient accumulation. We developed a method for juvenile regeneration of S. fusiforme tissue, and provide technical support for seedling propagation and expansion of this algae.




2 Materials and methods



2.1 Sample collection and experimental design

Sargassum fusiforme was collected from Dongtou, Zhejiang province, during the harvesting season and brought to the laboratory within 2 h in a 4°C cryopreservation box. The surface of S. fusiforme was cleaned with brushes and tweezers to remove attached stray algae and plankton, rinsed with filtered and sterilized natural seawater. Healthy and uniformly sized algal organisms were selected for temporary incubation in a light-illuminated incubator (light incubator, Yanghui, Ningbo, China) for 7 days. The experimental conditions were as follows: temperature was 19°C, light intensity was 90 µmol photons·m-2 ·s-1, light:dark photoperiod (L:D) was 12 h:12 h, salinity of the culture solution was 26‰, and the culture medium was supplemented with 200 µmol·L-1 NaNO3 and 20 µmol·L-1 NaH2PO4. The culture solution was aerated continuously using an air pump (ACO-9730, Haili, Guangzhou, China).

After 7 days of domestication, healthy stem tips (2–4 cm in length), the lower end of the stem base (4–5 cm from the base), and filamentous holdfasts of S. fusiforme were selected and rinsed three times in sterile seawater. The seaweed was treated with a solution of 0.38% NaClO and 0.5% KI in a 1:1 volume ratio for 2 min, sterilized with sterile water, and rinsed. The samples were then cut into approximately 1.5 cm segments using a scalpel and cultured on modified Provassoli’s enriched seawater (PES) solid medium with different concentrations of UIZ (Macklin, Guangzhou, China). The tissue was cultivated at a temperature of 19°C, with a light intensity of 60 μmol photons·m-2 ·s-1 and L:D = 12 h:12 h. The solid medium was changed every month to prevent browning of the tissue (Kerrison et al., 2015; Uji et al., 2015; Muhamad et al., 2018; Xu et al., 2022a).

The experiment comprised of two phases. During the first phase, S. fusiforme explants were cultured in solid medium containing UIZ. A cross-design was used to divide the culture samples into 12 groups based on the source site of the explants (proximal stem tip, proximal stem base, and filamentous holdfasts) and concentration of UIZ (0, 3, 5, and 7 μM). The culture samples were exposed to a light intensity of 90 μmol photons ·m-2 ·s-1. During the second stage of culture, the S. fusiforme segments were transferred into modified PES liquid medium on days 14 (first batch), 17 (second batch), 20 (third batch), and 52 (fourth batch) after the first stage of culture. The callus-like/adventitious bud induction rate, callus-like/adventitious bud numbers per explant, relative growth rate (RGR), photosynthetic activity and morphology of S. fusiforme tissue culture were recorded. The liquid PES medium was replaced every three days during incubation.




2.2 Morphological changes of S. fusiforme under different treatments

Morphological changes in S. fusiforme explants were documented using a Sony camera (SONY a6000, Tokyo, Japan) after each medium change. The numbers of callus-like or adventitious buds in each explant segment were recorded. The morphology and cellular structure of the characteristic explants were observed at every 3 days using a stereomicroscope (Leica M80, Wetzlar, Germany) and an orthostatic microscope (Leica DM2700 P, Wetzlar, Germany).




2.3 Determination of callus-like/adventitious bud induction rate, callus-like/adventitious bud numbers per explant

The callus-like/adventitious bud induction rate and callus-like/adventitious bud numbers per explant of S. fusiforme were counted every 3 days during the incubation period. The specific formulas were as follows:

	

	




2.4 Determination of relative growth rate

The RGR was calculated by determining the weight of the explants and regenerated juveniles at the time of medium change, using the following formula:

	

where W0 is the initial weight of the explant (g), Wt is the weight of the explant and regenerated juveniles on day t (g), and t is the number of culture (days).




2.5 Determination of photosynthetic activity

The physiological state of regenerating S. fusiforme juveniles was determined by measuring their maximum quantum yield (Fv/Fm) and maximum relative electron transfer rate (rETRm) using Junior-Pam (Walz, Effeltrich, Germany). S. fusiforme explants together with regenerated juveniles were dark-adapted for 30 min, and the Fv/Fm and rETRm in the range of 0 – 820 μmol photons m-2 ·s-1 were determined, where Fv = Fm-F0, Fv is the variable fluorescence, Fm is the maximum fluorescence after dark-adaptation, and F0 is the minimum fluorescence after dark-adaptation. The rapid light curve was fitted according to the formula described by Platt et al. (1980):

	




2.6 Determination of soluble carbohydrates, soluble proteins, and mannitol contents

The soluble carbohydrate (SC) content was determined using the anthrone method developed by Ershadi et al. (2015). Approximately 0.1 g of tissue culture from S. fusiforme juveniles was crushed in liquid nitrogen; 1 mL of distilled water was added during the crushing process, and then 2 mL of MgCO3 suspension was added. The samples were fixed to 10 mL with distilled water and centrifuged in a freezing centrifuge at 10277×g for 10 min. The supernatant (1 mL) was transferred into a test tube and mixed with 2 mL of distilled water, followed by addition of 10 mL of anthrone reagent. The mixture was shaken continuously until gas escaped and then heated in a boiling water bath at 100°C for 5 min. After the mixture cooled, the absorbance was measured at 620 nm using a UV spectrophotometer with distilled water as a reference. The SC content was calculated from the standard curve of absorbance values(mg·g-1).

The soluble protein (SP) content was determined using Coomassie Brilliant Blue G-250 dye as described by Bradford (1976). Approximately 0.1 g of S. fusiforme juveniles was ground in liquid nitrogen in a mortar, suspended in 10 mL 0.1 mol/L phosphate buffer (pH = 6.8) and centrifuged at 10277×g for 10 min for 10 min at 4°C in an ultra-high-speed freezer centrifuge. The supernatant (1 mL) was collected and mixed with 4 mL of Coomassie Brilliant blue G-250 staining solution. The mixture was allowed stand for 3 min at 25°C and the absorbance measured at 595 nm. For the control group, 1 mL of PBS was mixed with 4 mL of Coomassie Brilliant Blue G-250 staining solution. The mixture was incubated at 25°C for 3 min before absorbance was recorded using a UV spectrophotometer. The SP content was calculated using a bovine serum protein standard curve (mg·g-1).

The mannitol content was determined as described by Chen et al. (2020). A dried juvenile S. fusiforme sample (0.1 g) was collected from a tissue culture source. The sample was milled using liquid nitrogen, and 30mL of HCl with a mass fraction of 1% was added. After the mixture was stirred for 4 min in a 100°C water bath, the supernatant was collected and diluted 100 times. The diluted solution (1 mL) was added to a centrifuge tube. Sodium periodate (1mL) of was then added, mixed well, then it was placed at 25°C for 15 min. 2mL of 0.1% rhamnose was added, mixed thoroughly, and left to wait for 1 min. Nash reagent (4.0 mL) was added and mixed thoroughly. The mixture was heated in a constant temperature water bath at 53°C for 15 min and cooled to room temperature after the mixture changed color. Finally, the absorbance of mannitol was measured at 413 nm using distilled water as a blank. The standard curve of mannitol was drawn using the absorbance a value as the vertical coordinate and the concentration as the horizontal coordinate(mg·g-1).




2.7 Data analysis

All data were preliminarily processed using Excel (Microsoft, Redmond, WA, USA) and subjected to analysis of variance chi-square (F-test), one-way analysis of variance, and two-way analysis of variance using SPSS 25.0 software (SPSS, Inc., Chicago, IL, USA), with the significance level set at P<0.05. Graphs were drawn using origin 2023 (OriginLab, Northampton, MA, USA), and experimental results are expressed as the mean ± standard deviation.





3 Results



3.1 Effect of different culture conditions on the morphology of S. fusiforme

Figure 1 shows the morphological changes that occurred during the regeneration of different parts of S. fusiforme on days 34 and 62 under various batch and UIZ concentration treatments. When using a shorter time to induce callus-like tissues/adventitious buds on solid medium, and higher concentrations of UIZ, S. fusiforme was less likely to germinate and sprout compared with low concentration group. In the first bath culture, regenerating buds were induced from S. fusiforme filamentous holdfasts, and a few stem tips were produced; production occurred only under conditions of low UIZ content in the medium (0, 3, and 5 UIZ). As the induction time in solid medium was increased, S. fusiforme filamentous holdfasts, stem tips and stem bases were induced with different degrees of callus-like tissues or adventitious buds. The most pronounced morphological changes in S. fusiforme explants were observed in the 3 μM UIZ-cultured filamentous holdfasts, in which a large number of leaves, cylindrical protuberances and a few holdfasts were induced, whereas only cylindrical protuberances were induced at the stem tip and stem base. Most filamentous holdfasts and a few stem tips appeared as callus-like tissues/adventitious buds in the first stage of culture for approximately 9 days, whereas the stem base appeared after at least 30 days of cultivation in solid medium. Furthermore, in this method, adventitious buds continued to regenerate into gas vesicles or leaves after isolation (Figure 1). After initial morphological optimization screening, we cultured the tissue-derived 3 μM UIZ-activated S. fusiforme germlines for a longer period and continued this culture until the next breeding season (Figure 2).




Figure 1 | Morphological changes in regeneration of various parts of S. fusiforme at 34 and 62 days under different batch and UIZ concentration treatments.






Figure 2 | Induction of S. fusiforme into seedling by prolonged cultivation (A) complete holdfast (B) filaments holdfasts of S. fusiforme before regeneration (C) formation of yellowish/transparent filamentous textures; (D) morphology of c under the microscope (E) filamentous textures begin to diverge for colouring (F) formation of cylindrical protuberances and leaf (G) formation of S. fusiforme juveniles (H) change in the fresh weight of S. fusiforme seedling in f over time (I) growth of single S. fusiforme branch into an adult juveniles.



Changes in the explant cells were periodically observed during the culture period using a stereomicroscope and a Leica microscope. Explants treated with UIZ exhibited four distinct morphological structures, whereas regenerating buds formed directly from explants that were not treated with UIZ. The four types involves irregularly structured fragile mulberry embryo-like tissue (Figures 3A–C), hard spherical protuberances (Figures 3D–F), a colorless or light-yellow filamentous texture (Figures 3G–I), and direct regeneration of adventitious buds through the tips or cuts of the S. fusiforme filamentous holdfasts (Figures 3J–L). Depending on the site of explant germination and its structure, callus-like tissue can form a hyaline or yellowish bulge or callus through the medullary region at the center of the S. fusiforme holdfast (Figure 3C), or regenerative tissue can form through epidermal cells (Figures 3E, F).




Figure 3 | Types of regeneration in S. fusiforme tissue culture. (A–C) friable mulberry-like tissue cells; (D–F) hard spherical or cylindrical protuberances; (G-I) colorless or transparent filamentous texture; (J–L) directly regenerated into leaves.



The cross-sectional structure of S. fusiforme holdfast cells was arranged from outside to inside as follows: epidermis, subepidermis, exodermis, endodermis, and medulla in the middle. The epidermal cells were small, whereas the cortical cells increased in size from the outermost to the innermost layer. Medullary cells were the smallest, and the intercellular boundaries were well-defined (Figure 4). The outer epidermal cells of S. fusiforme holdfasts showed a polygonal outline and were darkest in color, as they are rich in pigments and starch grains. The pith, which has denser cells and fewer starch grains than other regions of S. fusiforme, exhibited an intermediate morphology. In contrast, the medullary zone of S. fusiforme adventitious buds were not necessarily located at the mid-end of the morphology. Morphogenesis was induced in the epidermis and subepidermis of earlier tissues (Figures 4B, D, F). The diameter of the nascent buds cells was smaller than that of the filamentous holdfasts of mature S. fusiforme (Figure 4).




Figure 4 | Frozen sections of S. fusiforme cells at different UIZ concentrations (A) cross-sectional view of 0 μM UIZ-treated filamentous holdfasts; (B) cross-sectional view of 0 μM UIZ-treated adventitious buds; (C) cross-sectional view of 3 μM UIZ-treated filamentous holdfasts; (D) cross-sectional view of 3 μM UIZ-treated adventitious buds; (E) cross-sectional view of 5 μM UIZ-treated filamentous holdsfasts; (F) cross-sectional view of 5 μM UIZ-treated adventitious buds; (G) cross-sectional view of 7 μM UIZ-treated filamentous holdfasts. (H) not detected.






3.2 Effect of callus-like/adventitious bud induction rate and callus-like/adventitious bud numbers per explant of S. fusiforme

In both stages of culture, the callus-like/adventitious bud induction rate and callus-like/adventitious buds numbers per explant were significantly affected by the UIZ concentration at the S. fusiforme explant site (p< 0.05, Figure 5). Addition of low concentrations of UIZ significantly increased the callus-like/adventitious bud numbers per explant and induction rate of S. fusiforme near the stem tips. The induction rate of filamentous holdfasts treated with 3 μM UIZ was 100%. Additionally, 27.43 ± 4.58 callus-like/adventitious buds were produced per explant segment (p< 0.05, Figure 5). The number of callus-like or adventitious buds per explant was higher in all parts of the explant under the 3 μM UIZ treatment condition compared to that observed under other UIZ concentrations (Figure 6B). Furthermore, there was a significant difference in the number of callus-like/adventitious bud per explant between the first batch of the earliest liquid medium transfer and the second, third, and fourth batches of the culture(p< 0.05, Figure 6D).This result suggests that a minimum of 17 days of cultivation in solid medium is necessary. Batch 4 produced 7.19 ± 3.13 adventitious shoots/callus-like tissues per branch segment (p< 0.05, Figure 6D). Batch 4 as the group treated with 3 μM UIZ and with the longest solid induction time showed the highest germination rate, indicating that solid medium was beneficial for inducing adventitious buds/callus-like tissues (Figure 6).




Figure 5 | Effects of callus-like/adventitious buds induction rate and callus-like/adventitious buds numbers per explant at different culture stages. (A) callus-like/adventitious buds induction rate at solid culture stage; (B) callus-like/adventitious buds numbers per explant at solid culture stage; (C) callus-like/adventitious buds induction rate at batch culture stage; (D) callus-like/adventitious buds numbers per explant at batch culture stage. Values are expressed as mean ± standard deviation (n = 3). Different letters indicate significant differences between culture conditions (p< 0.05).






Figure 6 | Effects of UIZ concentration and culture batch on callus-like/adventitious buds induction rate and callus-like/adventitious buds numbers per explant of S. fusiforme. (A) callus-like/adventitious buds induction rate of different UIZ concentration treatments; (B) callus-like/adventitious buds numbers per explant of different UIZ concentration treatments; (C) callus-like/adventitious buds induction rate of different batches of culture; (D) callus-like/adventitious buds numbers per explant of different batches of culture. Values are expressed as mean ± standard deviation (n = 3). Different letters indicate significant differences between different culture conditions (p< 0.05).






3.3 Effect of length and RGR

Changes in the length of S. fusiforme were significantly affected by different concentrations of UIZ (Figure 7). The greatest effect was observed at 3 μM UIZ (p< 0.001, Figure 7B). The length of regenerated juveniles varied among the different explant sites of S. fusiforme. Additionally, changes in S. fusiforme’s filamentous holdfasts were greater than those in the stem tips (p< 0.05). The 3 μM UIZ treated filamentous holdfasts provided lengths of up to 3.43 ± 0.39 cm (p< 0.05).




Figure 7 | Variation in culture length of S. fusiforme treated with different concentrations of UIZ. (A) length change for 0 μM UIZ treatment; (B) length change for 3 μM UIZ treatment; (C) length change for 5 μM UIZ treatment; (D) length change for 7 μM UIZ treatment. Values are expressed as mean ± standard deviation (n = 3). Different letters indicate significant differences between different culture conditions (p< 0.05).



We observed significant differences in the RGR of S. fusiforme based on variations in the culture site, UIZ concentration, and transfer medium (p< 0.05, Figure 8). A longer induction time in solid culture resulted in a higher RGR. However, it is necessary to culture the sample in liquid medium for 17days to achieve proliferative culture (Figure 8). Significant variations in the RGR were observed among different parts of S. fusiforme explants. Filamentous holdfasts exhibited the highest RGR of approximately 3.05% when cultured in 3μM UIZ (p< 0.05). The RGR trend in batch 4 of cultured S. fusiforme explants differed from that of the first three batches because the last batch had a long induction time in solid medium and insufficient time for the proliferation of regenerating buds in liquid medium (Figure 9).




Figure 8 | Effect of UIZ concentration and S. fusiforme parts on RGR of regenerated juveniles under batch culture stage. (A) RGR of the first batch of culture; (B) RGR of the second batch of culture; (C) RGR of the third batch of culture; (D) RGR of the fourth batch of culture. values are expressed as mean ± standard deviation (n = 3). Different letters indicate significant differences between different culture conditions (p< 0.05).






Figure 9 | Effect of batch culture on changes in RGR of regenerated juveniles of S. fusiforme. Values are expressed as mean ± standard deviation (n = 3). Different letters indicate significant differences between different culture conditions (p< 0.05).






3.4 Changes in photochemical activity of S. fusiforme under different treatments

Different batches, explant locations, and UIZ concentrations played influenced the Fv/Fm, rETRm and fast light curves of S. fusiforme juveniles. The effect of the S. fusiforme explant site and UIZ concentration in culture batches 1 and 2 did not significantly affect Fv/Fm (P > 0.05, Figure 10A), whereas the effect on rETRm was significant up to a maximum of 39.82 ± 3.86 (P< 0.05, Figures 10D, E). The Fv/Fm, rETRm and rapid light curve disparity of S. fusiforme varied significantly in batch 4 according to the explant location and UIZ concentration, with the lowest Fv/Fm was 0.356 ± 0.04 and lowest rETRm was 8.98 ± 0.79 at the stem tip of S. fusiforme in the presence of UIZ compared to in the absence of UIZ (P< 0.05, Figure 10).




Figure 10 | Effects of S. fusiforme explant parts and UIZ concentration on maximum quantum yield (Fv/Fm) and maximum electron transfer rate (rETRm) of PSII in batch culture. (A–C) Fv/Fm of batch 1, 2, and 4 cultures in batch culture; (D–F) rETRm of batch 1, 2, and 4 cultures in batch culture; (G–I) RLC of batch 1, 2, and 4 cultures in batch culture. Values are expressed as mean ± standard deviation (n = 3). Different letters indicate significant differences between different culture conditions (p< 0.05).






3.5 Determination results of SC and SP contents

During the culture process, the concentration of UIZ significantly affected the SC and SP, which increased with increasing UIZ concentrations, The SC contents in the 3, 5 and 7 μM UIZ treatment groups were 105%, 115% and 163% of the control, respectively, with the highest SC content observed in culture containing 7 μM UIZ (P< 0.05, Figure 11A). The SP contents in the 3, 5, and 7 μM UIZ groups were 124%, 179%, and 276.2% of the control, respectively. The SP content was significantly affected by 5 and 7 μM UIZ treatment (P< 0.05, Figure 11B). As the concentration of UIZ was increased, the mannitol content was 59%, 65%, and 70% of the control. Exogenously added UIZ significantly reduced the mannitol content compared to that in the control group. However, there were no significant differences among the samples treated with different concentrations of UIZ. The most significant change in the mannitol content of S. fusiforme tissue culture-derived juveniles was observed under the treatment with 3 μM UIZ (P< 0.05, Figure 11C).




Figure 11 | Effects of UIZ concentration on the content of soluble carbohydrates, soluble proteins, and mannitol in regenerated juveniles of S. fusiforme. (A) soluble carbohydrate content; (B) soluble protein content; (C) mannitol content. Values are expressed as mean ± standard deviation (n = 4). Different letters indicate significant differences between different culture conditions (p< 0.05).







4 Discussion

We observed that the callus-like/adventitious bud induction rate and number of bud per explant varied widely among explants from different parts of S. fusiforme after tissue culture. The holdfasts and stems of S. fusiforme can serve as primary materials for tissue culture (Luo et al., 2023). Different parts of the stems were cultivated in groups, with adventitious buds more easily induced near the upper stem tip than near the stem base, possibly because S. fusiforme is polarized, similar to other macroalgae. Moreover, the holdfast structures of S. fusiforme contain a higher proportion of fibrous components in their cell walls, making them more resilient to high temperatures and nutrient-poor conditions (Endo et al., 2021). Finally, the regenerative capacity of the tissues may be related to their differentiation capacity. Tissues with low differentiation capacity often exhibit a higher regenerative capacity. Recovery from plant trauma may be influenced by key signaling factors involved in this process (Kavale et al., 2021; Liang et al., 2023). Thus, we showed that S. fusiforme filamentous holdfasts are the optimal material for asexual propagation and that stem tips have a greater regenerative capacity than do previously grown stem bases.

The regenerating tissues of S. fusiforme can form bumps in the epidermal, cortical, and medullary tissue zones. The regeneration process occurs mainly in the outer epidermal pigmentation zone, leading to the growth of adventitious buds and callus-like tissues. Most S. fusiforme cell appeared as round or oval in the transverse view, and most cells of the nascent buds were smaller than those of the mature filamentous holdfasts; the medullary tissue area of mature tissues was located in the center, whereas the medullary tissue area of nascent buds regenerated and grew from the side. This may be because of the greater totipotency of plant cells that are more pigmented compared with that of cells that are less pigmented (Kumar et al., 2006; Lin et al., 2021). In addition, after trauma caused by segmentation, trauma-induced wound regeneration may occur when reactive oxygen species induce cellular reconstruction by triggering transduction of wound signals and regulating cell cycle proteins and related genes, leading to the spreading and division of cells inward from the edge of the wound, and finally inducing tissue regeneration (Guan et al., 2022).

We utilized staged culture to induce changes in temperature and culture condition in accordance with different time periods during algae growth state. For instance, S. fusiforme was first cultured in nutrient-rich solid medium at low temperature and light intensity to facilitate better germination and generation of adventitious buds. The explants were then transferred to liquid medium to provide sufficient light, space, and nutrient salts for rapid proliferation. During algal growth, the density of the culture and its light intensity influence subsequent growth, photosynthesis, and substance accumulation (Chen et al., 2019; Cao et al., 2022). Kavale et al. (2023) induced bud germination using staged temperature and light controls. Most studies have been limited to laboratory culture conditions or single investigations of large-scale valve cultures, without combining the two factors (Obando et al., 2022; Tirtawijaya et al., 2022). Culturing pre- and post-seedlings at different stages may enhance the efficiency and effectiveness of continuous algal culture.

PES medium was used as the basal medium with regulated components throughout the cultivation process. Solid medium was used to induce the formation of callus-like tissue/adventitious buds, and liquid medium was used to ensure rapid proliferation. The optimal conditions for culture of S. fusiforme explants callus-like/adventitious buds led to an induction rate of up to 100%, callus-like/adventitious bud numbers per explant of 27.43 ± 4.58, and RGR of up to 3.05 ± 0.28. Thus, the concentration of the medium is critical. A nutrient concentration that is too high can lead to the formation of micro-organisms, weed algae, and other unwanted growth factors that compete with the desired algae. However, a nutrient concentration that is too low is not sufficient to support the daily growth and development of algae. Therefore, it is important to adjust the nutrient composition during the cultivation process to meet the needs of algae and promote optimal growth (Sampath-Wiley et al., 2008; Xu et al., 2022b). Previous studies showed that solid medium is more effective in inducing callus tissue formation, whereas liquid PES culture did not result in callus tissue formation (Li et al., 2015).

Endogenous plant hormones undergo dynamic regulation throughout the algal growth stages in response to various stimuli (Pang et al., 2023). External plant growth regulators are essential for achieving the desired effect; however, using regulator concentrations that are too high can be toxic to the plant and affect its future development, whereas concentrations that are too low will not produce the desired effect. UIZ is a plant growth retardant that is commonly used to preserve plant growth (Zhang et al., 2020; Lv et al., 2022). We demonstrated that appropriate concentrations of UIZ were beneficial for determining number of callus-like/adventitious buds per explant and induction rate of callus-like/adventitious buds. The highest induction rate was observed at lower concentrations in the short term. Low concentrations of UIZ had little retardation effect, allowing for rapid germination and sprouting. However, as the culture time increased, the plants adapted to a high concentration of UIZ, resulting in the sprouting and emergence of buds. High concentrations of foreign stimulants can delay or inhibit growth but may induce bud the formation (Carmo et al., 2020). The results demonstrate that explants treated with UIZ produced a significantly higher number of buds than did untreated seaweed. Uji et al. (2015) reported that UIZ treatment promoted germination, likely by regulating healing tissue proliferation and bud differentiation through modulation of endogenous auxin and abscisic acid levels. We found that the most suitable site for tissue culture was the filamentous holdfast, followed by the stem tip and stem base. The number of callus-like buds per explant greatly increased in the batch stage of culture, indicating that solid medium is favorable for inducing the germination of adventitious/adventitious buds and that liquid medium is favorable for the regeneration and proliferation of buds. Callus-like tissues can be induced when the stem tip is transferred to liquid culture conditions for a sufficient number of explants. Therefore, switching to liquid-culture conditions is recommended.

Furthermore, UIZ treatment impacted photosynthesis. Specifically, 3 μM UIZ had a significant effect on rETRm, and varying concentrations of UIZ resulted in an increase or decrease in its relative electron transfer rate. This may be because the UIZ regulates photosynthesis in S. fusiforme similarly to its effects in soybean and wheat. Excessive reactive oxygen species can be inhibited by controlling relevant photosynthetic genes, regulating photosynthetic antenna proteins, and enhancing the antioxidant capacity, ultimately leading to increased photosynthesis (Jiang et al., 2021; Hu et al., 2022; Yu et al., 2022).

Our results revealed that the concentration of UIZ was positively correlated with the SC and SP contents of S. fusiforme. These effects may be attributed to the ability of UIZ to enhance the antioxidant system and reduce mitochondrial damage, resulting in increased contents of SC and SP (Keshavarz and Khodabin, 2019; Zhou et al., 2021). The mannitol content in the UIZ-treated group was significantly lower than that in the control group. This effect decreased with increasing of UIZ concentrations, possibly because the low concentration of UIZ promoted the production of more adventitious buds, which consumed mannitol stored inside the alga. In contrast, high concentrations of UIZ had a growth slowing effect, which inhibited some regenerating buds. As a result, the mannitol content in the body was higher than that in the low concentration UIZ group.




5 Conclusion

Filamentous holdfasts of S. fusiforme can be used as primary sites for tissue culture. The stem tip, stem base and filamentous holdfasts of S. fusiforme were cultured in solid PES medium with 60 μmol photons·m-2 ·s-1 light at 19°C, salinity is 27–28‰, L:D = 12 h:12 h, and 3 μM UIZ added for at least 17 days of induction culture before culture in liquid PES medium with 90 μmol photons·m-2 ·s-1 light. This method can be used to regenerate S. fusiforme juveniles from tissue culture. Tissue cultures of the stem tip of S. fusiforme produce fine, dense air vesicles and secondary branches. Finally, UIZ significantly increased the number of callus-like/adventitious buds per explant of regenerated juveniles of S. fusiforme, and photosynthesis, SC, and SP. The results showed that this culture method was economical, easy to operate, and did not cause any damage to the ecosystem. Thus, the method can be used for tissue culture and germplasm expansion of S. fusiforme in industry.
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