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Abstract: The xylem undergoes physiological changes in response to various environmental conditions during the process of plant growth. To understand these physiological changes, it is extremely important to observe the transport of xylem. In this study, the distribution and structure of vascular bundle in Lilium lancifolium were observed using the method of semithin section. Methods for introducing a fluorescent tracer into the xylem of the stems were evaluated. Then, the transport rule of 5(6)-Carboxyfluorescein diacetate (CFDA) in the xylem of the stem of L. lancifolium was studied by fluorescence dye in live cells tracer technology. The results showed that the vascular bundles of L. lancifolium were scattered in the basic tissue, the peripheral vascular bundles were smaller and densely distributed, and the closer to the center, the larger the volume of vascular bundles and the more sparsely distributed. The vascular bundles of L. lancifolium are limited external tenacity vascular bundles, which are composed of phloem and xylem. The most suitable method for CFDA labeling the xylem of isolated stem segments of L. lancifolium was solution soaking for 24 h. The running speed of CF in the isolated stem was 0.3 cm/h, which was consistent with the running speed of the material in the field. CF could be transported between the xylem and parenchyma cells, indicating that the material transport in the xylem could be through the symplastic pathway. The above results laid a foundation for the study of the xylem transport mechanism and the xylem pathogen disease of lily.
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1  Introduction

In vascular plants, vascular bundles are necessary structures for transporting substances, which consist of xylem and phloem. The xylem provides the mechanical support and stability that plants need to sustain themselves and expand their growth and carries substances such as water, minerals, inorganic salts, and countless signaling molecules over long distances from the roots to all above-ground parts [1–4]. The study of xylem has attracted many scholars for more than a century [5–7]. Some studies have found that the xylem of monocotyledonous plants has stronger plasticity, and the size and quantity of the xylem will change under different water conditions [8,9]. The high plasticity of xylem development is very important for the environmental adaptation of plant growth. To cope with the change in environmental conditions, the xylem will produce physiological changes accordingly, so it is very important to observe the transport of the xylem.

Lilies have high requirements for the physical and chemical properties of the growth environment, and the growth of lilies varies greatly in unsuitable acid-base environments. Under saline-alkali stress, it will be difficult to absorb water which reduces the absorption capacity of minerals, resulting in unhealthy growth and even death of plants [10]. The studies conducted by Carlquist have demonstrated that the xylem structure significantly influences water transport [8,9]. Moreover, it has been observed that xylem development varies among different plant species and even within the same plant under diverse stress conditions. Therefore, the study of the xylem structure and water transport of lily will be of great significance for the analysis of physiological changes in response to stress.

Some scholars have studied xylem transport and developed some methods to monitor it; the dye method is the most popular [11,12]. In the Arabidopsis xylem study, ink containing agar was applied to the roots to observe the shootward transport of ink in Arabidopsis seedlings, but it was not confirmed that the ink was only transported in the xylem [13]. Rhodamine B and fluorescein sodium salt have been applied to Arabidopsis roots to trace the transport of substances in the xylem from root to leaf, making it possible to measure the transport velocity [14]. Texas Red (sulforhodamine 101 acid chloride) has also been used to observe xylem connectivity in Arabidopsis [15]. Carboxyfluorescein diacetate (CFDA) is a fluorescent dye, which is broken down into CF by enzymes. The advantage of using CFDA is that it fluoresces strongly only after entering living tissue [16]. It was widely used in monitoring xylem transport in Arabidopsis, Populus, Aceraceous, and other plants [16,17], and widely used to observe the recovery of xylem transport capacity in plant grafting [18–21]. In addition, CFDA is often introduced through leaves as a phloem tracer [22]. However, CFDA introduced from the root can only be transported upward through the xylem [23].

In this study, the distribution and structure of the vascular bundle of L. lancifolium were observed using the method of semithin section, and CFDA was used as a fluorescent tracer to simulate the xylem transport of lily stems. The rate of xylem transport was measured, which provides new ideas for studying the growth and development of lily plants in the process of adapting to the environment. It also provides new ideas for understanding the response of xylem to fusarium wilt pathogens to prevent and control these diseases.

2  Materials and Methods

2.1 Plant Materials

The autotriploid species L. lancifolium was used as material in this study. L. lancifolium bulbs of uniform size (about 12 cm in circumference) harvested in September 2022 were embedded with substrate and stored at 4°C at the Institute of Vegetables and Flowers, Chinese Academy of Agricultural Sciences, Beijing, China. When the stems of the bulbs grew to 15 cm in length, they were cut into segments of 1.5 cm according to He et al. [24] after surface sterilization for the CFDA labeling test. L. lancifolium bulbs of uniform size with 1–2 cm buds were grown in soil in a greenhouse in early April of 2023. The CFDA labeling test was carried out when the length reached 40 cm.

2.2 Observation of the Microscopic Structure of L. lancifolium Stem

The microscopic structure of L. lancifolium stem was observed using the method described by Zhang et al. [25], with minor modifications. The stem tissue of 1 mm3 was cut and fixed at 4°C for 24 h using a 3% glutaraldehyde fixative. The fixed stems were rinsed with Phosphate-buffered PBS six times for 5 min each, and then fixed with 1% fixative Osmium tetroxide at room temperature for 2 h. The samples were rinsed again with Phosphate-buffered PBS six times for 5 min each, and then dehydrated by gradient ethanol. The samples were dehydrated twice for 10 min each with 100% acetone at room temperature and then embedded with Spurrresin. Semi-thin sections were obtained using the ultra-thin microtome (A130373) and double-stained with uranyl acetate and lead citrate.

2.3 CFDA Labeling in Isolated Stem Segment of L. lancifolium

Three CFDA labeling methods were used to label the isolated stem of L. lancifolium. (1) Cutting wound introduction: At 0.7 cm below the stem node, a double-sided blade was used to cut inward from the epidermis, creating a wound with a depth of 1 mm. The wound was wrapped with absorbent cotton covered with 200 μL CFDA solution (1 mg/mL, Beijing Solarbio Science & Technology Co., Ltd., Beijing, China), then wrapped with tinfoil and finally cultured on MS+ 60 g/L sucrose medium (Fig. 1A). (2) Medium introduction: The sterilized single stem segments were directly cultured on MS+ 60 g/L sucrose + 1 g/L CFDA medium (Fig. 1B). (3) Soaking introduction: 200 μL CFDA working fluid was added into a 2 mL centrifuge tube, and the single stem segment was directly inserted into the CFDA working fluid (Fig. 1C). The treated materials were cultured away from light, and samples labeled for 12, 24, 48, 72 h were taken for observation, respectively.
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Figure 1: CFDA labeling methods in isolated stem segment of L. lancifolium. (A) Cutting wound introduction, (B) Medium introduction, (C) Soaking introduction. The scale bar is 50 mm

2.4 CFDA Labeling in Field Plants of L. lancifolium

The method of CFDA labeling in field plants of L. lancifolium was performed according to the method of Zhang et al. [25]. At 1 cm below one stem node of the middle-upper stem, a double-sided blade was used to cut inward from the epidermis, creating a wound with a depth of 1 mm. The wound was wrapped with absorbent cotton covered with 200 μL CFDA solution (1 mg/mL), then wrapped with tinfoil to avoid light (Fig. 2). Biology is repeated three times.
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Figure 2: CFDA labeling method in field plant of L. lancifolium. The scale bar is 1 cm

2.5 Transport of CFDA in the Stem of L. lancifolium

The introduction position was as the starting point (0 cm). After the introduction of CFDA, cross sections were taken every 1 h at the distance 0, 0.3, 0.6, 0.9, and 1.2 cm from the introduction position of CFDA. The sections (150 μm) were obtained using a vibrating microtome. The operation of CF in the vascular bundle of the stem was observed using a Confocal laser scanning microscope (CLSM, TCS SP8), and the excitation wavelength was 488 nm. The biology experiment was repeated three times.

3  Results

3.1 Microscopic Structure of L. lancifolium Stem

The cross-section of the L. lancifolium stem is shown in Fig. 3, the L. lancifolium stem was composed of four parts: epidermis, mechanical tissue, basic tissue, and vascular bundle. The epidermis (ep) cells were oval and tightly packed, covered with the stratum corneum. The lower part of the epidermis was mechanical tissue (mt). The finite vascular bundles were scattered in ground tissue (gt) without vascular sheath. The lateral vascular bundles were small and densely distributed, and the central vascular bundles were large and loosely distributed (Fig. 3A). The vascular bundle (VB) consisted of phloem (Ph) and xylem (Xy) (Fig. 3B). The phloem is composed of sieve tubes, companion cells, and parenchyma cells.

[image: images]

Figure 3: Microscopic structure of L. lancifolium stem. (A) The cross-section of L. lancifolium stem, epidermis (ep) cells, mechanical tissue (mt), vascular bundle (VB), ground tissue (gt). The scale bar is 200 μm. (B) Vascular bundle, Xy: Xylem, Ph: Phloem, PP: Phloem parenchyma cell, gt: Ground tissue. The scale bar is 10 μm

3.2 The Optimal CFDA Labeling for L. lancifolium Xylem in Vitro

Three CFDA labeling methods were used to label the stem tissue. The stem tissue located 0.9 cm above the introduction site was cut for observation at 12, 24, 48, and 72 h, respectively. The results implied three CFDA labeling methods showed the same rule at different labeling times. The fluorescence signal showed a trend of first strengthening and then weakening with the extension of labeling time. The fluorescence signal with labeling 24 h was the strongest (Fig. 4). In our study, the use of the wound introduction method might cause some problems, such as the vascular bundle far from the wound having a slower fluorescence signal, or even no fluorescence signal. Therefore, this method of introduction is unstable. Then, we conducted a medium introduction and found that the medium introduction method affected the activity of CFDA due to the high medium temperature. In conclusion, the most suitable method for CFDA labeling of isolated stem segments of L. lancifolium was solution soaking for 24 h. In addition, Texas Red was also used for cross-staining, and the two fluorescence signals were found to overlap, indicating that CFDA was successfully transported upward from the xylem (Fig. 5).
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Figure 4: Fluorescence signals of three CFDA labeling methods at different labeling times. (A) Cutting wound introduction, (B) Medium introduction, (C) Soaking introduction. The scale bar is 50 μm
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Figure 5: Schematic diagram of two fluorescein pairs. The scale bar is 75 μm

3.3 Transport of CF in Xylem of L. lancifolium

3.3.1 Longitudinal Transport of CF in the Xylem of Field Plants

The introduction position was as the starting point (0 cm). In field plants treated with CFDA, fluorescence signals were not immediately observed in the xylem of stems at the starting point, but were observed after 1 h, indicating that fluorescence was transversely transported from the mechanical tissue to the vascular bundle. Fluorescence began to transport upward from 1 h after the introduction of CFDA, and the fluorescence signal was observed in the xylem of the stem located 0.3 cm above the CFDA introduction site after CFDA introduction for 2 h. A weak fluorescence signal was observed in the xylem of the stem located 0.6 cm above the CFDA introduction site after CFDA introduction for 3 h. A weak fluorescence signal was observed in the xylem of the stem located 0.9 cm above the CFDA introduction site after CFDA introduction for 4 h. A weak fluorescence signal was observed in the xylem of the stem located 1.2 cm above the CFDA introduction site after CFDA introduction for 5 h (Fig. 6). Therefore, it can be concluded that the running speed of CF in the stem was 0.3 cm/h.
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Figure 6: Longitudinal transport of CF in the stem of the field plant of L. lancifolium. The scale bar is 25 μm

3.3.2 Longitudinal Transport of CF in the Isolated Stem of L. lancifolium

The introduction of CFDA to the isolated stems of L. lancifolium was performed, no fluorescence signal was observed in the vascular bundle of the transverse section at 0.3 cm when labeled for 0.5 h (Fig. 7). Whereas, when CFDA was introduced for 1 h, the fluorescent signal could be found in the xylem. With the increase of time, the fluorescence signal of phloem was gradually enhanced. The stem located 0.6 cm above the CFDA introduction site was sliced and observed. The results showed that a weak fluorescence signal was found in the xylem after CFDA introduction for 2 h. A weak fluorescence signal was found in the vascular bundle after CFDA introduction for 3 h when the stem was located 0.9 cm above the CFDA introduction site. A weak fluorescence signal was found in the xylem after CFDA introduction for 4 h when the stem was located 1.2 cm above the CFDA introduction site. It can be concluded that the running speed of CF in the isolated stem was 0.3 cm/h, which was consistent with the running speed of the material in the field.
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Figure 7: Longitudinal transport of CF in the isolated stem of L. lancifolium. The scale bar is 25 μm

3.3.3 Transversal Transport of CF in the Stem of L. lancifolium

The results showed that fluorescence signals were present in parenchyma cells in both the isolated stem and the field plant (Fig. 8), indicating that CF could be transported between the xylem and parenchyma cells. In our study, it was found that the fluorescence signals were not only found in the xylem but also in parenchyma cells. CF is impenetrable. There is a channel between the cells in the vascular bundle, which enables the transport of CF to be unimpeded. Therefore, we concluded that there was a symplastic pathway for the xylem transport of L. lancifolium.
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Figure 8: The distribution of CF in parenchyma cells and xylem in the stem of L. lancifolium. The scale bar is 50 μm

4  Discussion

Understanding the structure of vascular bundles is fundamental to the successful introduction of fluorescein. There were no secondary structures in the vascular bundles in L. lancifolium, which was consistent with lilies such as Lilium Asiatic Hybrids [26]. The mechanical tissue gives the stem a certain hardness and lodging resistance [27]. The successful introduction of fluorescein is fundamental to the observation of xylem material transport. In this experiment, three fluorescent dye introduction methods were used: wound introduction method, solution immersion method, and medium introduction method. At present, wound introduction is widely used [28,29]. In our study, the use of the wound introduction method might cause some problems, such as the vascular bundle having no fluorescent signal, which might be due to the wound vascular bundle secreting callose and blocking the wound [30,31]. Then, we conducted a medium introduction and found that the medium introduction method affected the activity of CFDA due to the high medium temperature. This method is mainly used in cells [32] because the liquid medium is used in cells, the fluorescence agent will not be affected by temperature and produce instability, but this experiment can only use a solid medium, so this method is not suitable for this experiment. The solution soaking method was relatively more effective and stable and had been successfully applied to tomatoes [33].

In different species, the vascular structure is different, the number and size of vascular cells are different, and therefore, the transport rate of fluorescein is also different. Péron et al. found that fluorescent signals were found in the root cells of Phelipanche ramosa 2 h after the introduction of CFDA to the leaves of the host plant (Brassica napus) [34]. Zhang et al. found that it took 4 h for CFDA to reach the phloem of apple fruit when it was introduced from the carpopodium of apple, and at least 16 h for CFDA to reach apple fruit when it was applied to the surface of leaves [25]. Ren found that it took 5 h for CFDA to reach the stem vascular bundle after introducing it from the petiole of Neolamarckia cadamba [35]. When the ink was applied to the roots in Arabidopsis thaliana, ink was found in the shoots within a few hours, and Rhodamine B and fluorescein sodium salt were applied to the lower part of the taproot in 14-day-old Arabidopsis seedlings, and fluorescent signals were found in the upper root zone within a few minutes [14]. In our study, the transport rate of CF in the curly stems was 0.3 cm/h. It can be seen that different species, different application sites, and different fluorescent tracers may change the transport speed, the marking time can be reasonably selected according to the speed of species transport. Therefore, the study of xylem transport should continue in the future. In addition, we also found that the fluorescent signal of CF appeared in parenchyma cells, which indicates that there may be a symplastic mode in the transport of xylem substances in the L. lancifolium, which is consistent with the results of Katarzyna. In a study of Aceraceae plants, CFDA was used to trace xylem transport over long distances, and fluorescent signals were found in both xylem and parenchyma cells of branches, confirming that water and minerals transport in trees not only in the form of exosomes but also in the form of symplastic [17].

5  Conclusion

The finite vascular bundles of L. lancifolium consisted of phloem and xylem. The vascular bundles were smaller on the periphery of the stem, while those near the center were larger and dispersed. The most suitable method for CFDA labeling the xylem of isolated stem segments of L. lancifolium was solution soaking for 24 h. The running speed of CF in the isolated stem was 0.3 cm/h, which was consistent with the running speed of the material in the field. CF could be transported between xylem and parenchyma cells, and could not be transported to the phloem.
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