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Abstract

:

Cadmium (Cd) is highly toxic and widely distributed in aquatic systems due to its high solubility and mobility in water, which can severely inhibit the survival of aquatic macrophytes. The phytotoxicity of Cd depends on environmental factors; however, it remains unclear whether and how light quality affects its toxicity on aquatic macrophytes. In this study, we investigated the effects of Cd on aquatic macrophytes Potamogeton crispus under different light qualities (white, blue, and red light). We evaluated morphological and photo-physiological traits, as well as the cellular antioxidant defense system. Our findings indicate that P. crispus under Cd stress showed notable damage in leaf morphology, decreased photosynthetic efficiency, inhibited HCO3− uptake, and reduced antioxidant enzyme activities, as well as oxidative damage indicated by MDA accumulation and superoxide (O2−) overproduction. However, compared with white or red light under Cd stress, blue light reduced structural damage and oxidative stress caused by Cd while increasing pigment synthesis and photosynthetic efficiency, as well as increasing ascorbate peroxidase (APX) activity. In conclusion, the changes induced by blue light in P. crispus’s photosynthesis and antioxidant system strengthen its tolerance to Cd. Further research on signal transmission in relation to light quality in Cd-exposed aquatic plants is still needed.
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1. Introduction


Ecological problems are increasingly serious worldwide, with the degradation of aquatic plants being a particular concern for researchers [1]. Industrialization has led to rising levels of pollutants, including heavy metals, in the water near human settlements [2]. This pollution may be contributing to the decline of aquatic macrophytes [3]. Cadmium (Cd), a heavy metal widely distributed in aquatic systems, enters water bodies through the use of phosphorus fertilizers and industrial discharge [4]. The high mobility of Cd in plant systems is especially worrying, as it can lead to food chain contamination and potentially harm human health [5].



Research on Cd-induced phytotoxicity has been extensive, covering both terrestrial and aquatic plants. Cd exposure can reduce chlorophyll content, inhibit photosynthesis, damage cell structure, disrupt ion metabolism, and affect normal physiological status, eventually leading to plant death [6]. However, plants have evolved detoxification mechanisms to counteract the oxidative damage caused by Cd toxicity [7]. Studies have observed significant phytochelatin synthesis in Cd-exposed Pistia stratiotes, while other plants, such as Eichhornia crassipes and Cabomba caroliniana, rely on antioxidant defenses to tolerate Cd-induced toxicity [8,9]. Vital antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), and glutathione reductase (GR) are essential components of the antioxidant system in plants [10]. Additionally, ascorbate peroxidase (APX) is a hydrogen peroxide scavenging enzyme specific to plants and algae that plays a critical role in protecting chloroplasts and other cellular components from damage caused by H2O2 and hydroxyl radicals (·OH) [11].



In addition to the negative impacts of heavy metals, environmental changes, such as eutrophication and water level fluctuations, can lead to reduced underwater light conditions, including changes in light intensity and quality, which may also be a core factor contributing to the decline of aquatic macrophytes [12,13]. Light quality is an essential factor of light conditions that can be perceived by plants through various photoreceptors, including cryptochrome, phytochrome, and phototropin [14]. It can affect the growth, development, physiological metabolism, and stress responses of plants [14,15]. In a water column, the range of light wavelengths changes from a nearly complete spectrum at the interface between air and water to a restricted, predominantly blue spectrum in deeper layers. This phenomenon is primarily caused by the absorption of dissolved substances and suspended particles in the water [16]. Red and blue light are the primary energy sources for photosynthetic CO2 assimilation in plants [14]. Numerous studies have demonstrated that terrestrial plants exhibit species-specific responses to different light qualities [17,18]. Pettai et al. (2005) [19] discovered that red light can enhance the photosynthetic activity of sunflowers and beans, primarily by supporting oxygen evolution [19]. Similarly, Muneer et al. (2014) [20] reported that increasing blue light intensity can boost the biomass and photosynthetic metabolism of Lactuca sativa L. [20]. However, research on the response of aquatic plants to light quality remains limited [21]. Our recent study investigated the effects of monochromatic blue and red light on photomorphogenesis and photosynthetic physiology in the aquatic macrophyte Ottelia alismoides, revealing differential responses to these light qualities [13].



Our previous study on the aquatic plant Potamogeton crispus found that the toxic effects of Cd were strongly dependent on light intensity [22]. However, the effect of light quality on Cd toxicity in aquatic plants remains unknown. Recent research has revealed that blue and red light can have opposing effects on the response of terrestrial plant cucumber to Cd-induced stress by regulating photosynthetic metabolism and antioxidant system response [23]. Nonetheless, there is limited research on how light quality affects the response of aquatic macrophytes to Cd-induced toxicity. P. crispus is a submerged macrophyte that is widely distributed and grows rapidly. It has been reported to accumulate Cd more easily than other aquatic plants [24]. It is commonly found in shallow waters, such as freshwater lakes, ponds, rivers, and streams, but it can also invade deep-water areas and grow up to 4 m deep [25]. Therefore, P. crispus in different water layers can receive varying light qualities in its in situ habitat. The aim of our study was to investigate how different light qualities affect P. crispus under Cd stress and elucidate the underlying mechanisms. Red and blue light are visible light wavelengths that primarily influence plant development and growth. For this purpose, P. crispus plants were exposed to Cd under white, red, and blue light provided by light-emitting diodes (LEDs), which offer continuous stability at specific wavelengths [13]. We evaluated the impact of Cd toxicity on P. crispus plants exposed to different light qualities by observing leaf morphology and organelle ultrastructure, as well as measuring photosynthesis and antioxidant system-related parameters. The findings of this study not only expand our understanding of how light quality can induce tolerance to Cd stress in aquatic plants but also provide insight into how LEDs can regulate the responses of aquatic plants to Cd stress. This knowledge can facilitate the restoration of aquatic vegetation in metal-polluted water bodies using LEDs.




2. Results


2.1. Leaf Morphology and Anatomic Structure


Regardless of light quality, Cd toxicity induced chlorosis and necrosis of P. crispus leaves. However, the application of blue light reduced the toxic symptoms (Figure 1). To understand the effect of different light qualities on the leaf anatomy of P. crispus under Cd stress, transverse sections were observed. Under Cd-free conditions, P. crispus leaves comprised an upper and lower epidermis, as well as a layer of stacked mesophyll cells (Figure 2). Abundant chloroplasts were present in both the epidermal and mesophyll cells in all three light qualities (Figure 2A–C). After Cd exposure, deformed chloroplasts and cracks in the cell membrane were observed in W + Cd-treated P. crispus leaves (Figure 2D). A similar type of damage was also observed in B + Cd-treated P. crispus leaves (Figure 2E). However, more serious damage to the anatomic structure was present in R + Cd groups (Figure 2F).




2.2. Ultrastructure of Chloroplasts and Mitochondria


Figure 3 shows the chloroplast ultrastructure in P. crispus plants treated with and without Cd under different light qualities. Under Cd-free conditions (Figure 3A,C,E,G,I,K), the chloroplasts of P. crispus were well-developed and presented a regular oval shape. When P. crispus plants were exposed to Cd under W or R, the grana and thylakoids were indistinct, thylakoids tended to disintegrate, and their structure was blurred (Figure 3B,F,H,L). However, the relatively better physical condition of thylakoids was observed in the B + Cd-exposed P. crispus (Figure 3D,J).



Regarding mitochondria, under Cd-free conditions, lots of mitochondria with high electronic densities and abundant cristae were distributed in the cells of P. crispus leaves, regardless of light quality (Figure 3M,O,Q). After Cd exposure, the mitochondria were damaged, with vague and much fewer cristae in W + Cd-treated P. crispus leaves compared to W groups (Figure 3N). In R + Cd groups, badly damaged mitochondria with less electron density and fewer cristae were observed (Figure 3R). However, a much better ultrastructure of mitochondria with relatively high electronic densities and clear cristae were observed in B + Cd-treated P. crispus leaves (Figure 3P).




2.3. Pigment Content, Chlorophyll Fluorescence, and Photosynthetic Rate


Without Cd treatment, B significantly decreased the levels of Chl a, b, and total Chl in P. crispus compared to W and R (p < 0.05, Figure 4A–C). However, there was no significant difference between W and R for these parameters (p > 0.05, Figure 4A–C). Cd pollution led to a significant reduction in Chl a, b, and total Chl in W-grown P. crispus (p < 0.05, Figure 4A–C). However, after Cd exposure, B markedly increased the levels of these parameters compared to W + Cd groups (p < 0.05, Figure 4A–C). No obvious difference in Chl a, b, and total Chl was detected between W + Cd and R + Cd groups (p > 0.05, Figure 4A–C). Chl a/b in Cd-treated P. crispus plants was significantly lower than Cd-free conditions, regardless of light quality (p < 0.05, Figure 4D). As for Car content and the Chl/Car ratio, there was no significant difference among the P. crispus leaves exposed to different light qualities under Cd-free conditions (p > 0.05, Figure 4E,F). Compared to W + Cd groups, the Car content was significantly reduced in R + Cd groups (p < 0.05, Figure 4E). However, B-grown P. crispus plants exposed to Cd increased the Car content but not significantly when compared with W + Cd plants (p > 0.05, Figure 4E). Furthermore, the ratio of Chl/Car in B + Cd groups was significantly higher than R + Cd (p < 0.05, Figure 4F) but was comparable to W + Cd (p > 0.05, Figure 4F). There was a significant interaction between Cd and light quality on the content of Chl a (p < 0.001), Chl b (p < 0.01), total Chl (p < 0.01), and Chl/Car (p < 0.05, Table 1).



Under Cd-free conditions, no significant difference in Fv/Fm, NPQ, Y(II), qP, ETRmax, and α was found among the P. crispus leaves exposed to different light qualities (p > 0.05, Figure 4G–L), except that W significantly increased qP when compared to R (p < 0.05, Figure 4I), while being comparable to B (p > 0.05, Figure 4I). Cd exposure significantly decreased the levels of Fv/Fm, Y(II), qP, NPQ, α, and ETRmax in W-grown P. crispus when compared to the Cd-free group (p < 0.05, Figure 4G–L). Moreover, R further significantly decreased Fv/Fm, qP, and NPQ in R + Cd groups compared to W + Cd-treated P. crispus plants (p < 0.05, Figure 4G,I,J). Conversely, the levels of the mentioned parameters were comparable in B + Cd groups relative to W + Cd treatment groups (p > 0.05, Figure 4G,H,J–L), except for qP, which was significantly lower in B + Cd groups compared to W + Cd groups (p < 0.05, Figure 4I). Statistical analysis showed that Cd had a greater effect on chlorophyll and chlorophyll fluorescence than light quality (Table 1). Furthermore, the interaction between Cd and light quality significantly affected qP and α (p < 0.05, Table 1). Regarding the photosynthetic rate, after Cd exposure, the O2 evolution rate was only detected in B-grown P. crispus plants (Table 2).




2.4. HCO3− Uptake


At the end of pH-drift, there was no significant difference in the final pH among the P. crispus leaves exposed to different light quality under Cd-free conditions (p > 0.05, Table 3). Cd exposure significantly decreased the final pH when grown under R compared to B-grown groups (p < 0.05, Table 3). However, B-grown P. crispus plants exposed to Cd increased the final pH, but not significantly when compared with W + Cd plants (p > 0.05, Table 3). Moreover, the final pH in Cd-treated groups was significantly lower than Cd-free conditions, regardless of light quality (p < 0.05, Table 3). Under either Cd-free or Cd-exposed conditions, there was no significant difference in ALK and CT/ALK among the P. crispus leaves exposed to different light qualities (p > 0.05, Table 3). However, after Cd exposure, the CT/ALK was significantly higher than in the Cd-free groups (p < 0.05, Table 3) and was close to 1, regardless of the light quality. Furthermore, after Cd exposure, the concentration of CT, CO2, and HCO3− in the solution was significantly higher than in Cd-free conditions, regardless of light quality (p < 0.05, Table 3). Moreover, the CO2 concentration in B + Cd was significantly lower than R + Cd (p < 0.05, Table 3) and was slightly lower compared to W + Cd (p > 0.05, Table 3). Statistical analysis showed that Cd affected the final pH, CO2, HCO3−, and CT/ALK more significantly than light quality (Table 1), while no significant interaction between the two factors was found to affect the above-mentioned parameters (p > 0.05, Table 1).




2.5. MDA Content, In Situ O2.− Accumulation, and Antioxidant Enzyme Activity


MDA content did not significantly differ among P. crispus leaves exposed to different light qualities under Cd-free conditions (p > 0.05, Figure 5A). Cd exposure significantly elevated the levels of MDA in W + Cd- and R + Cd-treated P. crispus compared to Cd-free groups (p < 0.05, Figure 5A). However, there was no significant difference in MDA content between B and B + Cd groups (p > 0.05, Figure 5A). Furthermore, the MDA content in B + Cd groups was significantly lower than W + Cd (p < 0.05, Figure 5A), while being comparable to R + Cd conditions (p > 0.05, Figure 5A). Cd affected the synthesis of MDA more significantly than light quality (Table 1). Moreover, there was a significant interaction between Cd and light quality on MDA content, which induced the most production of MDA under white light with Cd exposure (p < 0.05, Table 1).



Distinct overproduction of O2.− induced by Cd in P. crispus leaves was verified by a histochemical method with NBT. Without Cd exposure, the P. crispus leaves were slightly stained by NBT under all the light qualities (Figure 5B). After Cd exposure, the P. crispus leaves under W were stained blue by NBT (Figure 5B). The leaves treated in B + Cd and R + Cd presented a weaker and stronger NBT stain compared to W + Cd-treated leaves, respectively (Figure 5B).



Under Cd-free conditions, light quality significantly affected the activity of SOD and CAT enzymes in P. crispus. Specifically, B increased SOD activity compared to W and R (p < 0.05, Figure 5C), while B decreased CAT activity compared to W (p < 0.05, Figure 5D). However, there was no significant difference in SOD and CAT activity between W and R (p > 0.05, Figure 5C,D). After Cd exposure, SOD activity was undetectable in P. crispus under all light quality conditions (Figure 5C), while CAT activity significantly varied with light quality (p < 0.05, Figure 5D). The plants treated with Cd and grown under W had the highest CAT activity, followed by the R + Cd- and B + Cd-treated plants (p < 0.05, Figure 5D). The interaction between Cd and light quality significantly affected SOD and CAT activity (p < 0.05, Table 1). For GR activity, both B and R significantly decreased their activity compared to W-grown P. crispus under Cd-free conditions (p < 0.05, Figure 5E). After Cd exposure, there was a significant decrease in GR activity in P. crispus leaves compared to the control group under all light quality conditions (p < 0.05, Figure 5E). However, there was no significant difference in GR activity among the treatments of W + Cd, B + Cd, and R + Cd (p > 0.05, Figure 5E). The interaction between Cd and light quality significantly influenced GR activity (p < 0.05, Table 1). Regarding APX activity, R significantly decreased its activity compared to W and B under Cd-free conditions (p < 0.05, Figure 5F). After Cd treatment, APX activity significantly decreased in P. crispus leaves compared to the control group, regardless of light quality (p < 0.05, Figure 5F). However, the APX activity in B + Cd groups significantly increased compared to W + Cd groups (p < 0.05, Figure 5F), while no significant difference was present between W + Cd and R + Cd groups (p > 0.05, Figure 5F). The interaction between Cd and light quality significantly influenced APX activity in P. crispus (p < 0.05, Table 1).





3. Discussion


Cd exposure can cause significant phytotoxicity in aquatic plants, leading to damaged anatomic structures, deformed organelle ultrastructure, decreased photosynthetic pigment biosynthesis, and reduced photosynthetic efficiency [9,22,26]. Furthermore, it has been confirmed that Cd can affect the functionality of CO2-concentrating mechanisms (CCMs) in aquatic plants [27]. However, little research has been conducted on the effects of light quality on aquatic plants under Cd stress, and the potential regulatory mechanisms are still unknown. In this study, we demonstrated that blue and red light can regulate tolerance to Cd in the aquatic plant P. crispus by inducing different reactions in the photosynthetic and antioxidant systems.



3.1. The Effect of Light Qualities on Leaf Anatomy and the Ultrastructure of Chloroplasts and Mitochondria of P. crispus under Cd Stress


In this study, Cd treatment significantly damaged the leaf anatomic structure and ultrastructure of chloroplasts and mitochondria in P. crispus leaves. The leaf anatomy exhibited clear evidence of toxicity effects induced by Cd exposure in P. crispus, including blurry boundaries between cells and broken cell membranes. These results are consistent with our previous studies on P. crispus and Ottelia alismoides [22,27]. Ultrastructure observation indicated that Cd treatment induced damage to chloroplasts and mitochondria, altering their shape and causing swelling of the thylakoid layer/mitochondrial cristae in P. crispus, regardless of light quality. Mitochondria, essential organelles found in most eukaryotic cells, play a crucial role in plant physiology, particularly in photosynthesis. Our results are in agreement with the findings of earlier research on different plant species [22,23,28]. Interestingly, B treatment relieved the damage to the ultrastructure of chloroplasts and mitochondria in P. crispus under Cd exposure. However, compared to W treatment during Cd stress, R further aggravated the damage induced by Cd stress. The findings of this study demonstrate that R increased the sensitivity of P. crispus plants to Cd, while B enhanced Cd tolerance in these plants. Similar conclusions were drawn by Guo et al. (2022) [23], who found that compared to red light, blue light reduced chlorosis and decreased chloroplast ultrastructure damage induced by Cd in cucumbers [23]. Reducing Cd accumulation is often linked to the alleviation of Cd toxicity in plants [29]. A study on Cd-treated cucumber seedlings found that blue light significantly decreased the expression of Cd uptake and transport genes, including IRT1, NRAMP1, and HMA3, leading to lower Cd accumulation [23].




3.2. The Effect of Light Qualities on Pigment, Photochemistry, and HCO3− Uptake of P. crispus under Cd Stress


The normal functioning of a biological system depends on its structural integrity. The normal structure of chloroplasts is crucial for photosynthesis, as it affects the absorption of light and the capacity of electron transport due to the distribution of chlorophyll in the granum thylakoids [30,31]. Thus, the destruction of chloroplast structure induced by Cd ultimately leads to decreased biosynthesis of chlorophyll, reduced photosynthetic rate, and damaged photosynthetic efficiency [22]. In this study, we found that Cd exposure significantly decreased the content of chlorophyll and carotenoids, regardless of light quality. However, B was more effective in maintaining a relatively high level of chlorophyll in P. crispus plants compared to W treatment during Cd exposure. Thus, the application of blue light as a light condition may alleviate the harmful effects caused by Cd and maintain the survival of P. crispus by increasing the availability of pigments for tolerance to Cd-induced toxicity. The increased synthesis of pigments is believed to be a protective mechanism against metal toxicity, as pigments can act as antioxidants and help to scavenge harmful reactive oxygen species in plant tissues [32].



Chlorophyll fluorescence analysis has been widely used to investigate the defense mechanisms of the photosynthetic apparatus under various stresses. In this study, we evaluated the effects of different light qualities on the photosynthetic performance in vivo in P. crispus under Cd stress based on chlorophyll fluorescence measurements. Generally, Cd-stressed plants have a significantly lower Fv/Fm value than non-stressed plants [22], which is closely related to the photoinhibition of PSII [33]. In the present study, Cd significantly decreased Fv/Fm and the yield of PSII in P. crispus, regardless of light quality, indicating that electron transport and photosynthetic efficiency were both damaged by Cd toxicity, which was consistent with previous results [22,34]. However, the significantly higher level of Fv/Fm in P. crispus grown with B + Cd compared to R + Cd implies that P. crispus exposed to Cd suffered from a less stressful environment when grown under blue light. Furthermore, the significantly increased NPQ under B + Cd suggests an increase in the thermal dissipation of excess light energy. Increased NPQ has also been reported in the Cd-exposed aquatic plant Ceratophyllum demersum [35] and freshwater algae Chlorella Pyrenoidosa [36], which represents a type of photoprotective mechanism in plants. Therefore, the increased thermal dissipation may protect the chloroplasts from Cd stress when P. crispus was grown under blue light. Moreover, the rate of O2 exchange was not detectable in P. crispus grown in W + Cd and R + Cd, while it was about 2 mg O2 h−1 g−1 FW in P. crispus grown with B + Cd, indicating that Cd-treated P. crispus plants preserved their photosynthetic capacity when grown under blue light.



The photosynthesis of submerged macrophytes is often stressed by limited CO2 concentration underwater, which is due to the very low rates of CO2 diffusion in the aqueous environment and the external boundary layer that constrains the uptake of inorganic carbon [37]. Freshwater plants have evolved CO2-concentrating mechanisms (CCMs) in response to low CO2 stress [38]. HCO3− utilization is one of the most frequent CCMs in freshwater macrophytes and is found in more than half of the tested species [37]. In this study, according to the results of pH-drift experiments, Cd-free-treated P. crispus plants were able to raise the end pH above 10, suggesting that they could utilize HCO3− like other macrophytes during pH-drift experiments [38,39,40]. However, after P. crispus were exposed to Cd for 4 days, regardless of light quality, photosynthesis performed by P. crispus could not drive the pH to 9, and final CO2 concentrations in the solution were even kept at 25 μM (W + Cd), 12 μM (B + Cd), and 27 μM (R + Cd), respectively. Maberly (1990) has pointed out that the final pH could be used as an indicator to determine whether aquatic plants can utilize HCO3−; if the final pH is above 9, it indicates CO2 and HCO3− use [41]. Thus, the present results indicate that HCO3− acquisition in P. crispus was disturbed by Cd exposure, which is consistent with our previous reports on Cd-treated aquatic plant O. alismoides [27]. Additionally, CT/ALK is a judge for assessing the effectiveness of inorganic carbon (Ci) depletion—a lower quotient means higher effectiveness of Ci utilization by plants [42]. In this study, CT/ALK was comparable and close to 1 among Cd-treated P. crispus regardless of light quality, suggesting that the Ci pool was nearly not utilized by Cd-exposed P. crispus plants. Recent studies have discovered the mechanisms of HCO3− uptake in some aquatic plants [39,43]. It has been confirmed that extracellular carbonic anhydrase (CAext) is vital for HCO3− utilization in aquatic plants [39,40]. CAext converts HCO3− to CO2 at the plasmalemma, and then CO2 diffuses into cells and is fixed by Rubisco. Previous studies have indicated that Cd can adversely affect HCO3− utilization in photoautotrophs by inhibiting CA activity due to the replacement of CA’s active center by Cd [44]. Thus, Cd toxicity is likely to inhibit CA activity in P. crispus, decrease the conversion rate of HCO3− to CO2, and eventually block the regular supply of CO2 to Rubisco. This resulted in a much lower utilization of HCO3− in Cd-treated P. crispus.



Taken together, these results demonstrate that Cd induces phytotoxicity in P. crispus, and blue light enhances tolerance to Cd in this aquatic plant compared to red and white light. This is consistent with the findings of Guo et al. (2022) [23], who reported that blue light alleviated Cd-induced photosynthetic inhibition in cucumbers more effectively than red and white light [23]. The effects of light quality on plant growth and stress tolerance have been widely studied, with research indicating that different light qualities can impact plant tolerance to various types of abiotic stress. For example, studies have shown that the red-to-far-red light (R:FR) ratio can influence plant growth and stress tolerance, with low ratios being associated with improved photosynthetic efficiency and alleviated growth inhibition under stress conditions such as salt, cold, and calcium nitrate stress [45,46,47,48]. This suggests that light quality may play a role in regulating photosynthesis activity and subsequently affect plant stress tolerance. Guo et al. (2022) [23] speculated that red light, in contrast to blue light, increases the sensitivity of cucumbers to Cd toxicity by promoting Cd accumulation in a phytochrome B-dependent manner [23]. However, Gaion et al. (2017) [49] reported that phytochromes do not determine Cd stress tolerance in tomato plants [49]. Despite this discrepancy, additional research is necessary to elucidate the signaling pathway and specific mechanisms by which light quality regulates plant tolerance to Cd-induced phytotoxicity.




3.3. The Effect of Light Qualities on the Antioxidant System of P. crispus under Cd Stress


Cd-induced phytotoxicity is primarily caused by the excessive accumulation of reactive oxygen species (ROS) in plants [7,22]. These ROS are highly toxic and can cause significant damage to macromolecules, which can be reflected by the content of malondialdehyde (MDA) [50]. In this study, regardless of light quality, the significantly increased accumulation of MDA in Cd-treated P. crispus plants suggests that Cd exposure triggered the peroxidation of membrane lipids, indicating oxidative stress. This result is consistent with previous studies on Cd toxicity in plants [22,51]. Additionally, the MDA content in R + Cd-treated P. crispus plants was significantly higher than B + Cd-treated P. crispus plants, indicating that red light induced more severe oxidative stress in response to Cd exposure. Furthermore, Cd-stimulated overproduction of O2.− in P. crispus leaves was verified by histochemical staining with NBT. Blue light visibly reduced O2.− concentrations in P. crispus leaves under Cd stress compared to white and red light treatments. In summary, it is suggested that P. crispus treated with B + Cd suffered less oxidative stress.



Antioxidant enzymes are the main components of the antioxidant system in plants, which can eliminate ROS and protect cells from oxidative damage. SOD catalyzes O2.− into H2O2, while CAT and APX further catalyze H2O2 decomposition [52]. GR catalyzes the reduction in GSSG to GSH to maintain the normal level of GSH in plants [53]. In this study, Cd stress led to a significant decrease in SOD, CAT, APX, and GR activity in P. crispus. Our findings are in line with previous research indicating that exposure to Cd stress can lead to a decrease in antioxidant capacity [54]. However, there have been studies that found an increase in SOD and CAT activities with an increase in Cd concentration, such as in strawberries [55]. In summary, our findings, along with data from the literature, suggest that Cd stress responses may not always be consistent, as they can vary depending on factors such as plant species and the severity of the stress induced by Cd. When compared to W + Cd, APX activity was significantly higher in B + Cd-grown P. crispus. The activation of specific enzymes is believed to be a key defense mechanism against oxidative stress resulting from exposure to toxic metals [56]. APX is a crucial enzyme that plays a significant role in the detoxification of H2O2 from cells. This enzyme provides tolerance to plants against free radicals, protecting them from oxidative stress caused by Cd [57,58]. Earlier studies have reported that Cd stress leads to elevated APX activity [59,60]. In the current study, we found that blue light-grown P. crispus had less pronounced Cd-induced oxidative stress. This suggests that blue light may enhance tolerance to Cd in P. crispus by activating antioxidant enzymes, particularly APX.





4. Materials and Methods


4.1. Plant Material and Pre-Treatment Culture Conditions


Healthy P. crispus plants were collected from the Wuhan Botanical Garden, Chinese Academy of Sciences. Prior to spectral and Cd treatments, the plants were acclimated for one week in 10% Hoagland’s solution [61] under ~100 μmol photon m−2 s−1 irradiation provided by white fluorescent tubes and 14 h of light per day in a growth room. After acclimation, uniform apical P. crispus shoots (~15 cm in length) were randomly selected and transplanted into 2 L plastic beakers (12 cm in diameter, 13 cm in height) for spectral and Cd treatments.




4.2. Spectral and Cd Treatments


In the present experiments, a 2 × 3 factorial design was used with two different concentrations of Cd (0 μM and 50 μM) and three light qualities (white light—W, blue light—B, and red light—R) as factors. This resulted in six treatments: W, W + Cd, B, B + Cd, R, and R + Cd. Cd2+ was provided by CdCl2·5H2O, and the concentration of Cd was determined based on pre-experimental results and our previous studies [9,22]. White fluorescent tubes (2019-I210 A1HC 6500 K, Foshan, China) were used to provide white light with a spectrum from 380 to 750 nm, with peaks at 450 and 550 nm. Monochromatic blue light with a peak at 440 nm and red light with a peak at 665 nm were provided by LED tubes (LH-T8 20 W-Z2, Lvheng, China). The spectrum of W, B, and R was detected by an underwater spectrometer (TriOS RAMSES, Germany) and is shown in Figure 6. The light intensity at the medium surface was maintained at 100 ± 10 μmol m−2 s−1, and the photoperiod was set to 14 h of light (08.00 h~22.00 h) and 10 h of darkness. There were four beakers of P. crispus plants for each treatment as replications, resulting in a total of 24 beakers of P. crispus plants treated in the present study. To prevent P. crispus plants from being irradiated by other light sources, compartments of the different light quality treatments were separated by plastic blackout curtains. The ambient temperature in each compartment was set to 25 ± 1 °C. After four days, P. crispus leaves from different treatments were collected and used for pigment content and chlorophyll fluorescence analysis, anatomical observation, histochemical detection of superoxide (O2 −), and pH-drift experiments, as well as measurements of photosynthetic rate, antioxidant enzyme activity, and MDA content.




4.3. Observation of Leaf Anatomy and the Ultrastructure of Chloroplast and Mitochondria


The anatomic structure of P. crispus leaves and the ultrastructure of chloroplasts and mitochondria were studied according to previous methods [62]. For revealing the effect of different light qualities on the anatomic structure of P. crispus leaves with Cd treatment, semithin sections were obtained and observed with a light microscope (Motic BA310). For the examination of the ultrastructure of chloroplasts and mitochondria, ultrathin sections were observed with a transmission electron microscope (TEM) (Hitachi High-Tech, Tokyo, Japan).




4.4. Measurements of Pigment Content and Chlorophyll Fluorescence


Chlorophyll and carotenoids in the P. crispus leaf samples were extracted with 95% ethanol according to the previous method [63]. Chlorophyll fluorescence was determined with a Pulse-Amplitude-Modulation fluorometer (PAM 2500, Walz, Rohrdorf, Germany). Clean P. crispus leaf samples were kept in the dark and water for at least 15 min before measuring the maximum quantum yield of PSII (Fv/Fm). In addition to Fv/Fm, PamWin-3 software was used to record other chlorophyll fluorescence parameters including NPQ (non-photochemical quenching coefficient), Y(II) (effective quantum yield of PSII), and qP (photochemical quenching coefficient). The rapid light curves (RLCs) were also run with PAM 2500 to evaluate the influence of different light qualities on the photosynthetic efficiency and the state of the photosynthetic apparatus of P. crispus under Cd stress. The paired data (electron transport rate and photosynthetic active radiation) of RLCs were fitted according to the equations previously given by Platt et al. [64], and the resulting fitted parameters ETRmax (maximum relative electron transport rate) and α (initial slope of RCLs) were contained by referring to the research of Ralph and Gademann [65].




4.5. Measurement of Photosynthetic Rate


The photosynthetic rate of P. crispus leaves was measured according to our previous method with slight modification [13]. About 0.3~0.5 g FW of P. crispus leaf was gently sunk into the bottom of a Falcon tube (50 mL) with ~4 mm3 of sticky balls made by Blu-Tack to avoid the contact of leaf to the oxygen electrode (YSI Pro ODO Yellow Spring Instruments, USA), which was used to measure O2 concentration in the test solution. Tap water (with ~7.0 mg L−1 of initial dissolved O2) was used for the test solution, and the temperature was controlled at 25 ± 1 °C. During the tests, light quality and light intensity were the same as the treatment conditions.




4.6. pH-Drift Experiments


To investigate how light quality affects P. crispus’s ability to use HCO3− under Cd stress, pH-drift experiments were conducted following the protocol of Maberly and Spence [42]. Approximately 0.2~0.3 g FW of P. crispus leaves collected from different treatments were incubated in 70 mL tightly sealed screw-cap plastic bottles with 50 mL of the test solution containing 500 μM NaHCO3 and 500 μM KHCO3. The sealed bottles with P. crispus leaves were exposed to corresponding light conditions (light quality and light intensity) that were consistent with the treatment conditions. After approximately 24 h of exposure, the leaves were removed from the bottles using a clean tweezer, and the final pH and alkalinity (ALK), as well as the concentration of inorganic carbon (CO2 and HCO3−) and CT/ALK of the medium, were measured and calculated using previously described methods [27,66].




4.7. Histochemical Detection of Superoxide (O2.−) and Measurements of Malondialdehyde (MDA) Content and Antioxidant Enzyme Activity


In situ O2.− accumulations were detected by histochemical staining assays with nitroblue tetrazolium (NBT) according to Liu et al. [67]. The segments of the P. crispus leaf were stained in a 0.5 mg mL−1 NBT solution containing a 25 mM HEPES buffer (pH 7.8) at 25 °C in darkness for 2 h. Subsequently, the leaf segments were repeatedly rinsed in ethanol at 50~60 °C to completely remove the chlorophyll and were then photographed. The total content of MDA was detected following the thiobarbituric acid (TBA) method [68]. The activity of SOD, CAT, GR, and APX was determined with spectrophotometric assay kits (BC0170, BC0200, BC1160, and BC0220; Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) by following the kit’s protocol and was expressed as U g−1 FW.




4.8. Statistical Analysis


Data in this study are presented as average ± SD. Independent sample t-tests and two-way analysis of variance (ANOVA) followed by Duncan’s and Tukey’s post-hoc tests were used to evaluate significant differences between treatments using SPSS 16.0 (SPSS Inc., Chicago, IL, USA). The significance level of the statistics was set at p < 0.05.





5. Conclusions


In summary, it can be concluded that Cd induced severe adverse morphological changes and decreased physicochemical properties in P. crispus, but the severity of the damage caused by Cd was less pronounced in blue light when compared to white and red light. Moreover, the lower level of MDA and less O2.− implied that P. crispus grown under blue light suffered slighter oxidative stress compared to white and red light. The elevated APX activity and NPQ in leaves seemed to be closely related to the higher Cd tolerance in B-grown P. crispus. Further research is needed to elucidate the regulatory mechanisms of light quality and the possible involvement of photoreceptors in Cd detoxification in P. crispus plants. This study establishes a strong theoretical foundation for the future development of LED light control strategies aimed at regulating Cd uptake and tolerance in aquatic plants, particularly in severely polluted waters contaminated with heavy metals.
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Figure 1. The P. crispus phenotype treated with or without 50 μM Cd under different light qualities. (A) No Cd under white light; (B) 50 µM Cd treatment under white light; (C) no Cd under blue light; (D) 50 µM Cd treatment under blue light; (E) no Cd under red light; (F) 50 µM Cd treatment under red light. Scale bar = 1 cm. 
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Figure 2. The effect of light quality and Cd on the leaf anatomy of P. crispus. (A) No Cd under white light; (B) no Cd under blue light; (C) no Cd under red light; (D) 50 µM Cd treatment under white light; (E) 50 µM Cd treatment under blue light; (F) 50 µM Cd treatment under red light. EC, epidermal cell; CP, chloroplast; MC, mesophyll cell. Scale bar = 30 µm. 
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Figure 3. Transmission electron microscopy (TEM) of the chloroplast and mitochondria ultrastructure in the leaves of P. crispus treated without or with Cd under different light qualities. (A,G,M) No Cd under white light; (B,H,N) 50 µM Cd treatment under white light; (C,I,O) no Cd under blue light; (D,J,P) 50 µM Cd treatment under blue light; (E,K,Q) no Cd under red light; (F,L,R) 50 µM Cd treatment under red light. CP, chloroplast; Mi, mitochondria; ChM, chloroplast membrane; G, grana; S, starch; CW, cell wall. Scale bar in A–F = 2 µm; scale bar in G–R = 500 nm. W, W + Cd, B, B + Cd, R, and R + Cd indicate the treatment of no Cd under white light, 50 µM Cd exposure under white light, no Cd under blue light, 50 µM Cd exposure under blue light, no Cd under red light, and 50 µM Cd exposure under red light, respectively. 
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Figure 4. The effect of light quality and Cd on pigment content and chlorophyll fluorescence of P. crispus. (A) Chl a; (B) Chl b; (C) total Chl; (D) Chl a/b; (E) Car; (F) Chl/Car; (G) Fv/Fm; (H) Y(II); (I) qP; (J) NPQ; (K) α; (L) ETRmax. Data are presented as mean ± SD (n = 4). The statistical differences were tested using independent sample t-tests and ANOVA followed by Duncan’s and Tukey’s post-hoc tests. The statistic above the horizontal line compares the leaves treated without Cd and with Cd grown under the same light quality (** p < 0.01, * p < 0.05). Data with different lowercases (a, b) are significantly different among different light qualities for no Cd-treated P. crispus leaves (p < 0.05). Data with different uppercase letters (A, B) are significantly different among different light qualities for Cd-exposed P. crispus leaves (p < 0.05). W, W + Cd, B, B + Cd, R, and R + Cd indicate the treatment of no Cd under white light, 50 µM Cd exposure under white light, no Cd under blue light, 50 µM Cd exposure under blue light, no Cd under red light, and 50 µM Cd exposure under red light, respectively. 






Figure 4. The effect of light quality and Cd on pigment content and chlorophyll fluorescence of P. crispus. (A) Chl a; (B) Chl b; (C) total Chl; (D) Chl a/b; (E) Car; (F) Chl/Car; (G) Fv/Fm; (H) Y(II); (I) qP; (J) NPQ; (K) α; (L) ETRmax. Data are presented as mean ± SD (n = 4). The statistical differences were tested using independent sample t-tests and ANOVA followed by Duncan’s and Tukey’s post-hoc tests. The statistic above the horizontal line compares the leaves treated without Cd and with Cd grown under the same light quality (** p < 0.01, * p < 0.05). Data with different lowercases (a, b) are significantly different among different light qualities for no Cd-treated P. crispus leaves (p < 0.05). Data with different uppercase letters (A, B) are significantly different among different light qualities for Cd-exposed P. crispus leaves (p < 0.05). W, W + Cd, B, B + Cd, R, and R + Cd indicate the treatment of no Cd under white light, 50 µM Cd exposure under white light, no Cd under blue light, 50 µM Cd exposure under blue light, no Cd under red light, and 50 µM Cd exposure under red light, respectively.
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Figure 5. The effect of light quality and Cd on MDA content, in situ O2.− accumulation, and antioxidant enzyme activity of P. crispus. (A) MDA content; (B) histochemical staining of O2.− by NBT in P. crispus leaves; (C) SOD activity; (D) CAT activity; (E) GR activity; (F) APX activity. Data are presented as mean ± SD (n = 4) using independent sample t-tests and ANOVA followed by Duncan’s and Tukey’s post-hoc tests to test the statistical differences. The statistic above the horizontal line compares the leaves treated without Cd and with Cd grown under the same light quality (NS not significant, * p < 0.05, ** p < 0.01). Data with different lowercases (a, b) are significantly different among different light qualities for no Cd-treated P. crispus leaves (p < 0.05). Data with different uppercase letters (A, B) are significantly different among different light qualities for Cd-exposed P. crispus leaves (p < 0.05). W, W + Cd, B, B + Cd, R, and R + Cd indicate the treatment of no Cd under white light, 50 µM Cd exposure under white light, no Cd under blue light, 50 µM Cd exposure under blue light, no Cd under red light, and 50 µM Cd exposure under red light, respectively. 
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Figure 6. Light spectra in different light quality treatments. W, broad-spectrum white light provided by fluorescent tubes with peak emissions at 450 nm and 550 nm; B, monochromatic blue light provided by LED with a peak emission at 440 nm; R, monochromatic red light provided by LED with a peak emission at 665 nm. 
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Table 1. Summary of results of ANOVA (F-values and significance levels) for the effects of Cd and light quality and their interactions with P. crispus traits.
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Item

	
Source

	

	




	

	
Cd

	
Light Quality

	
Cd × Light Quality






	
Chl a

	
3597.64 ***

	
6.19 **

	
12.80 ***




	
Chl b

	
1838.20 ***

	
2.77 NS

	
7.01 **




	
Total Chl

	
3124.70 ***

	
5.10 *

	
11.27 **




	
Chl a/b

	
98.38 ***

	
0.93 NS

	
1.00 NS




	
Car

	
1612.05 ***

	
2.34 NS

	
3.33 NS




	
Chl/Car

	
129.58 ***

	
2.34 NS

	
4.76 *




	
Fv/Fm

	
1036.18 ***

	
3.23 NS

	
3.24 NS




	
YⅡ

	
365.54 ***

	
2.87 NS

	
0.97 NS




	
qP

	
104.64 ***

	
12.74 **

	
5.20 *




	
NPQ

	
282.63 ***

	
0.86 NS

	
3.19 NS




	
ETRmax

	
225.84 ***

	
0.96 NS

	
0.77 NS




	
α

	
934.50 ***

	
0.73 NS

	
5.10 *




	
Final pH

	
797.54 ***

	
4.27 *

	
2.23 NS




	
CO2

	
179.04 ***

	
1.01 NS

	
1.01 NS




	
HCO3−

	
1197.90 ***

	
1.17 NS

	
1.18 NS




	
CT/ALK

	
1720.08 ***

	
0.28 NS

	
0.84 NS




	
MDA

	
10.63 **

	
1.42 NS

	
6.08 *




	
SOD

	
1188.38 ***

	
14.49 **

	
14.49 **




	
CAT

	
63.14 ***

	
8.84 **

	
6.66 *




	
GR

	
0.08 NS

	
6.36 *

	
7.30 **




	
APX

	
419.65 ***

	
12.49 **

	
8.15 **








NS, not significant; * p < 0.05; ** p < 0.01; *** p < 0.001.
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Table 2. The effect of light quality and Cd on the photosynthetic rate of P. crispus.
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	Treatments
	O2 Evolution Rate

(mg O2 h−1 g−1 FW)





	W + Cd
	No Detect



	B + Cd
	1.83 ± 0.79



	R + Cd
	No Detect







Date are presented as mean ± SD (n = 4). W + Cd, B + Cd, and R + Cd indicate the treatment of 50 µM Cd exposure under white light, 50 µM Cd exposure under blue light, and 50 µM Cd exposure under red light, respectively.
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Table 3. Conditions and calculated carbon concentrations remaining at the end of the pH-drift experiments, with Cd-free or Cd-exposed P. crispus leaves grown under different light qualities for 4 days as drift materials.
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	Treatments
	Final pH
	ALK (equiv L−1)
	CT (mmol L−1)
	CO2 (μmol L−1)
	HCO3− (mmol L−1)
	CO32− (mmol L−1)
	CT/ALK





	W
	10.64 ± 0.11 (a,α)
	1.00 ± 0.10 (a,α)
	0.17 ± 0.11 (a,α)
	0.002 ± 0.001 (a,α)
	0.04 ± 0.02 (a,α)
	0.14 ± 0.08 (a,α)
	0.17 ± 0.10 (a,α)



	W + Cd
	7.90 ± 0.12 (AB,β)
	1.11 ± 0.12 (A,α)
	1.13 ± 0.13 (A,β)
	25.22 ± 9.97 (AB,β)
	1.10 ± 0.12 (A,β)
	0.01 ± 0.00 (A,β)
	1.01 ± 0.01 (A,β)



	B
	10.73 ± 0.09 (a,α)
	1.04 ± 0.03 (a,α)
	0.11 ± 0.05 (a,α)
	0.001 ± 0.000 (a,α)
	0.04 ± 0.02 (a,α)
	0.16 ± 0.05 (a,α)
	0.10 ± 0.10 (a,α)



	B + Cd
	8.36 ± 0.53 (A,β)
	1.06 ± 0.06 (A,α)
	1.03 ± 0.10 (A,β)
	12.12 ± 10.42 (A,β)
	0.99 ± 0.12 (A,β)
	0.01 ± 0.00 (A,β)
	0.97 ± 0.05 (A,β)



	R
	10.66 ± 0.02 (a,α)
	1.04 ± 0.01 (a,α)
	0.18 ± 0.02 (a,α)
	0.001 ± 0.000 (a,α)
	0.04 ± 0.00 (a,α)
	0.15 ± 0.01 (a,α)
	0.18 ± 0.02 (a,α)



	R + Cd
	7.84 ± 0.06 (B,β)
	1.06 ± 0.02 (A,α)
	1.08 ± 0.02 (A,β)
	26.97 ± 3.70 (B,β)
	1.04 ± 0.02 (A,β)
	0.01 ± 0.00 (A,β)
	1.02 ± 0.00 (A,β)







Statistical differences are denoted with different lowercase letters among different light qualities without Cd treatment at the 0.05 level according to ANOVA followed by Duncan’s and Tukey’s post-hoc tests (n = 4). Statistical differences are denoted with different uppercase letters among different light qualities with Cd treatment at the 0.05 level according to ANOVA followed by Duncan’s and Tukey’s post-hoc tests (n = 4). A different Latin alphabet denotes statistical differences between Cd-free and Cd treatment under the same light quality at the 0.05 level according to independent sample t-tests (n = 4). W, W + Cd, B, B + Cd, R, and R + Cd indicate the treatment of no Cd under white light, 50 µM Cd exposure under white light, no Cd under blue light, 50 µM Cd exposure under blue light, no Cd under red light, and 50 µM Cd exposure under red light, respectively.
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