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Abstract

:

To improve the efficiency of chromium (Cr) phytoextraction by Leersia hexandra Swartz, the effects of mowing on Cr accumulation in L. hexandra were investigated using hydroponic experiments. Mowing heights (0, 5, and 10 cm), mowing interval (30, 60, 90 and 120 days), and mowing frequencies (1, 2, and 3 times) were optimized. Mowing at 10 cm above roots significantly increased shoot biomass of L. hexandra (32.9 g/pot). The 90 days mowing interval achieved the highest shoot biomass (62.8 g/pot). The shoot biomass with thrice mowing (67.0 g/pot) was higher than those with one and twice mowing, as well as no mowing (CK). The increases in biomass might ascribe to the changes in endogenous hormone balance by mowing. Proper mowing significantly increased contents of Gibberellin 3 (GA3), 6-Benzylaminopurine (6-BA), 6-Kinetin (6-KT), and trans-Zeatin-riboside (TZR) in leaves, and 3-Indolepropionic acid (IPA) in stems, but decreased Jasmonic acid (JA) in the leaves and stems, thereby enhancing the regeneration of plant. The enhancement of plant regeneration resulted in the increases of biomass and Cr accumulation. Compared to CK, the optimal mowing method (10 cm, 90 days, 3 times) increased shoot biomass and Cr accumulation by 91.4% and 36.0%, respectively. These findings suggested that proper mowing had application potential to promote efficiency of Cr phytoextraction by L. hexandra.
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1. Introduction


Chromium (Cr) is widely used in the industry as a plating, pigment, and tanning agent, etc. [1,2]. However, the widespread use of Cr can cause Cr pollution, which is a major environmental and health hazard [3,4]. Therefore, chromium pollution remediation has become a hot research topic in recent years [5,6,7]. Phytoremediation, a green remediation technology, is more efficient and cheaper than traditional physicochemical remediation techniques and does not cause secondary pollution [8,9,10]. The hyperaccumulator is the core vehicle of phytoremediation technology and plays an important role in the remediation of heavy metals (HMs) pollution [11].



Leersia hexandra Swartz is the first chromium hyperaccumulator discovered in China [12]. The stems and leaves of L. hexandra have a high capacity for Cr uptake and tolerance, thus showing great potential for the phytoremediation of Cr contamination [13,14]. However, the phytoremediation efficiency of Cr by L. hexandra is still constrained based on different factors, such as the growth cycle and biomass. Therefore, improving phytoremediation efficiency is the key to promoting the industrial application of Cr pollution remediation by L. hexandra [15].



L. hexandra is a perennial grass plant with a strong regeneration ability and rapid growth rate, which shows that L. hexandra can be mowed multiple times and then regenerated [16]. Moreover, as a Cr hyperaccumulator, the Cr concentration in the stems and leaves of L. hexandra is higher than that of common plants. Mowing the shoots of L. hexandra not only removes a large amount of Cr, but also potentially promotes its own growth and improves the efficiency of Cr phytoextraction [17,18]. Mowing and harvesting can eliminate senescent tissues of plant, maintain the high growth vitality in leaves, stimulate the compensatory growth of plants, and increase the biomass (i.e., overcompensation growth) [19,20,21]. For example, mowing can increase the shoot biomass of lettuce (Lactuca sativa L.) [22]; the biomass of Pteris vittata increased over five consecutive harvests. Previous studies showed that three consecutive mowings did not affecting biomass production and shoot Cr concentration in L. hexandra [23]. With constant Cr concentration, higher biomass means a higher phytoremediation efficiency. Therefore, we hypothesize that mowing may promote the efficiency of Cr phytoextraction by L. hexandra. Compared with the current conventional phytoremediation enhancement measures (such as nutrient amendments, transgenic, endophytic bacteria, etc.), this method has the advantages of simple operation, no additional cost in cost, and no environmental risk.



In fact, proper mowing stimulated plant regeneration, thereby increasing the biomass. On the contrary, unproper mowing inhibited plant growth and decreased biomass [24,25,26]. To promote the performance of L. hexandra in Cr phytoextraction, the mowing method should be optimized.



Plants regeneration is highly regulated by hormones, including heteroauxin (IAA), indolebutyric acid (IBA), jasmonic acid (JA), and gibberellin (GA) [27,28,29]. Different phytohormones play important roles in diverse growth and developmental processes as well as various biotic and abiotic stress responses in plants [30,31]. For instance, GA can promote plant growth by stimulating both cell division and cell elongation, whereas JA can increase plant resistance to ecological stresses [32,33]. However, ABA can inhibit the plant growth. Therefore, it is important to find plant hormones that promote regeneration.



At present, there is a lack of research on the ways in which mowing promotes regeneration to improve phytoremediation by plants. There is only one instance in the literature that reported that mowing increased Pteris vittata frond biomass and thus improved the arsenic (As) phytoextraction effectiveness [34], but did not optimize the mowing method.



In the present study, we hypothesize that proper mowing may increase the shoot biomass and thus promote the efficiency of Cr phytoextraction by L. hexandra. The effects of mowing height, interval, and frequency on the biomass production and Cr accumulation in L. hexandra were evaluated. The aim is to establish the optimal mowing method for improvement of Cr phytoextraction by L. hexandra. The 18 phytohormones content in the freshly grown stems and leaves of L. hexandra after last mowing were measured, no mowing as the control. The aim is to explore the key phytohormones for the increase in the freshly grown biomass.




2. Materials and Methods


2.1. Plant Preculture and Treatment


Seedlings of L. hexandra were collected from a paddy field in Guilin, China (110°06′~110°41′ E, 24°18′~24°46′ N). The seedings were washed with deionized water three times. Approximately 20~30 healthy plants of L. hexandra with uniform growth were selected for one pot, and the fresh weight difference between pots was controlled at 4 g. Then, pots of L. hexandra in a round plastic drum made of polyethylene with a specification of 210 mm × 190 mm. Each pot of L. hexandra seedlings was precultured for seven days in a modified Hoagland solution, the same formula as [35]. All plants were grown under controlled environmental conditions with a 14 h (6:00~20:00) photoperiod, a 30 °C/25 °C day/night temperature regime, 70~75% relative humidity, and a light source of white light plus violet light.




2.2. Design of Experiments


2.2.1. Mowing Height Experiment


The 40 μmol/L (representing low chromium pollution environment) and 80 umol/L potassium dichromate solution (K2Cr2O7) were mixed in Hoagland solution to Cr treatmennt on L.hexandra (Figure 1). The nutrient solution with Cr treatments was renewed every three days. After 30 days of Cr treatment, the shoots of the plant were mowed at 0 cm (H0), 5 cm (H5), and 10 cm (H10) above the culture solution with scissors, with no mowing as control. This mowing method is modified from the one described in [23,36]. The root was left intact to allow for the re-growth of shoots. After the re-growth of shoots over the following 30 days, the shoots of L. hexandra were mowed as described above. All mowed shoots were used for biomass and Cr concentration measurement. Each treatment was performed in triplicates and the averages were recorded; the same is true below.




2.2.2. Mowing Interval Experiment


The Cr treatment of L. hexandra was the same as the mowing height experiment. The shoots of the plant were mowed at 10 cm (optimal mowing height) after 30 (30 d), 60 (60 d), 90 (90 d) and 120 days (120 d) of Cr treatment, with no mowing (CK) as control. The roots are left intact for regrowth. After the re-growth of shoots for following 150, 120, 90 and 60 days, the shoots of L. hexandra were mowed on the 180th day. All mowed shoots were used for biomass and Cr concentration measurement.




2.2.3. Mowing Frequency Experiment


To better evaluate the effect of mowing on Cr remediation efficiency of L. hexandra in different Cr-contaminated environments, the Cr treatment was 60 μmol/L K2Cr2O7 (representing medium Cr-contaminated environment) for mowing frequency experiment. Mowing once (1): the shoots of plant were mowed once at 10 cm (optimal mowing height) on 90th day (optimal mowing interval), and then were mowed at 10 cm after the re-growth of shoots for 90 days. Mowing twice (2): the shoots of plant were mowed at 10 cm on 90th day and 180th day, and then were mowed at 10 cm on 270th day. Mowing thrice (3): the shoots of plant were mowed thrice at 10 cm with 90 days interval, and then were mowed on the 360th day. No mowing was the control. All mowed shoots were used for biomass and Cr concentration measurement. The 18 phytohormones content in the freshly grown stems and leaves of L. hexandra after the last mowing were measured.





2.3. Measurement of Biomass and Cr Concentration


The shoots were washed three times with 10 mM EDTA in an ultrasonic cleaner to remove the adsorbed Cr and were rinsed three times in deionized water. The washed shoots were oven-dried at 70 °C for two days to determine the dry weight (DW). Each dried sample (about 0.2 g) was digested with concentrated nitric acid and perchloric acid (5:3, v/v) in a block heater [37]. The Cr concentrations in digestates were quantified using inductively coupled plasma mass spectrometry (ICP-MS, NexION 2000b, Perkin-Elmer, Waltham, MA, USA). Quality control for Cr analysis was performed by a certified reference material (GBW07603). The recovery of Cr in all cases was 90~108%. The Cr accumulation in shoots of L. hexandra equals shoots in biomass multiplied by Cr concentration in shoots.




2.4. Measurement of Phytohormone Concentration


The solid phase extraction (SPE), and rapid and sensitive liquid chromatography tandem mass spectrometry (LC-MS/MS) were used to analyze and determine 18 phytohormones of L. hexandra [38]. Samples were weighed, ground, and put into a 10 mL centrifuge tube (with plug); 5 mL extracting solution (methanol: water: formic acid, 15:4:1, with 0.5% BHT) was added into the tube. After the mixture had been mixed with the Vortex oscillator and ultrasonic crushed for 30 min, it was placed under −40 °C for 60 min. After that, the mixture was centrifuged (4 °C, 12,000 rpm, 10 min), and the supernatant was moved into new clean centrifuge tubes. Solid phase extraction: (1) activation: wash the extraction column with 3 mL of water and 3 mL of methanol, sequentially. (2) Adsorption: pump the supernatant through the column (the flow rate should be less than 1 mL/min). (3) Washing: wash the column with 3 mL of water and an aqueous solution with 10% methanol. (4) Elution: pump 2 mL of methanol through the column and collect the liquid. The eluent was dried with an evaporation concentrator, then 200 μL of 80% methanol was added, and the solution was whirled and centrifuged (4 °C, 12,000 rpm, 10 min) once again. The supernatant could now be analyzed with LC-MS/MS.




2.5. Statistical Analyses


All data were summarized, and mean and variance were calculated with Excel 2019. All bar charts and box plots were plotted with Origin 2021. All statistical analyses were performed with SPSS 23.0 software. The bar charts data were tested for one-way analysis of variance (ANOVA). The box plots data were tested for independent-samples t-test. The data were tested for normality (Kolmogorov–Smirnov test) and variance homogeneity (Levene’s test) before ANOVA and independent-samples t-test. If the data did not meet normal distribution or variance homogeneity, a logarithmic transformation was carried out. When ANOVA showed significant differences (p < 0.05), a posteriori comparison of means was made using Duncan’s test at the 95% confidence level. When independent-samples t-test showed p < 0.05, there is a significant difference between the two groups’ data.





3. Results


3.1. Effect of Mowing Heights on the Cr Phytoremediation


The effects of different mowing heights on the shoot biomass of L. hexandra are shown in Figure 2a. The biomass of the 10 cm (H10) mowing height was higher than no mowing (CK) at low Cr treatment (40 μmol/L), increasing by 28.2% (p < 0.05). However, there was no significant difference between the 0 cm (H0), 5 cm (H5) mowing height, and CK at low Cr treatment. The shoot biomass with H5 and H10 was significantly higher than CK at high Cr treatment (80 μmol/L), increasing by 20.3 % and 28.9 % (p < 0.05), while the difference in biomass between H0 and CK were not significant.



Different mowing heights did not influence the Cr concentration in shoots of L. hexandra at low Cr treatment, but the H10 mowing height significantly increased shoot Cr concentration at high Cr treatment (p < 0.05, Figure 2b). The effects of different mowing heights on the Cr accumulation of L. hexandra followed the same trend as the effect on biomass (Figure 2c). The H10 significantly increased Cr accumulation in shoots at low Cr treatment, increasing by 23.4% (p < 0.05). Under high Cr treatment, the Cr accumulation of L. hexandra in H10 and H5 was higher than in the control, with an increase of 31.8% and 16.1%. However, there was no significant difference between H0 and no mowing at all Cr treatments.




3.2. Effect of Mowing Interval on Cr Phytoremediation


The effects of different mowing intervals on the shoot biomass of L. hexandra are shown in Figure 3a. The shoot biomass with 90 days (90 d) and 120 days (120 d) mowing interval were significantly higher than no mowing (CK) at low Cr treatment (40 μmol/L), increasing by 27.1% and 25.6% (p < 0.05), while there was no significant difference in shoot biomass between the mowing interval of 30 days (30 d), 60 days (60 d), and CK. At high Cr treatment (80 μmol/L), the shoot biomass of all mowing intervals was higher than that of CK.



The effect of mowing time on Cr concentration in shoots of L. hexandra is shown in Figure 3b. The highest Cr concentration (120.5 mg/kg) of 90 d was found at low Cr treatment, then followed by 60 d (104.6 mg/kg). However, Cr concentration of 30 d and 120 d was not significantly different from the control at low Cr treatment. At high Cr treatment, there was not a significant difference between all mowing interval treatment groups and CK. This indicates that mowing interval does not affect the Cr concentration in shoots of L. hexandra in a high Cr-contaminated environment.



The effects of mowing interval on Cr accumulation in shoots of L. hexandra are shown in Figure 3c. The effect of mowing interval on the accumulation of L. hexandra is different from the trend of the effect on biomass. At low Cd treatment, the Cr accumulation of all mowing interval treatments were higher than that of CK, and 90 d was the greatest, with a 57.1% increase over the control (p < 0.05). The Cr accumulation of 60 d and 90 d was higher than CK at high Cr treatment, increasing by 24.3% and 40.2% (p < 0.05), respectively. However, there was no significant difference in Cr accumulation between 30 d, 120 d, and CK at high Cd treatment.
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Figure 3. Effects of different mowing time on biomass (a), Cr concentration (b), and Cr accumulation (c) in shoot of Leersia hexandra Swartz. CK represents no mowing. Finally, 30 d, 60 d, 90 d, 120 d represent a mowing on the 30th, 60th, 90th and 120th day. 
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3.3. Effect of Mowing Frequency on Cr Phytoremediation


The effects of different mowing frequencies on shoot biomass of L. hexandra are shown in Figure 4a. The shoot biomass of mowing thrice was higher than no mowing (p < 0.05), followed by mowing twice and once increasing by 91.4%, 62.1%, and 48.1%, respectively.



Different mowing frequencies did not influence the Cr concentration in shoots of L. hexandra in Figure 4b.



The effects of different mowing frequencies on the Cr accumulation in shoots of L. hexandra are shown in Figure 4c. The Cr accumulation in L. hexandra’s shoots at mowing once was not significantly different from the control. The Cr accumulation in shoots at mowing twice and mowing thrice were higher than the control, increasing by 28.3% and 36.0% (p < 0.05), respectively.
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Figure 4. Effects of different mowing frequency on biomass (a), Cr concentration (b), and Cr accumulation (c) in shoot of Leersia hexandra Swartz. CK represents no mowing; 1, 2, and 3 represent mowed once, twice, and thrice. The different letters indicate significant differences among the values according to the LSD test (p < 0.05, n = 3). 
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3.4. Changes in Phytohormone Conntent


Based on the MRM method [38], a phytohormone-targeted metabolomes analysis was carried out to compare the 18 phytohormones concentration changes in the freshly grown leaves and stems of L. hexandra after mowing (M) and in the control (CK), as shown in Figure 5 and Figure 6.



As shown in Figure 5, the content of ABA, GA3, 6-BA, 6-KT, 2-IP and TZR in M were significantly higher than those in CK. The content of JA, GA4, tZT and MT in M were significantly lower than those in CK. However, the content of NAA, KT, IPA, IBA, GA1, GA7, SA and IAA in M were not significantly different from those in CK.



As shown in Figure 6, only three phytohormones were significantly higher in M than those in CK: ABA, GA3, and IPA. The content of NAA, SA, 6-KT, 2-IP, GA1, GA4, IAA, JA, TZR and MT were significantly lower than those in CK. However, the content of GA7, KT, 6-BA, IBA and tZT in M was not significantly different from those in CK.





4. Discussion


Improving Cr remediation efficiency is the key to promoting the practical application of L. hexandra remediation of Cr-contaminated environments. In this study, the effects of mowing height, interval, and frequency on plant regeneration and phytoremediation efficiency were investigated. The shoots biomass responds directly to the ability of L. hexandra to regenerate. In this study, the results showed that mowing method can affect the biomass accumulation of L. hexandra; the mowing height of 10 cm, the mowing interval of 90 to 120 days, and the thrice mowing frequency were proper under all Cr treatments (Figure 2a, Figure 3a and Figure 4a). The reason is that mowing plays an important role in enhancing plant regeneration and then increasing biomass [22]. Because the average height of L. hexandra cultured in this experiment is less than 15 cm and the experimental period is longer, whether the mowing method range of over 10 cm, over 120 days, and over 3 mowing times has a greater biomass accumulation needs to be further investigated.



The increases in biomass might ascribe to the changes in endogenous hormone balance. The results showed that the contents of ABA, GA3, 6-BA, 2-IP, 6-KT, and TZR in leaves of L. hexandra under the optimal mowing were significantly higher than no mowing, and JA, GA4, tZT and MT were significantly decreased (Figure 5). Further, 6-BA content can improve plant cell growth, inhibiting the degradation of plant chlorophyll and delaying leaf senescence [39]. Similarly, IAA, GA3, and GA4 are also growth-promoting hormones and contribute to the regeneration of plants [40]; 6-KT and TZR can promote cell division and prevent leaf senescence [41]. ABA is considered to be a plant hormone that promotes abscission, inhibits growth, and promotes dormancy [42]. However, it has also been shown that ABA is a key endogenous messenger for plants in response to abiotic stresses [43]. Therefore, the increase in ABA, GA3, 6-BA, 6-KT and TZR content may enhance the leaves regeneration of L. hexandra after mowing. JA can promote leaf senescence, inhibit photosynthesis, and suppress plant growth [44]. The decrease in JA content is beneficial for the regeneration of L. hexandra. MT can prevent chlorophyll degradation and improve plant resistance [45]. The decreased content in MT and GA4 inhibits plant growth. NAA, 2-IP, and tZT can promote the growth of plant roots, not stems and leaves [46,47,48]. Therefore, ABA, GA3, 6-BA, 6-KT, TZR and JA may be the main hormone in leaves regeneration of L. hexandra. The phytohormone changes in the stem of L. hexandra differed significantly from those in the leaves (Figure 6). Compared with no mowing, the ABA, GA3, and IPA content in stems under optimal mowing significantly increased, but the NAA, SA, 6-KT, 2-IP, GA1, GA4, IAA, JA, TZR and MT contents decreased. IPA and SA can enhance plant resistance to adverse environmental conditions [49]. The decrease in NAA, 6-KT, 2-IP, GA1, GA4, IAA, TZR and MT may be detrimental to the regeneration of L. hexandra. However, JA is a hormone that inhibits plant growth, and the decrease in JA may have a positive effect on the regeneration of L. hexandra. Therefore, ABA, GA3, IPA and JA may be the main hormone in stems regeneration of L. hexandra. Plant hormones do not act alone, but in conjunction or in opposition to each other. Thus, the final growth conditions represent a net effect of hormone balance [50,51]. Therefore, proper mowing can promote the regeneration of L. hexandra by altering the hormone content.



In addition to enhanced plant growth, mowing also influenced plant Cr uptake by L. hexandra. In this study, the Cr concentration of H10 was the highest in the environment polluted by high Cr, which indicated that a 10 cm stubble height may provide sufficient carbon and nitrogen nutrition for plant regeneration to uptake more Cr [52,53]. The Cr concentration of 90 d was the highest in the environment polluted by low Cr. Too long or too short mowing intervals can inhibit the large absorption of water and inorganic salts, because Cr cannot compete with K, Mg, and Ca in this process, inhibiting the significant uptake of Cr [54]. The thrice mowing did not influence the Cr uptake by L. hexandra, which is consistent with previous studies [23].



The phytoremediation efficiency is determined by HM concentration and biomass; therefore, both parameters should be considered simultaneously [55]. The Cr accumulation in shoots of L. hexandra equals shoots biomass multiplied by Cr concentration in shoots. In the present study, the Cr accumulation of 10 cm mowing height (H10), 90 days (90 d) mowing interval, and thrice (3) mowing frequency was significantly higher than no mowing, which increased by 31.8%, 57.1%, and 36.0%, respectively. The biomass and Cr concentration of H10 and 90 d are the maximum, indicating that the combined effect of them (H10, 90 d) on L. hexandra biomass and Cr uptake can significantly remove Cr from all Cr-polluted environments. The mowing frequency did not influence the Cr uptake. Thus, higher biomass means higher phytoremediation efficiency. In general, using the mowing method of a 10 cm mowing height, 90 days mowing interval, and thrice mowing frequency to improve the biomass and Cr concentration of L. hexandra and enhance its phytoremediation efficiency was proven to be a proper method in this study.




5. Conclusions


Mowing height, interval, and frequency all had significant effects on plant regeneration and Cr accumulation. Proper mowing can alter the phytohormone content and increase biomass in shoots, thereby promoting the regeneration of shoots in L. hexandra. ABA, GA3, 6-BA, 6-KT, TZR, IPA and JA were the main hormone in stems regeneration of L. hexandra. Proper mowing height and interval can improve the Cr uptake of L. hexandra. The mowing frequency did not influence the Cr uptake. In general, using the proper mowing method to improve Cr phytoremediation efficiency of L. hexandra was feasible.
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Figure 1. Experimental design diagram, including mowing height, interval, and frequency experiment. 
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Figure 2. Effects of different mowing heights on biomass (a), Cr concentration (b), and Cr accumulation (c) in shoot of Leersia hexandra Swartz. CK represents no mowing; H0, H5, and H10 represent mowing at 0 cm (H0), 5 cm (H5), and 10 cm (H10) above culture solution, respectively. One-way ANOVA was performed for each parameter, and the different lowercase letters within the same Cr treatment indicate a significant difference between mowing heights according to Duncan’s test (p< 0.05, n = 3). The same is true in Figure 3 and Figure 4. 
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Figure 5. The contents of 18 phytohormones in leaves of Leersia hexandra Swartz. M represents proper mowing treatment, and CK represents the control (no mowing). Boxes include the 25th to 75th percentiles, horizontal lines within boxes represent median values, horizontal lines outside of boxes represent maximum and minimum values, and black ◇ represent outliers.** p < 0.01, and *** p < 0.001 represents significant differences between two treatments, respectively; the absence of labeling represents no significant difference between two treatments. 
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Figure 6. The contents of 18 phytohormones in stems of Leersia hexandra Swartz. * p < 0.05, ** p < 0.01, and *** p < 0.001 represents significant differences between two treatments, respectively; the absence of labeling represents no significant difference between two treatments. 
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