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Abstract

:

Zea mays L. plants were exposed to acetaminophen (APAP). Experiments were conducted in an experimental greenhouse with semi-controlled conditions. Experimental plants were grown in concentrations of APAP of 0, 200, 400, 600, 800, and 1000 mg L−1 for 14 days in an NFT hydroponic system. The impact of APAP contamination was observed on photosynthetic rate, water potential, proline content, and levels of 5-methylcytosine (5 mC%). The results showed that the selected parameters were influenced by different concentrations of APAP. High concentrations of APAP caused a decrease in transpiration rate, stomatal conductance, and water use efficiency. The water potential between the control and highest APAP concentration value increased by 388%. An upward trend of 5 mC% levels was observed, growing with APAP contamination. A 51% growth of 5 mC% was found between the control variant and the highest 1000 mg L−1 APAP contaminated variant. In most of the observed parameters, between 600 mg L−1 and 800 mg L−1 of APAP treatments, a turning point was shown with a noticeable increase in the stress in experimental plants according to the changes in the monitored parameters.
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1. Introduction


Human and animal care requires the production of more than 4000 pharmaceutical compounds, produced in hundreds of tons worldwide [1,2]. Human consumption of pharmaceuticals more than doubled between the years of 2000 and 2019 [3], and since then, the numbers have been and still are rising. Wastewater and residues from wastewater treatment plants, such as sewage sludge, are common entrance gates for pharmaceutically active compounds (PACs) to the ecosystem [4,5,6]. Despite advanced technologies in wastewater treatment plants, it is almost impossible to purify water to a state that will pose no threat to the ecosystem at all [7]. By their nature, PACs can be potential environmental contaminants that may affect aquatic and terrestrial ecosystems [8,9,10,11].



Due to the mechanism of action and processes in organisms, PACs and their metabolites enter the environment through bodies of livestock cured by PACs. Agricultural production that uses manure as fertilizer is exposed to a higher risk of contamination by these chemicals [12,13]. Highly complex ecosystems, such as soil ecosystems containing a tremendous number of species, which are highly important for the function of whole system, are influenced by added PACs in various ways [14]. Most of the soil microorganisms and their interactions and biochemical pathways are not known well enough, so we can just assume what the final effect will be. The influence of the biogeochemical cycle is mentioned in connection with PACs in recent studies [15,16]. There is a possible risk of changes in plant development under the influence of PAC contamination, leading to modifications of plant growth [17]. Acetaminophen (APAP) is globally one of the most prescribed drugs for its antipyretic and analgesic properties [18]. A significant effect of APAP on plants was mentioned by [18] on plants of Lemna species where the number of fronds was decreased.



In the adaptation of plants to abiotic stress, epigenetic changes such as DNA methylation or demethylation have an important role. Different abiotic stress sources vary in the stimulation of enzymes active in the methylation/demethylation process—adding or removing methyl groups—predominantly on the fifth carbon position [19,20,21]. Methylation—the addition of a methyl group—is mediated by the DNA methyltransferase enzyme family, and demethylation—methyl group removal—by thymine-DNA glycosylase (TDG) and ten-eleven translocation (TET) enzyme families [22,23]. Increasing or lowering levels of DNA methylation affects gene expression. A gene expression increase is coupled with demethylation, and gene silencing with hypermethylation [24,25]. Epigenetic changes are manifested in phenotype changes like the induced or suppressed growth of plants or their parts and affects flowering, germination, and the fertility of plants in general [26,27,28,29].



The objectives of this study were to determine the effects of acetaminophen on maize (Zea mays L.) grown under hydroponic conditions, on the levels of 5-methylcytosine, proline content, changes in tissue, physiological parameters, and condition of the photosynthetic apparatus.




2. Materials and Methods


2.1. Plant Material and Experimental Conditions


Experimental maize (Zea mays L.) plants, RGT Exxotik cultivar (VP AGRO, Prague, Czech Republic), were grown in NFT hydroponic system with 6 different concentrations of APAP (0, 200, 400, 600, 800, and 1000 mg L−1) in the liquid growing medium in each grow tank. An amount of 15 L of growing media was used in each tank with APAP and control. Growing (Hoagland) solution was prepared with sterilized distilled water according to the Hoagland method [30,31,32]. Experimental greenhouse conditions were set up for 25 ± 2/20 ± 2 °C day/night air temperatures, 14/10 h of natural light without shading, and 65% minimum to 85% maximum air humidity. Seeds of maize were sown directly into rockwool cubes in NFT hydroponic system filled with Hoagland solution and then grown until BBCH 13–15 [33] stage before applying APAP. Sampling was provided in 14 days after exposure to APAP. The growing solution was stabilized at pH level 6.0 and EC level 1.8–2.0 with daily proof checks. Acetaminophen (APAP), chem.: N-acetyl-para-aminophenol (reference standard) with a guaranteed purity of 99.9%, was purchased from Sigma-Aldrich (Sigma-Aldrich, Germany). APAP dissolution in SDV was accelerated by using an ultrasonic homogenizer.




2.2. Photosynthesis and Gas Exchange Parameters


The net photosynthetic rate (Pn) was measured on the upper surface of the leaves (middle part of the leaf blade) using portable gas exchange system LCpro+ (ADC BioScientific Ltd., Hoddesdon, UK). Pn was measured under adjusted light and temperature conditions. The irradiance was 650 μmol m2 s−1 of photosynthetically active radiation and the chamber temperature was 25 °C. The gas exchange value and the stomatal conductivity (gs) were derived from Pn [34]. Based on the ratio of the net photosynthetic rate (Pn) and transpiration rate (E), the value of water use efficiency (WUE) was calculated [35].




2.3. Water Potential Analysis


Water potential as the energy status of the water in the system was determined using the dewpoint with a water potential meter (Decagon Devices, Inc., Pullman, WA, USA). Leaves were packed in plastic syringes and airtight-sealed with parafilm. Then, samples were frozen at −18 °C. After the thawing of samples at room temperature, drop of liquid was extracted from the syringe and used for measurements [36].




2.4. Proline Content Analysis


Proline content in the leaf tissues was measured via reaction with ninhydrin [37]. For colorimetric determinations, a solution of proline, ninhydrin acid, and glacial acetic acid (1:1:1) was incubated at 90 °C for 1 h. Then, the reaction was cooled in an ice bath. The chromophore was extracted using 2 mL of toluene and its absorbance at 520 nm was determined by Evolution™ 2000 UV–Visible Spectrophotometers (Thermo Fisher Scientific Inc., Waltham, MA, USA).




2.5. Determination of 5-Methylcytosine Content


The fronds were weighed, frozen in liquid nitrogen, and stored at −80 °C prior to the DNA methylation analysis. To isolate total DNA, fronds (1 g fresh weight) were ground to a fine powder in liquid nitrogen conditions by mortar and pestle. DNA was extracted from 100 mg of powdered tissue using a NucleoSpin Plant II molecular kit (Macherey-Nagel GmbH & Co., KG, Düren, Germany), as instructed in the user manual. The global DNA methylation status of DNA was determined using 100 ng of isolated DNA and a MethylFlash Methylated DNA Quantification Kit (Fluorometric; Epigentek Group Inc., Farmingdale, NY, USA) according to the manufacturer’s instructions. A SpectraMax MiniMax 300 Imaging Cytometer (Molecular Devices LLC, San Jose, CA, USA) with excitation at 530 nm was used to measure the fluorescence at 590 nm [38].




2.6. Microscopy


Microscopic sections of transversal cuts of roots were observed unstained with 200× magnification. Observations were performed using an optical microscope (Nikon Eclipse 50i with Nikon DS-Fi2 camera, Nikon Corporation, Tokyo, Japan). In the microscopic section, development of the primary cortex, vessel differentiation of the poles, and the vascular bundle (xylem development) were observed.




2.7. Statistical Analysis


The variability of differences in the monitored parameters in all treatments was tested by one-way ANOVA model (p < 0.05) and Tukey’s post hoc test for significant differences evaluation. The data were analyzed with Statistica 13.5 software (StatSoft, Tulsa, OK, USA). The impact of APAP on physiological parameters was analyzed with the regression method, using polynomial functions. Relationships between all the variables (E; gs; Pn; WUE; water potential; proline; 5 mC%) were evaluated via principal component analysis (PCA) with Canoco 5 [39].





3. Results


Primary metabolism is affected not only by internal factors, but also by the influence of the external environment including the negative effects of stress factors. Stressors in the environment can also be included among the anthropogenic stress factors, such as drugs and their metabolites. The effect of different APAP concentrations on the net photosynthetic rate is shown in (Table 1). The negative effect of increasing concentrations of APAP in solution on the net photosynthetic rate (Pn) of juvenile plants, as the lowest photosynthetic rate, was found at concentrations of 800 mg L−1 of APAP, which decreased by 72%, and 1000 mg L−1 of APAP, which decreased by 77% in comparison with the control variant. By contrast, plants showed the highest net photosynthetic rate from the control variant in the conditions with the lowest concentration of APAP in 200 mg L−1 of APAP solution, which decreased by 3%; in 400 mg L−1 of APAP solution, which decreased by 4%; and in 600 mg L−1 of APAP solution, which decreased by 10%. The most significant change in the net photosynthetic rate was found between 600 and 800 mg L−1 APAP variants, where there was a decrease jump.



Hazardous substances in the environment affect not only the primary metabolism of plants, but also the water regime of plants and nutrient uptake. One of the parameters of the water mode is the transpiration rate. Changes in the rate of transpiration are shown in Table 1. It shows the effect of APAP concentrations on the rate of leaf transpiration of maize plants. The highest transpiration rate was recorded in the control variant. Lower differences were found in lower-contamination treatments, with a concentration of 200 mg L−1 of APAP with a 9% decrease in transpiration rate, of 400 mg L−1 of APAP solution with a 17% decrease, and of 600 mg L−1 of APAP solution with a 27% decrease. Higher differences in transpiration rate were in higher concentrations of contamination. The 800 mg L−1 APAP treatment decreased by 78%, and the difference in the treatment of 1000 mg L−1 of APAP solution and the control was an 82% decrease. A trend change between 600 and 800 mg L−1 APAP treatments was found, where a steep decline in transpiration rate occurred.



Changes in the net transpiration rate are affected, among other things, by non-stomatal inhibition, which can also be caused by changes in the anatomical structure of plant roots. In the plants growing in high concentrations of APAP, there are structural changes in the radial vascular bundle (Figure 1). The changes are evident especially in the part of the vessels when they narrow and thus reduce water transport, as documented in variant 1000 mg L−1 (Figure 1b) compared to the control (Figure 1a). Based on these changes and values of the water potential in Table 1, the water potential of plants also decreases, and subsequently, the second occurrence of water deficit occurs.



Therefore, it can be stated that the symptoms of the highest doses of APAP in solution have similar manifestations in metabolism as the water deficit. Also, other anatomical changes were observed in the roots of maize (Figure 1)—the differentiation of poles of a vascular bundle of xylem, the necrotization of the parenchyma of the primary cortex, and local changes in the color of the parenchyma.



The rate of gas exchange is affected by stomatal conductivity due to internal factors; therefore, another measured characteristic was stomatal conductance. Its affect by APAP, presented in Table 1, shows that statistically significant differences were found between plants in the control variant and plants with APAP treatment. No significant differences were found between individual APAP treatments.



The effect of APAP concentration on water use efficiency (Table 1) pointed to growing WUE values together with APAP concentrations. In lower concentrations, the growth of WUE was faster. Compared with the control, in the 200 mg L−1 APAP variant, the WUE value increased by 7%, the 400 mg L−1 APAP variant by 16%, and the 600 mg L−1 APAP variant by 22%. In the highest APAP treatments, the largest increase in WUE values was in the 800 mg L−1 APAP variant by 25% and in the 1000 mg L−1 APAP variant by 26%, which was the largest increase, but for the highest variants, it was much more gradual compared to the lower contaminations. As well as the previous measurements, transpiration rate, and net photosynthetic rate, from which it is based, the growth rate was reduced between 600 and 800 mg L−1 APAP treatment variants.



The change in the water regime of plants can also be expressed by water potential values (Table 1). The water potential of plants detects the degree of water deficit of the plant, and the lower it is compared to 0 MPa, the higher the degree is. In APAP contaminations, water potential values decreased continuously against the control variant. In lower contaminations of APAP, the decrease was lower: a 9% decrease in 200 mg L−1, a 45% decrease in 400 mg L−1, and a 104% decrease in 600 mg L−1 APAP treatments. In higher APAP contaminations, the decrease in water potential values was higher: that in 800 mg L−1 had a 187% decrease and that in 1000 mg L−1 had a 388% decrease. The trend was similar to those of transpiration rate and net photosynthetic rate parameters, but in the water potential parameter, a breaking point was observed around the value of the 800 mg L−1 APAP treatment.



DNA methylation status (Figure 2) measured by 5-methylcytosine content showed that the relationship of methylated DNA content grew with the concentration of APAP. Methylation levels increased in all APAP-contaminated variants in methylated DNA values, pointing to APAP-induced hypermethylation as a general trend. A difference was found between the control variant and the lowest 200 mg L−1 contamination (23%); very low differences were between 200, 400, and 600 mg L−1 where values were very similar; an increase was observed with the 800 mg L−1 variant, which had a 33% increase against the control variant; and the most significant difference was found between the control variant and the highest contaminated 1000 mg L−1 treatment where an increase in methylated DNA of 51% was recorded.



The proline content in the monitored plants is shown in Figure 3. An increase in proline by 78% was recorded in the plants grown in the highest concentration of APAP 1000 mg L−1 compared to the control variant. Thus, the proline content grew in all measured samples compared to the control, but the differences were not significant. In the 200 mg L−1 APAP treatment, the proline content increased by 22% against the control; in the 400 mg L−1 APAP treatment, it was changed by 28%; in the 600 mg L−1 APAP treatment, it was changed by 37%; and in the 800 mg L−1 APAP treatment, it was changed by 41%. This represented a slight shift in response to the contamination that was usually observed between 600 mg L−1 and 800 mg L−1 APAP treatments, but in proline content appeared up to between 800 mg L−1 and 1000 mg L−1 APAP treatments.



By principal component analysis evaluation (Figure 4), relationships were detected between the measured properties and treatments; the 1000 mg L−1 APAP treatment was shown as most stressful for plants by proline, WUE, and 5 mC% parameters, with the highest detected values against all other treatments and the control variant. Physiological parameters were less affected in the control variant and lower concentrations. Values of transpiration rate, stomatal conductance, and net photosynthetic rate were highest in the control variant, indicating the best photosynthetic apparatus condition. The breaking point concentration was between 600 and 800 mg L−1 of APAP where a significant change in the level of individual indicators was measured, pointing to unequivocal stress, into which the plants pass.




4. Discussion


Photosynthesis is the most important basic biological process supporting growth and nutrient uptake and affecting resistance to various types of biotic and abiotic stresses, and therefore responds sensitively to environmental contaminants such as amoxicillin, ibuprofen, and paracetamol [40,41,42,43,44,45,46,47]. Similarly with the results of [48,49] in lettuce and duckweed [50], it can be stated that low concentrations of paracetamol do not significantly reduce the rate of photosynthesis. This conclusion is probably related to the low rate of inhibition of electron transfer within photosystems and also to the assimilation of CO2. Furthermore, it may be a similar effect like with Brassica juncea [51]—paracetamol in low concentration has a similar effect as the optimal concentration of salicylic acid. This conclusion is also confirmed by [52,53]. In the case of high paracetamol concentrations, their inhibitory effect on the gas exchange rate of juvenile maize plants was confirmed. A similar conclusion was also confirmed for common bean plants [54]. A decrease in the rate of photosynthesis is associated with a reduced ability of the light reactions of photosynthesis. The responses of maize plants to higher concentrations of paracetamol correspond to the results presented by [51], when, according to this author, maize or soybean plants sprayed with higher concentrations of salicylic acid had an inhibitory effect on the rate of photosynthesis.



The rate of transpiration was affected by the concentration of paracetamol in the solution. In the case of high concentrations of paracetamol, a decrease in the rate of transpiration was observed. Changes in the rate of transpiration depending on the concentration of APAP are probably related to changes in the anatomical structure of vascular bundles, especially vessels. Furthermore, the vents are closed and thus the transport of gases and the transpiration flow are reduced. A similar effect occurs in the case of water deficit. This conclusion is presented in the work of [55], who studied the effect of ibuprofen on Vigna unguiculata plants. Similar findings were confirmed in the reaction of soy and corn to the application of salicylic acid and paracetamol [53,56]. Similarly, plants respond to the presence of risk elements in the environment. This effect has been confirmed, for example, in Lolium perenne in the presence of chromium [57] or in Setaria veridis in the presence of cadmium [58]. The reduction in the transpiration rate after exposure to higher concentrations of pollutants is related to their concentration, duration of exposure, and the functioning of the vents. The relationship between transpiration rate and net photosynthetic rate was confirmed by a very strong direct dependence (r > 0.9). This conclusion is in accordance with [59,60,61,62]. Plant sensitivity and changes in transpiration rate may also be influenced by the degree of ontogenesis, when plants in juvenile stages of development or health status usually react more sensitively to pollutants like tetracyclines and sulfonamides in cucumber, tomato, and lettuce [63] and metronidazole in soy [64].



The increased amino acid content of proline is commonly considered to be a side-effect of higher stressors on plants [65], which correlates with the measured results, where it can generally be said that with increasing APAP concentration, a higher production and a subsequent measurement of higher values of proline in biomass were observed. Proline is an osmolyte that also affects the water regime of plants [66], modulates cell redox homeostasis, removes reactive oxygen species [67], but also stabilizes subcellular structures and is a signaling substance [68,69]. The concentration of proline due to the action of a stressor is influenced genotypically, as evidenced in tomatoes [70]. Proline accumulates preferentially in leaves to maintain chlorophyll levels and cellular turgor to protect photosynthetic activity from, for example, salt stress [66] or water deficit [71]. This conclusion is also confirmed by work with diclofenac [72] or paclobutrazol [71]. The accumulation of proline in plants under stress is caused either by induction of the expression of proline biosynthesis genes (P5CS, P5CR) or by the repression of genes of its degradation pathway (PDH silencing) [73].



The DNA methylation status in maize was affected in all APAP-contaminated variants. Compared with other studies, where increased levels of methylated DNA were observed in plants grown in polluted environments [74,75,76,77,78], this trend was confirmed. DNA hypermethylation directly lowers gene expression [25]; specifically, the downregulation of a considerable part of the genes is connected with hormone signaling pathways and the metabolism of oxidative stress regulation [79]. That could be one of the reasons for the worse physiological and photosynthetic parameters of experimental plants.




5. Conclusions


APAP concentrations affected physiological and photosynthetic parameters of plants as well as DNA methylation levels. Changes in the rate of transpiration depending on the concentration of APAP are apparently related to changes in the anatomical structure of vascular bundles, especially vessels. Furthermore, the vents are closed and thus the transport of gases and the transpiration flow are reduced. A similar effect occurs in the case of water deficit. When comparing the values of the measured amount of proline in the final phase of the experiment, an increasing tendency is clearly visible with regard to increasing amounts of APAP. Although proline cannot be fully correlated with the stress level, when including other parameters as mentioned above, DNA methylation and changes in transpiration rate, they form a complex of physiological reactions that can already be perceived in this way. In a comparison of APAP treatments, it was found that in most of the observed parameters, a critical point existed between 600 and 800 mg L−1 APAP concentrations, where the manifestation of stress expressed by individual specific indicators began to intensify significantly.
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Figure 1. Microscopic sections of roots in 200× magnification: (a) control variant; (b) 1000 mg L−1 APAP treatment. 
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Figure 2. Levels of 5-methylcytosine. The error bars indicate the standard errors, and the bar height is the mean value. The letters indicate significant differences based on the post hoc Tukey test, assuming p < 0.05. 
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Figure 3. Proline content. The error bars indicate the standard errors, and the bar height is the mean value. The letters indicate significant differences based on the post hoc Tukey test, assuming p < 0.05. 
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Figure 4. Relationships between the treatments and measured properties of the plants evaluated using PCA (principal component analysis) with supplementary variables. The treatments are displayed using color circles and the arrows are measured variables or properties of the plants. The first two axes explain 92.2% of the total variation in the plants’ properties. 
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Table 1. Effect of APAP on water potential (MPa) and photosynthetic parameters.
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	Water Potential
	E
	gs
	Pn
	WUE





	control
	−0.95 ± 0.02 a
	0.98 ± 0.00 *f
	0.03 ± 0.01 b
	12.01 ± 0.01 e
	12.25 ± 0.01 a



	200
	−1.04 ± 0.11 a
	0.89 ± 0.00 *e
	0.01 ± 0.00 *a
	11.60 ± 0.02 d
	13.08 ± 0.05 b



	400
	−1.38 ± 0.15 a
	0.81 ± 0.00 *d
	0.02 ± 0.01 ab
	11.55 ± 0.02 d
	14.26 ± 0.02 c



	600
	−1.94 ± 0.20 a
	0.72 ± 0.00 *c
	0.01 ± 0.00 *a
	10.78 ± 0.02 c
	14.98 ± 0.02 d



	800
	−2.73 ± 0.30 ab
	0.22 ± 0.00 *b
	0.01 ± 0.00 *a
	3.37 ± 0.01 a
	15.32 ± 0.03 e



	1000
	−4.64 ± 0.21 b
	0.18 ± 0.00 *a
	0.01 ± 0.00 *a
	2.78 ± 0.01 a
	15.44 ± 0.03 e



	p
	<0.05
	<0.05
	<0.05
	<0.05
	<0.05







* SE < 0.005. E: transpiration rate (mmol CO2 m−2 s−1); gs: stomatal conductance (mol H2O m−2 s−1), Pn: net photosynthetic rate (μmol CO2 m−2 s−1); WUE: water use efficiency (Pn/E) (μmol CO2 mmol−1 H2O). The letters indicate significant differences based on the post hoc Tukey test, assuming p < 0.05.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png





nav.xhtml


  agriculture-13-01333


  
    		
      agriculture-13-01333
    


  




  





media/file2.png





media/file5.jpg
42

a0

8

2

20

18

F(5:12)=33.812, p<0.001

control

b
| I
[
| I I
200 400 600

{reatment

| T T g






media/file3.jpg
5mC%

85

80

75

70

65

60

55

50

a5

511

18.046; p<0.001

control 200 400 600
{reatment






media/file1.jpg





media/file7.jpg
1.0

-0.6

control ©

800

(o]
600

1.0





media/file0.png





media/file8.png
1.0

control

gs

-0.6

[ WP

Pn

200

400

600

800

Proline

~1.0

1.0






media/file6.png
prolin

42

40

38

36

34

32

30

28

26

24

22

20

18

F(5:12)=33.812, p<0.001

control

200

400

treatment

600

800

1000





