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Abstract

:

Various methodologies, sensitivities, and types of interference affect the quantification of plant hydrogen peroxide (H2O2) concentration. Modified ferrous oxidation xylenol orange (eFOX) assay and titanium sulfate (Ti(SO4)2 assay are relatively accessible methods. However, their correlation is unknown, for example whether we can get the same results for different species in different environments. Leaf samples of Ambrosia trifida, Solidago altissima, Artemisia princeps, and Sicyos angulatus were collected from a riparian vegetation zone on sunny days. The H2O2 concentration in the plant leaves was evaluated in two groups. Nonfrozen leaf samples were prepared for analysis soon after arriving at the laboratory, and frozen leaf samples were stored at −80 °C for 25 days and prepared afterwards. The eFOX assay can measure even lower fluctuations in H2O2 concentration than the Ti(SO4)2 assay. A substantial correlation was observed between nonfrozen and frozen samples in the eFOX (r = 0.879, p < 0.001) and Ti(SO4)2 assays (r = 0.837, p < 0.001). Sample weight did not affect H2O2 quantification. Each species showed a substantial correlation between the eFOX and Ti(SO4)2 assays in nonfrozen conditions (Ambrosia trifida (r = 0.767, p < 0.001), Solidago altissima (r = 0.583, p < 0.001), Artemisia princeps (r = 0.672, p < 0.001), and Sicyos angulatus (r = 0.828, p < 0.001)). Therefore, both methods can be utilized easily and rapidly to quantify oxidative stress using H2O2.
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1. Introduction


Ecological balance depends on riparian plant species [1,2]. Riparian areas are core habitats for a wide range of semiaquatic and terrestrial species [3]. The riparian zone contains a range of ecologically important species. Invasive species can completely alter the ecosystem along the channel bed by covering large areas [4,5]. Therefore, it is important to monitor their habitat preferences, and to identify environmental factors that affect their existence.



Oxidative damage occurs in plants when they produce excess reactive oxygen species (ROS) under adverse environmental conditions [6]. Hydrogen peroxide (H2O2) is a prevalent ROS in plant tissues. H2O2 is a precursor of oxidative stress which plays a critical signaling role in biotic and abiotic stress responses in plants, such as response to pathogens, drought, extreme temperatures, excessive radiation, ozone, and wounds [7,8,9], extracellular oligogalacturonides [10,11], stomatal responses, systemic acquired resistance [12], and programmed cell death [13]. Many studies have been conducted to determine oxidative stress using H2O2 concentration measurements [14,15,16,17,18,19]. Therefore, H2O2 concentration in plant tissue can be used to determine a plant’s physiological status [14,20].



Measurement of H2O2 in plant tissues is relatively simple [21,22]. In contrast to superoxide radicals (O2.−) and hydroxy radicals (OH−), H2O2 measurement requires minimal amounts of loss. Plant studies have extensively used H2O2 to evaluate ROS damage or stress. Therefore, H2O2 can be used to monitor the response of plants to environmental stress and to determine their physiological status [15,16,23,24].



Various factors affect H2O2 quantification. For example, the addition of salicylic acid increases H2O2 concentration in tomato leaves from 0.15 μmol/gFW to 0.25 μmol/gFW [12]. The concentration of H2O2 in pear fruit tissue was increased from 0.35 mol/gFW to 0.8 mol/gFW in response to potassium cyanide with a Ti(SO4)2 assay [25]. Bruguiera parviflora’s H2O2 concentrations rose from 0.067 μmol/gFW to 0.089 μmol/gFW under greenhouse hydroponic conditions [26]. In addition, measurements of H2O2 concentration can vary due to the sensitivity of the methods applied and interference from other redox-active compounds [27]. For example, apple leaves were estimated to contain 20–70 nmol/g FW of H2O2 using the Ti(SO4)2 assay [28], while 5–25 nmol/g FW was found using the Bioxytech H2O2-560 colorimetric assay [29]. In pears, 0.5–0.8 μmol/g FW of H2O2 was quantified utilizing the Ti(SO4)2 assay, while 6–11 nmol/g FW was observed using the Bioxytech H2O2-560 kit [30].



The estimation of H2O2 concentration in living tissues has been achieved using a variety of techniques [31]. H2O2 levels are commonly measured with peroxidase assays [32], Amplex Red H2O2 detection kit [33], 3,3-diaminobenzidine (DAB) [34], DCFDA (Di chloro dihydro fluorescein diacetate) [35], fluorescence [36], and chemiluminescence [37]. As with superoxide detection, many methods used to measure H2O2, such as DAB and DCFDA, have low specificities, thus measuring generalized oxidative stress rather than a specific ROS [38]. As a result, it is necessary to use more appropriate methods to determine H2O2 concentration in plant tissues.



Spectrophotometric reading is a very popular method to detect H2O2 concentration. Various researchers have developed spectrophotometric techniques [20,39,40]. The determination of H2O2 in plant tissues, particularly leaves, has been described in numerous studies. Major spectrophotometric assays include a titanium H2O2 color complex (Ti(SO4)2 assay [25], and another using ferrous ions being oxidized by H2O2 to ferric ions [41]. The modified ferrous oxidation xylenol orange (eFOX) assay has gained considerable acceptance due to its sensitivity, stability, and adaptability to high-throughput techniques. There may be some interference between the eFOX and Ti(SO4)2 assays during the measurement process [27,39,42], and their correlation in quantifying plant leaves is unknown.



When it comes to field sampling and ecological aspects, it is necessary to measure many samples over time. It is therefore important to avoid complex methods when analyzing data, in order to ensure accurate results. A long-term monitoring method is employed to study the growth and function of plants in response to resource availability and stressors [43]. Another associated problem is transportation soon after the collection of plant leaves. If the samples are not maintained properly, there is a possibility of deterioration in the collected leaves’ quality. The H2O2 concentration decreased by 60% after seven days of storage at −20 °C or −80 °C [44] because some plants are susceptible to chilling stress at even moderately low temperatures (0–10 °C) [45]. Low temperatures can affect various plants, leading to sudden leaf loss, reduction of branches, and even death [46,47,48,49]. In order to achieve acceptable results, we need to develop a simple method.



To our knowledge, this is the first study to find a correlation between eFOX and Ti(SO4)2 assays using riparian vegetation plant leaves. Therefore, the main objectives of this study are as follows: (1) As soon as leaf tissues are collected (frozen or nonfrozen state), determine the optimal environmental conditions for analysis. (2) Establish a new approach to quantifying H2O2 by evaluating the correlation between eFOX and Ti(SO4)2 assays, using riparian plant species.




2. Materials and Methods


2.1. Plant Leaves Collection


Leaves of riparian plants, such as Ambrosia trifida, Solidago altissima, Artemisia princeps, and Sicyos angulatus, were collected for this study. Sampling was conducted at Arakawa Taroemon (35°56′52.2″ N, 139°32′13.1″ E to 35°59′7.3″ N, 139°30′58.2″ E) on a sunny day on 1st June, 2nd August and 9th September 2022. The collected samples were transported to the laboratory. Fully expanded leaves from the middle part of plants in each replicate were collected. Plant leaves were divided into two groups to evaluate the best conditions for obtaining maximum H2O2 concentrations. Nonfrozen samples: The collected samples were prepared for analysis soon after arriving in the laboratory, as described later. Nonfrozen samples were kept at a normal temperature (25 °C ± 3 °C) until arrival in the laboratory. Frozen samples: The collected samples were kept at −80 °C for 25 days after being transported to the laboratory. Frozen samples were kept in dry ice (−70 °C) until arrival in the laboratory. After 25 days, samples were prepared to compare H2O2 levels with their nonfrozen counterparts. The study site and selected species are presented in Figure 1a–e.




2.2. Preparation of Frozen and Nonfrozen Samples


Approximately 40 to 50 mg of plant leaf was weighed and placed into a 15 mL centrifuge tube with a combination of beads (3 mm and 10 mm) (Bio Medical Science Inc., Tokyo, Japan). For each leaf, experiments were performed in triplicate. The contents of the centrifuge tube were frozen with liquid nitrogen and ground to a powder using a Shake master (BMS Inc., Poway, CA, USA). A volume of 5 mL potassium phosphate buffer (pH 6, 50 mM) was added, and a small amount of polyvinylpyrrolidone (PVP) was used to prevent the effect of the phenolic compounds. The mixture was centrifuged (Kokusan H60-R, Kyoto, Japan) twice at 5500 rpm for 10 min, and the supernatant was collected as an extract to analyze H2O2 using both methods. The extract was transferred to a −80 °C freezer until analysis.




2.3. Preparations of the Standard Curve with the eFOX and Ti(SO4)2


Commercially available 30% H2O2 (w/w) was diluted with potassium phosphate buffer (pH 6, 50 mM) to prepare a known H2O2 concentration of 1, 2, 4, 5, 10, 20, 25, 50, and 100 μmol/L to measure with both methods. Ultra-pure water (Milli-Q water) (Fujifilm Wako pure chemical corporation, Osaka, Japan) water was used throughout the experiment where necessary.




2.4. Quantification of H2O2 Content with eFOX Assay


The modified ferrous-xylenol orange assay was used to measure H2O2 [29,44]. The supernatant (100 µL) was added to 1 mL of the assay solution containing 250 µM ferrous ammonium sulfate, 100 µM sorbitol, 100 µM xylenol orange, 25 mM H2SO4 (sulfuric acid). Adding 1% ethanol to the reagent increased its sensitivity to H2O2 by 50% (Fujifilm Wako pure chemical corporation, Japan); it was deoxygenated with gaseous nitrogen to prevent artifacts. Reaction mixtures were incubated at room temperature for 15 min. The absorbance was measured at 560 nm by spectrophotometry (UVmini-1240, Shimadzu, Japan). H2O2 content was calculated by a standard curve prepared using a series of diluted solutions of commercial, high-grade 9.8 M H2O2 (30%) (w/w) [24,50].




2.5. Determination of H2O2 Content with Ti(SO4)2 Assay


The Brennan and Frenkel [25] method was used to measure H2O2. The titanium (II) metal ions in the acidic solution form a peroxide complex with H2O2, a yellow-colored compound. After 750 µL of extract was placed in a 10 mL round centrifuge tube, 2.5 mL of 0.1% of Ti(SO4)2 in 20% H2SO4 solution was added. The mixture was centrifuged at 10,000 rpm for 15 min at room temperature. Next, 1 mL of the supernatant was transferred into a 1 mL spectrophotometer cell. The absorbance was measured at 410 nm. For the blank, a mixture of 750 µL of 0.05 M phosphate buffer (pH 6.0) and 2.5 mL of 0.1% Ti(SO4)2 in 20% H2SO4 was used.




2.6. Statistical Analyses


IBM SPSS Statistics (Version 28.0 IBM Corporation, Chicago, IL, USA) software was used to execute the statistical analysis. Pearson’s correlation analysis was employed to assess correlations between the two methods.





3. Results


The correlation between the two methods and a wide range of H2O2 concentrations is highly linear, as shown by the standard curves in Figure 2. Compared to Ti(SO4)2, the eFOX method exhibits a higher level of sensitivity in terms of absorbance. This clearly indicates that the eFOX assay is capable of measuring low fluctuations of H2O2 concentration more accurately. A significant decreasing trend was observed from nonfrozen to frozen samples in the eFOX (r = 0.879, p < 0.001) and Ti(SO4)2 (r = 0.837, p < 0.001) assays, which is shown in Figure 3a,b. Meanwhile, the sample weight does not affect the quantification procedure of H2O2 concentration in eFOX (nonfrozen r = −0.017, p = 0.959; frozen r = 0.061, p = 0.851) and Ti(SO4)2 (nonfrozen r = 0.477, p = 0.117; frozen r = 0.37, p = 0.236) assays (Figure 3a,b). Each species is independent of sampling weight in frozen and nonfrozen conditions for eFOX and Ti(SO4)2 (Table 1). The maximum reduction rates (%) in both methods between frozen and nonfrozen samples for each species are shown in Table 2. Figure 4 also exhibits a highly substantial correlation in the decreasing rate between eFOX and Ti(SO4)2 in frozen and nonfrozen samples (r = 0.832, p < 0.001). From the above findings, it is clear that nonfrozen samples give higher H2O2 concentrations than frozen samples. Therefore, the study was conducted on a large scale to find the correlation between eFOX and Ti(SO4)2 with the nonfrozen samples. The 2nd and 3rd time collections (2nd August and 9th September 2022) were performed to expand the volume of nonfrozen samples to analyze with both methods. Nonfrozen leaves of each species showed a substantial correlation between results using eFOX and Ti(SO4)2 (Ambrosia trifida r = 0.767, p < 0.001; Solidago altissima r = 0.583, p < 0.001, Artemisia princeps r = 0.672, p < 0.001; and Sicyos angulatus r = 0.828, p < 0.001) (Figure 5a–d).




4. Discussion


Plants suffer from oxidative stress when too much ROS, especially H2O2, is present in the tissues [51,52]. Therefore, quantitative detection of H2O2 is very important for studying riparian vegetation plant species. Variable sensitivity of methods and interfering compounds affect H2O2 quantification [27,44], such as the high concentrations of ascorbic acid present in leaf extracts which interfere with peroxidase coupled assay and luminometric methods [42]. Using peroxidase-coupled oxidation, values of approximately 50 nmol/gFW were obtained [42,53], whereas luminol chemiluminescence with catalase pre-treatment yielded values of around 5 µmol/ gFW [54,55]. Methods should be developed where the above restrictions can be overcome as well as quantifying H2O2 concentrations with minimal losses. The correlations with eFOX and Ti(SO4)2 can be of great interest. A broad range of H2O2 concentrations was obtained by different researchers due to various techniques and types of interference (Table 3). This study also demonstrated a vast range of H2O2 concentrations employing both methods. Among different species, Ambrosia trifida shows the minimum (eFOX 0.31 ± 0.03 µmol/gFW; Ti(SO4)2 5.07 ± 0.65 µmol/gFW) and Artemisia princeps exhibits the maximum (eFOX 6.85 ± 0.16 µmol/gFW; Ti(SO4)2 94.92 ± 1.14 µmol/gFW) H2O2 concentrations (Figure 5). From the standard curve, it can be observed that eFOX shows more sensitivity than the Ti(SO4)2 assay, achieving lower values more accurately. For example, in the case of the eFOX H2O2 concentration measurement of 10 µmol/L, it gives 0.092 absorbance at 560 nm, whereas the same H2O2 concentration in the Ti(SO4)2 measurement is 0.0031 at 410 nm. This is the key point across results in the same samples of riparian species using the two methods. The standard curve absorbance ratio of eFOX: Ti(SO4)2 is almost 1:36. This ratio is also a factor contributing to different results in individual methods.



During lowering of temperature, plant leaves may experience stress resulting in chilling injury, which induces ROS accumulation and impairs the normal functioning of the plants [59,60]. Due to chilling stress, H2O2 causes oxidative injuries. Temperature plays an important role in abiotic stresses as well as crop productivity [61]. In tomato plants, chilling injury is a result of low temperatures reducing water and nutrient uptake, but it is not caused by nonfreezing temperatures (especially those above 10 °C) [62]. Chilling injury also decreases tomato fruit quality [63]. Chilling injuries are temperature-dependent and time-dependent. Chilling injury occurs when the temperature falls below a threshold temperature for an extended period, causing many metabolic processes that result in measurable symptoms [64]. Environmental stress frequently reduces plant growth through the overproduction of ROS, which damages various macromolecules and cellular structures [59], cellular membranes, photosynthetic apparatus, and enzymes [65] and leads to the death of cells [66,67,68]. Low temperatures also result in reductions in catalase activity, which can be found in leaves of both chilling-sensitive and non-sensitive species [69], and in avocado fruit [70]. The function of catalase is to degrade H2O2, which is relatively unreactive. [71]. It is possible for H2O2 to generate hydroxyl radicals or singlet oxygen. As a result of catalase inactivation, H2O2 can accumulate, resulting in the production of free radicals and cell damage [71,72]. Pea leaf H2O2 content was markedly reduced (38.31%), while mung bean leaf H2O2 was also decreased (25.40%) by chilling injury (20 °C to 4 °C) [73]. In the present study, chilling injury was also observed due to keeping samples in the freezer (−80 °C) for 25 days before the preparation of samples. As a result, each selected species undergoes a reduced rate of H2O2 concentration measurement (Figure 4). Therefore, it is anticipated that preparing the samples soon after collection is the best way to get more accurate values of H2O2 concentration.



Although there is some interference between the eFOX and Ti(SO4)2 assays, the present study’s results demonstrate that there is a high correlation for both methods in Ambrosia trifida, Solidago altissima, Artemisia princeps, and Sicyos angulatus in nonfrozen samples. It can be considered that frozen samples have lower H2O2 concentrations than nonfrozen samples, which is mainly caused by chilling injury. Thus, the nonfrozen samples are likely to have higher concentrations of H2O2, and the high correlation using both methods signifies that a wide range of H2O2 concentrations are measured effectively.




5. Conclusions


The correlation between eFOX and Ti(SO4)2 assays can provide a simple and acceptable way to measure H2O2 concentration on a large scale in nonfrozen conditions. The weight of samples has no impact on H2O2 concentration measurement regardless of whether the sample was frozen or nonfrozen. The best condition to minimize loss of H2O2 is the nonfrozen state. The significant relationship between the eFOX and Ti(SO4)2 assays in riparian plants indicates that these methods’ correlation can be adapted to measure H2O2 effectively. Hence, these two methods can be measured in parallel in the same samples. In order to quantify oxidative stress caused by biotic and abiotic stressors, use of both methods is highly recommended.
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Figure 1. Study site (a); riparian plant species were Ambrosia trifida (b), Solidago altissima (c), Artemisia princeps (d), and Sicyos angulatus (e). 






Figure 1. Study site (a); riparian plant species were Ambrosia trifida (b), Solidago altissima (c), Artemisia princeps (d), and Sicyos angulatus (e).



[image: Ijpb 14 00043 g001]







[image: Ijpb 14 00043 g002 550] 





Figure 2. Standard curve for eFOX and Ti(SO4)2 using the known concentration of H2O2. 






Figure 2. Standard curve for eFOX and Ti(SO4)2 using the known concentration of H2O2.



[image: Ijpb 14 00043 g002]







[image: Ijpb 14 00043 g003 550] 





Figure 3. Decreasing trend between frozen and nonfrozen samples in both methods (eFOX (a) and Ti(SO4)2 (b)). Vertical bars indicate standard deviation. 
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Figure 4. Percentage decrease correlation with both methods comparing frozen and nonfrozen samples. 
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Figure 5. Correlation between Ti(SO4)2 and eFOX in Ambrosia trifida (a), Solidago altissima (b), Artemisia princeps (c), and Sicyos angulatus (d) in nonfrozen samples. Vertical and horizontal bars indicate eFOX and Ti(SO4)2 standard deviation, respectively. 
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Table 1. Relationship between sampling weight and frozen along with nonfrozen conditions utilizing both methods.
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eFOX Assay

	
Ti(SO4)2 Assay




	
Species Name

	
Frozen

	
Nonfrozen

	
Frozen

	
Nonfrozen






	
Ambrosia trifida

	
r = −0.670, p = 532

	
r = −0.977, p = 0.137

	
r = 0.958, p = 186

	
r = 0.957, p = 0.187




	
Solidago altissima

	
r = −0.812, p = 0.397

	
r = 0.946, p = 0.21

	
r = 0.30, p = 0.806

	
r = 0.302, p = 0.804




	
Artemisia princeps

	
r = 0.984, p = 0.115

	
r = 0.496, p = 0.67

	
r = −0.162, p = 0.896

	
r = −0.273, p = 0.824




	
Sicyos angulatus

	
r = 0.528, p = 0.646

	
r = 0.593, p = 0.596

	
r = 0.931, p = 0.239

	
r = 0.824, p = 0.383
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Table 2. Maximum reduction rate (%) in each species for both methods.
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	Species Name
	Maximum Reduction Rate (%) in eFOX Assay
	Maximum Reduction Rate (%) in Ti(SO4)2 Assay





	Ambrosia trifida
	32.47
	20.62



	Solidago altissima
	52.91
	60.10



	Artemisia princeps
	65.94
	52.90



	Sicyos angulatus
	30.28
	26.10
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Table 3. H2O2 concentrations in leaves of various plant species.
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	Species name
	H2O2

Concentration (µmol/gFW)
	Technique
	Notes
	Reference





	Litchi chinensis Sonn.
	0.64
	Glucose peroxidase
	Fully expanded leaves
	[20]



	Spinacia olearacea
	0.54
	Titanium (IV)-PAR complex.
	Fully expanded leaves
	[39]



	Glycine max L.
	3.47
	Ferrous oxidation/xylenol orange
	Fully expanded leaves
	[43]



	Calendula officinalis
	6
	Glycolate oxidase
	Young leaves
	[56]



	Arabidopsis thaliana
	5
	Luminol chemiluminescence
	Young leaves
	[54,55]



	Zea mays L.
	75
	Ti(SO4)2 assay
	Fully expanded leaves
	[57]



	Nicotinia tabacum
	5
	Titanium-peroxide complex assay
	Fully expanded leaves
	[58]



	Rice (Oryza sativa L.)
	0.26
	Titanium (IV) sulphate- TiCl4 complex
	Young leaves
	[40]



	Wheat (Triticum aestivum L.)
	0.58
	Titanium (IV) sulphate- TiCl4 complex
	Old leaves
	[40]



	Banana (Musa acuminata Colla)
	0.72
	Glucose peroxidase
	Fully expanded leaves
	[20]
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