

  agronomy-11-02001




agronomy-11-02001







Agronomy 2021, 11(10), 2001; doi:10.3390/agronomy11102001




Article



Antioxidant Activity, Polyphenolic Profiles and Antibacterial Properties of Leaf Extract of Various Paulownia spp. Clones



Małgorzata Dżugan 1,*[image: Orcid], Michał Miłek 1[image: Orcid], Dorota Grabek-Lejko 2, Joanna Hęclik 1, Beata Jacek 3 and Wojciech Litwińczuk 3[image: Orcid]





1



Department of Chemistry and Food Toxicology, Institute of Food Technology and Nutrition, University of Rzeszów, Ćwiklinskiej 1a, 35-601 Rzeszów, Poland






2



Department of Bioenergy, Food Analysis and Microbiology, Institute of Food Technology and Nutrition, University of Rzeszow, Zelwerowicza 4, 35-601 Rzeszow, Poland






3



Department of Plant Physiology and Biotechnology, Institute of Agricultural Sciences, Land Management and Environmental Protection, University of Rzeszów, Ćwiklinskiej 2, 35-601 Rzeszów, Poland









*



Correspondence: mdzugan@ur.edu.pl; Tel.: +48-178721619







Academic Editor: Begoña Blasco



Received: 15 September 2021 / Accepted: 1 October 2021 / Published: 2 October 2021



Abstract

:

Paulownia spp. are widely distributed ornamental trees with leaves abundant in secondary metabolites of high medicinal potential. Eighteen breeding clones of Paulownia spp. were tested in terms of their antioxidant activity and total polyphenolic contents. The 50% ethanolic extracts (2 g/30 mL) of leaves and petioles were compared in the screening step. Eight paulownia clones were selected for detailed analyses including HPTLC polyphenolic profile, verbascoside content and antibacterial activity against five bacteria species (S. aureus, B. cereus, E. coli, Y. enterocolitica, S. enterica). The species-specific differences in terms of antioxidant activity correlated with phenolic compounds were found mainly in the case of leaf blade extracts, the highest for P. tomentosa × P. fortunei and the lowest for P. elongata × P. fortunei clones. The P. tomentosa clones varied greatly in this regard. In the HPTLC polyphenolic profile, the occurrence of some polyphenols was proved and the specific verbascoside content was quantified (70 to 225 mg/g DW). The P. tomentosa × P. fortunei hybrids had the highest inhibitory activity, mainly against Gram-positive bacteria, whereas only slight inhibition of S. aureus growth was observed for P. elongata × P. fortunei clones. The obtained results indicate diverse suitability of paulownia clones as a source of active ingredients.
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1. Introduction


Paulownias (Paulownia spp.) are fast-growing deciduous trees planted mostly for their valuable wood and for ornamental purposes. They are known under many other names, among others: princess tree, royal tree, kiri tree or phoenix tree [1]. The genus Paulownia includes 17 species that naturally occur and grow in central China [2]. They are widely distributed throughout China, Korea and Japan [3]. Nowadays, having risen in popularity, paulownias are grown in many countries including North America, Australia, western and south Europe [4,5,6,7]. In the United States, the princess tree occurs in a variety of disturbed, high-light environments such as forest gaps and edges, stream banks and scoured riparian areas, steep rocky slopes, roadsides, fence-rows and vacant lots [8]. Most popular species are P. tomentosa, P. fortunei, P. elongata and P. catalpifolia [1,2]. Due to excessive spread, it was classified as an invasive species that threatens the native flora in the list of European and world invasive species [9,10,11]. However, paulownia species are not on such lists in Poland. In general, P. tomentosa is considered the most invasive species among others due to its higher resistance to low temperatures [12]. Moreover, hybrid species have theoretically reduced fertility, so they produce less fruit and seeds, which limits their spread.



Paulownia is a genus with increasing economic importance and has a very wide range of utilization [7]. Due to their tolerance to heavy metals, fast growth rate and well developed root system paulownias are used for phytoremediation, reclamation and reforestation of contaminated and devastated areas [2,13,14,15,16]. Paulownias—the C4-photosynthesis plants—belong to the fastest growing trees in the world [2,17]. They yield a higher biomass than other woody crops used for renewable energy purposes [18,19]. Paulownias have high relevance in the timber market [3,17,20]. Their leaves can be used as fertilizer or forage stuff. Their potential use as animal feed was also investigated [21]. The flowers are a source of nectar for honey bees [7,22,23].



Paulownias are considered as medicinal plants [4,7,24]. Their preparations can be used against gonorrhea and bruises, can stimulate hair growth, and prevent their graying [25]. Various preparations made of bark, fruit, xylem, or leaves are used in traditional Chinese medicine against various diseases (hemorrhoid, inflammatory bronchitis, gonorrhea, parotitis, asthma, erysipelas, bacteriologic diarrhea, bronchopneumonia, enteritis, high blood pleasure, and tonsillitis) [26]. Numerous phytochemical studies confirm that paulownia species produce many secondary metabolites, the most important of which are polyphenolic compounds with strong antioxidant properties [7,19,27]. Pharmacological studies have also reported antioxidant, anti-inflammatory, and antimicrobial activity against Staphylococcus aureus and Pseudomonas aeruginosa [28,29]. However, the chemical composition and biological properties of paulownia species still remain unexplored. Only a few compounds have been identified, mainly in flowers, including: phenolic glycosides, furofuran lignanes, furanoquinones, iridoides and flavonoids [27,30,31]. Among the secondary metabolites, phenylethanoids and phenylpropanoids occupy an important place, and their most abundant representative is verbascoside (acteoside), as well as its isomers and derivatives [27,32].



Due to their noteworthy characteristics, paulownias are being introduced in Poland. Based on the authors’ observation, the most promoted are two inter-specific hybrids: Spanish ‘Oxytree’ (P. elongata × P. fortunei, clone in vitro 112) and Chinese seed strain ‘Shan Tong’ (P. tomentosa × P. fortunei). Many Polish nurseries sell also seedlings of Paulownia tomentosa. As fast growing trees, which forming huge leaves (even 50–100 cm in width), paulownias are an efficient source of biomass, and probably secondary metabolites. It is a well-known fact that the content of active compounds is genotype/cultivar-dependent in many species. Such a problem was not thoroughly studied in the case of different paulownia cultivars and breeding clones.



As a part of our scientific efforts, we have attempted to find some paulownia clones that are characterized by high antioxidant and antibacterial active compounds in leaf extracts with their potential use in pharmacy and as animal feed additives. The differences in chemical composition were studied using Attenuated Total Reflectance Fourier-transform infrared (ATR FT-IR) spectroscopy and High Performance Thin Layer Chromatography (HPTLC), which are both simple and useful analytical methods, still rarely used in plant material characterization.




2. Materials and Methods


2.1. Plant Material


Different Paulownia spp. cultivars and breeding clones in the juvenile (or pseudo-juvenile) stage, obtained from single seedlings or plants, vegetatively propagated in vitro, were studied (Table 1). There were seven inter-specific hybrids (P. elongata × P. fortunei—2 and P. tomentosa × P. fortunei—5), including three cultivars (‘Oxytree’, ‘Cotevisa 2’, ‘Shan Tong’), and eleven P. tomentosa clones of different origin. Five sister clones derived from specimens or seedlings of fastest growing Polish seed strain ‘LuP’ after field or in vitro selection. One tetraploid (2n = 4x, ‘4C S9’) clone was also studied. All plants were micropropagated in Department of Plant Physiology and Biotechnology (University of Rzeszow, Poland) following standard procedure for this genus [33]. The plants were grown on the field paulownia collection established in Central Poland (Mazovia; 51°43′51.4″ N 21°45′54.5″ E) in July 2018. The fully expanded, healthy-looking leaves were collected from the top of several-months-old strong shoots (rods) in October 2020. The paulownia leaf bulk samples were dried at a room temperature, without exposure to sunlight and grounded in a laboratory mill (MMK-06M, MPM, Milanówek, Poland), separately leaf blades and petioles.




2.2. Experimental Design


The first step of the study was the screening of all 18 tested paulownia clones originating from the Plant Biotechnology Laboratory “Aeropolis” collection, in terms of antioxidant activity as well as total polyphenols and flavonoids content. The leaf blades and petioles were analyzed separately. Based on the obtained results, the 8 clones were selected for detailed analysis (step 2), including 4 with the highest and 4 clones with the lowest antioxidant activity. In this step of the study, dried extracts of leaf blades only were obtained and characterized by FT-IR and HPTLC methods. Finally, the antibacterial activity of leaf extracts was checked.




2.3. Extracts Preparation


2.3.1. Crude Extract


Two grams of pulverized dried plant material was extracted with 30 mL of aqueous ethanol (50%, v/v) for 20 min in ultrasonic bath (Sonic-10, Polsonic, Warsaw, Poland). The crude extracts were then filtered through filter paper and stored in a freezer until further analyses. The extracts were used for antioxidant assays.




2.3.2. Freeze-Dried Extract


An aliquot of 10 mL of each crude extract was subjected to ethanol evaporation using a rotational vacuum concentrator (RVC 2–18 CDPlus, Martin Christ, Osterode am Harz, Germany). The residue was freeze-dried using Alpha 1–2 LD plus lyophilizer (Martin Christ, Osterode am Harz, Germany) to obtain a dry extract used in the second step of the experiment.





2.4. Antioxidant Activity Determination


2.4.1. FRAP Assay


The FRAP assay (Ferric Reducing Antioxidant Power) was carried out according to Bertoncelj et al. [34]. The FRAP reagent contained 2.5 mL of a 10 mM 2,4,6-tripyridyltriazine (TPTZ) solution in 40 mM HCl, 2.5 mL of 20 mM FeCl3 and 25 mL of 0.3 M acetate buffer (pH 3.6). Briefly, to 0.02 mL of plant extract, 0.18 mL FRAP reagent was added and the absorbance of the reaction mixture was measured spectrophotometrically using a microplate reader (EPOCH 2) against blank at 593 nm after 10 min incubation at 37 °C. The results were expressed as μmol of Trolox (TE) equivalents per gram of plant dry mass (μmol TE/g) based on calibration curve (y = 0.026x, R2 = 0.9989), prepared Trolox in range 15–200 nmol per sample.




2.4.2. DPPH Test


2,2-diphenyl-1-picrylhydrazyl radical (DPPH) inhibition was measured according to assay described by Blois [35] with minor modifications. The aliquot of 0.02 mL plant extract was mixed with 0.18 mL of DPPH radical methanolic solution (0.1 mM) and kept in the dark for 60 min. After incubation, the absorbance of tested and control samples was measured at 517 nm against methanol using microplate reader (EPOCH 2). The reduction of DPPH radical was calculated using following equation:


DPPH% = [(Ao − As)/Ao] × 100








where Ao is the absorbance of control, and As is the absorbance of tested samples. The results were calculated for Trolox equivalents using a calibration curve in the range 0.5–6 μmol per sample (y = 15.553x, R2 = 0.9970).




2.4.3. ABTS Test


The antioxidant capacity was determined using the ABTS radical monocation test (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) according to the method described by Re et al. [36] with slight modifications. ABTS solution (19.5 mg ABTS in 7.00 mL of distilled water) was mixed with 3.3 mg of potassium persulfate and stored in the dark for 24 h. Before use, it was diluted with phosphate buffer (0.1 M, pH = 7.4) to obtain an absorbance value at 734 nm of about 0.7. Then, 0.02 mL of each diluted extract was mixed with 0.18 mL of diluted ABTS radical solution. After 6 min incubation in the dark, the absorbance of each sample was recorded at 734 nm in an EPOCH 2 microplate reader against phosphate buffer. Results were calculated using the following equation:


ABTS% = [Ao − As)/Ao] × 100








where Ao is the absorbance of the control and As is the absorbance of the tested samples. The results were calculated for Trolox equivalents using a calibration curve in the range 0.5–6 μmol per sample (y = 9.0447x, R2 = 0.9948).





2.5. Total Phenolic Content (TPC) Determination


Total phenolics content was determined using Folin–Ciocalteu reagent, according to Singleton and Rossi [37] with minor modifications. To 0.02 mL of plant extract, 0.1 mL of 10% Folin–Ciocalteu reagent followed by 0.08 mL of 7.5% (w/v) of Na2CO3 solution were added. Samples were kept in the dark for 120 min, and then the absorbance was measured against blank at 760 nm using a microplate reader (EPOCH 2 microplate spectrophotometer, BioTek, Winooski, VT, USA). The phenolic content expressed as mg of gallic acid (GAE) equivalents per gram of plant dry mass (mg GAE/g) was calculated based on calibration curve prepared for gallic acid in the range 0–250 µg/mL (y = 0.0555x, R2 = 0.9976).




2.6. Total Flavonoid Content (TFC) Determination


The total content of flavonoids in the extracts was assessed using the method of Biju [38]. Briefly, 0.1 mL of the undiluted extract was mixed with 0.1 mL of 2% AlCl3 (in methanol). The reaction mixture was incubated for 10 min at room temperature until completion of the reaction. The absorbance of the solution was then measured at 415 nm with a microplate reader (EPOCH 2) against methanol blank. The total content of flavonoids in the extracts was expressed in mg of quercetin equivalent (QE) per gram of plant dry mass (mg QE/g). The results were calculated on the basis of a calibration curve prepared for quercetin in the range 0–125 µg/mL (y = 0.0655x, R2 = 0.9999).




2.7. FT-IR Analysis


FT-IR (Fourier-transform infrared spectroscopy) spectra for selected clones (leaf powder and dry extract) were collected using a Nicolet iS10 FT-IR spectrometer (Thermo Scientific, Waltham, MA, USA) equipped with a Smart iTX ATR sampling accessory allowing the measurements by the attenuated total reflectance (ATR) technique, fast recovery deuterated triglycine sulfate (DTGS) detector and Ge/KBr beamsplitter. The spectra were recorded in absorbance mode in the mid-infrared range (4000 to 450 cm−1), with a resolution of 0.4 cm−1. Sixteen scans were collected for each sample. The spectra were analyzed using Omnic 8.1.11 software (Thermo Scientific).




2.8. Polyphenolic Profiles by HPTLC and Verbascoside Quantification


Analysis of dry extracts reconstituted in 50% ethanol in concentration of 1 mg/mL were performed on HPTLC Silica Gel 60 F254 plates (20 cm × 10 cm) purchased from Merck (Darmstadt, Germany). Ten microliters of each extract were applied to the plate as 11 mm bands from the lower edge of the plate at rate of 50 nL/s using a semi-automated HPTLC application device (Linomat 5, CAMAG, Muttenz, Switzerland). The chromatographic separation was performed in a chromatographic tank saturated for 20 min with the mobile phase composed of ethyl acetate:water:formic acid:acetic acid [15:2:1:1 v/v/v/v], and developed to a distance 70 mm. The obtained results were documented using an HPTLC imaging device (TLC Visualizer, CAMAG) under white light, 254 and 366 nm. In addition, each plate was derivatized with p-anisaldehyde sulfuric acid reagent using automated derivatizer of TLC plates (CAMAG Derivatizer). After derivatization, the plates were heated at 110 °C for 10 min and imaged under white light and 366 nm. The obtained chromatographic images were analyzed using the HPTLC software (Vision CATS, CAMAG).



The quantitative analysis was performed by applying a verbascoside solution in the range of 0.5 to 3 µg on the HPTLC plate. The image of the plate after derivatization in visible light was used for the quantitative analysis. A standard curve (y = 2.639·10−9x + 1.373·10−3, R2 = 0.9890) was constructed taking into account the peak area of the chromatograms generated by the software.




2.9. Antibacterial Activity


Five different bacterial strains were used for antibacterial determination of plant extracts: Gram positive: Staphylococcus aureus ATCC 25923, Bacillus cereus PCM 482 and Gram negative ones: Escherichia coli PCM 2561, Yersinia enterocolitica PCM 2080 and Salmonella enterica PCM 840. The antimicrobial properties of paulownia extracts (after ethanol evaporation and replacement by water) were determined by agar well diffusion method according to National Committee of Clinical Laboratory Standards [39] and described by Borycka et al. [40]. Briefly, each bacterial culture was incubated for 24 h at 37 °C on TSA (Tryptic Soy Agar Medium, Biomaxima, Poland). Then, agar plates with MHA medium (Mueller–Hinton agar, BTL, Poland) were inoculated with each of bacterial suspension containing 106 CFU/mL, spread on the agar plates. Subsequently, wells of 8 mm diameter were punched into the agar medium with a sterile cork borer and filled with 100 μL of plant extract and allowed to diffuse at room temperature for 2 h. Bacteria were incubated at 37 °C for 24 h. After incubation, the diameters of the growth inhibition zones were measured in mm. Gentamycin (30 µg) was used as a positive control.




2.10. Statistical Analyses


All calculations were done in three replications and presented as means with standard deviations. The correlations among obtained parameters were analyzed by Pearson coefficient (r). The significant differences were calculated by a one-way analysis of variance followed by Tukey’s honest significant difference test (p < 0.05). Principal components analysis (PCA) was applied to find the relation between tested parameters for paulownia leaves. All calculations were made using the Statistica 13.1 software (StatSoft, Tulsa, OK, USA).





3. Results


3.1. Screening for the Clone of the Best Antioxidant Potential


The antioxidant potential of paulownia leaf extracts was found to be very diverse regardless of the analytical method used (Table 2). The highest values (more than twice) of tested parameters were found for sample no. 3 (9501 UR), and the lowest for sample no. 1 (OX 3). The observed differences were significant (p < 0.05) in the most cases for blades (Tables S1–S5) and petioles (Tables S6–S10). Regardless the sample, great differences between leaf blades and petioles extracts activity were found, depending the method by 4–9 times lower in petioles. The samples with higher values of antioxidant measures were abundant in polyphenols and the share of flavonoids in the polyphenol fraction ranged from 60–86%, excluding US 1 and LuP 1–12 clones (by 24% only).



The results for the antioxidant activity of leaf extracts showed strong positive correlations with the DPPH, FRAP, ABTS, TPC, and TFC parameters both for the blades (Table S11) and petioles (Table S12) measured by Pearson correlation coefficient (r = 0.838–0.929). The relationships between the determined parameters for leaf blades were only verified by principal component analysis (PCA) (Figure 1). Variables displayed in Figure 1a confirmed the strongest positive correlation between the DPPH, FRAP, ABTS, TPC, and TFC methods, demonstrated by close proximity. Moreover, it can be noticed that all examined parameters had a significant impact on overall leaf extract quality due to their location close to the projection circle. The analysis showed that the tested samples were characterized by high heterogeneity (Figure 1b); however, based on the tested parameters it was possible to classify the samples in terms of paulownia species. The leaf extracts samples were divided into four separate groups (Figure 1b). Samples with the high values of tested parameters were located on the upper-left part of the graph, these were mainly P. tomentosa × P. fortunei clones and some P. tomentosa exhibited higher activity. A particularly significant difference was observed for samples with lower activity, localized in the upper-right, including P. elongata × P. fortunei hybrids OX 3 and COT 1. Samples with very low content of flavonoids (US 1 and LuP 1–12) were located separately in different sides of the plot.




3.2. Detailed Characteristic of Biological Activity of Selected Paulownia Clones Leaves


For the next step of study the leaf blades of 8 paulownia clones: 4 with the highest (‘9503 UR’, ‘9501 UR’, ‘SH7UR’, ‘LuP 4/20A’) and 4 with the lower (‘OX3’, ‘COT1’, ‘4CS 9’, ‘WEG 9 PEG’) antioxidant activity were selected. The extracts were subjected to the following analyses: antioxidant activity of freeze-dried extracts, FT-IR spectra analysis, polyphenolic HPTLC profile, verbascoside content and antibacterial activity.



3.2.1. Antioxidant Activity


The highest antioxidant activity, polyphenols and flavonoid content for the samples obtained for P. tomentosa × P. fortunei hybrids were observed whereas the lowest one for P. elongata × P. fortunei clones (Table 3). Due to concentration effect the results are relatively higher; however, are consistent with data presented for crude extracts (Table 2).




3.2.2. FT-IR Spectra Analysis


FT-IR spectra were made for selected clones including powdered leaf blades (Figure 2) and dry extracts (Figure 3) samples. Chosen spectra for representatives of individual clones are only shown.



On the FT-IR spectra (Figure 2), for powdered leaf blades, the bands and regions with the greatest differences among the studied clones were indicated. These are the bands at 2840–2870, 1733, 1516, 1157 and 810 cm−1. The indicated bands are most visible in the spectrum for the hybrid clone P. tomentosa × P. fortunei, in the remaining cases they are less intense or almost indistinguishable.



On the spectra obtained for dry extracts (Figure 3), several bands distinguishing spectra obtained from various clones compared to raw plant material spectra were found. The bands at 1601, 1148 and 812 cm−1 were significantly enhanced, while the bands in the range 2840–2870 and at 1733 cm−1 are significantly weakened.




3.2.3. HPTLC Analysis


Leaf extracts of selected paulownia clones were analyzed by HPTLC for the polyphenol profile. Detection was performed by visualizing the chromatogram under UV light 366 nm and also by derivatization with reagent p-anisaldehyde sulfuric acid reagent (Figure 4). Under UV light (Figure 4A) numerous blue bands are visible, the most intense at Rf = 0.33. Some samples also have orange bands with high Rf values (0.8–0.9). Derivatization caused the strands to be dyed mostly green-brown (Figure 4B). In UV light, after derivatization (Figure 4C) the bands assumed different colors: pale yellow in the range of Rf 0.8–0.9, gray at Rf = 0.41, 0.33 and 0.19, intense blue at Rf = 0.25 and 0.07, and red at Rf = 0.23.



On the basis of the standard curve of verbascoside applied to the plate, its content in individual samples was estimated (Figure 5A). Determined verbascoside content was highest in the four clones selected as “stronger”: from 188 for ‘LuP 4/20 A’ to 228.8 µg/mg of extract for ‘9501 UR’ clone. The four clones selected as “weaker” contained significantly less of this compound (p < 0.05), the least in the ‘OX 3’ clone (71.5 µg/mg of extract) (Figure 5B). Verbascoside content was also positively correlated with antioxidant capacity results with Pearson’s coefficient values 0.79, 0.78, 0.73, and 0.76 for FRAP, DPPH, ABTS, and TPC, respectively.




3.2.4. Antibacterial Activity


Leaf extracts of paulownia clones showed different antibacterial activity against five tested pathogenic bacteria (Table 4). The antibacterial potential of all tested extracts was observed mainly against Gram positive bacteria—S. aureus and B. cereus. However, there were two exceptions—clones ‘OX3’ and ‘COT1’ did not inhibit B. cereus growth and had the lowest antibacterial potential against S. aureus. The best inhibitory activity against S. aureus was observed for clones ‘9501 UR’, ‘LuP 4/20A’, and ‘4CS9’ with inhibition zones from 19.33 to 21.75 mm. Moderate antibacterial potential against S. aureus was observed for ‘9503 UR’, ‘SH7 UR’ and ‘WEG 9PEG’ clones. The most resistant bacteria were Gram negative S. enterica and E. coli as no inhibition growth was observed for all tested leaves extracts. Clones ‘4CS9’, ‘WEG 9PEG’ and ‘9501 UR’ inhibited growth of Y. enterocolitica the most, while clones ‘OX 3’ and ‘COT 1’ did not inhibit them.






4. Discussion


4.1. Clone-Specific Antioxidant Activity of Leaves


Paulownia, considered as a rich source of biologically active secondary metabolites, is traditionally used in Chinese herbal medicine. More than 130 physiologically active constituents have been isolated from different parts of the paulownia plant [32]. Their biological activity has been tested using both the isolated compounds and different types of extracts. As wide variety bioactive compounds occurring in plant extracts, mutually interacted to neutralize free radical groups the evaluation of antioxidant capacity of extract is usually a first step of sample bioactivity assessment. Thus, in the first step of the study the comparison of antioxidant activity of rested paulownias leaves was performed. Regarding the species origin of the leaves the antioxidant activity increased in order:


P. elongata × P. fortunei < P. tomentosa < P. tomentosa × P. fortunei











The most active were P. tomentosa × P. fortunei hybrid clones selected in University of Rzeszow from Chinese seed strains (‘9501’, ‘9503’ and ‘SH’) The antioxidant activity was highly correlated with total polyphenolics and flavonoids content for blades (Table S11) and petioles (Table S12) extracts. The greatest variability was observed in the case of P. tomentosa, where the best results for ‘LuP 4/20 A’ and the weakest for ‘LuP 1–12’ clones were found. It seems that increasing the level of ploidy from diploid to tetraploid slightly change the biochemical properties of Paulownia clones (‘WEG 9’ in comparison with ‘4C S9). The antioxidant activity of petiole extracts was much lower than leaf blade extracts (Table 2), by 2–11 times regardless of the used method. Similarly, the total polyphenols content was significantly lower in petioles compared to leaves whereas a much lower (about 10 times) content of flavonoids was noted (Table 2). As the petioles were notably poorer in antioxidant components the only leaf blades were chosen for the further study.




4.2. FT-IR Comparison of Chemical Composition


The comparison of FT-IR spectra of powdered leaf blades between paulownia clones support some information about differences in chemical composition. The identification of the major chemical groups of the examined compounds is based on the “fingerprint” region (950–1200 cm−1) of the spectra. The position (frequency) and intensity of the bands are characteristic of each compound. Based on earlier findings [41,42], specific main ranges of wave numbers can be superimposed to main components: 2840–2870 cm−1 to protein (peptide bonds), 3270–3290 cm−1 to carbohydrates, and 2840–2870 cm−1 to lipids. When comparing the spectra for tested paulownia species leaves regarding mentioned bands, it can be concluded that there are some differences in the chemical composition of the leaves among species and clones. Two bands in the 2840–2870 cm−1 range, especially visible in the P. tomentosa and P. tomentosa × P. fortunei clones, are attributed to the lipid vibration. The band at 1733 cm−1, clearly outlined in the spectrum of P. tomentosa × P. fortunei leaves, comes from the vibration of C=O bonds in ester groups (phospholipids, sterols, hemicellulose and pectin esters) [41]. This may indicate a greater abundance of such compounds in these clones. The range from 800 to 1400 cm−1, with the most intense band at 1014 cm−1 corresponds mainly to the vibrations of glycosidic and ester bonds in polysaccharides building cell walls [41,42]. In this range, for the analyzed clones, differences in the intensity of the bands derived from cellulose (1145 cm−1) and in the range of 800–840 cm−1 are visible. The latter range may be due to the vibrations of the aromatic rings [42], which may be related to the higher phenolic content in the P. tomentosa × P. fortunei clones. This observation is consistent with spectrophotometric analysis results.



Analyzing the FT-IR spectra obtained for dry extracts of leaves, a few changes of chemical composition were observed: some compounds were eliminated and others were concentrated.



The bands assigned to lipids were almost as invisible (2840–2870 cm−1) as the applied extraction system eliminates lipids, extracting only more polar compounds. The bands at 1254 cm−1 (pectin) and at 812 cm−1 (C–H bending vibrations of aromatic compounds) found in extracts of P. tomentosa × P. fortunei were more intense. The higher intensity of these bands may be related to the higher content of phenolic compounds in the analyzed hybrid. Similar FT-IR spectra for P. tomentosa leaf extracts were previously obtained by Pontaza-Licona et al. [43]. The authors indicate that the form of the FT-IR spectrum depends on the solvent used for the extraction. They also pointed to the polyphenol bands in aqueous ethanol extract at 1328 and 1274 cm−1 (bending vibrations of O-H and C-O bonds, respectively). In our study, the band close to 1274 cm−1 was clearly outlined in the spectrum of P. tomentosa × P. fortunei hybrid extract (average peak intensity 0.146 mAU), compared to 0.097 and 0.120 for P. tomentosa and P. elongata × P. fortunei, respectively. The intensity of this band was significantly correlated with the content of phenolic compounds (r = 0.908). The use of this rapid analytical technique allows an easy comparison of the overall chemical composition of both the raw material and the obtained extracts.




4.3. HPTLC Polyphenolic Profile and Verbascoside Quantification


The HPTLC technique was previously used to characterize the phenol profiles of individual paulownia species, and the antioxidant activity of individual metabolites was also analyzed by derivatization with DPPH solution [44]. In chromatograms obtained by us, a main compound was verbascoside visible at Rf = 0.33 as an intensely blue band (in UV 366 nm, Figure 4A) or after derivatization with p-anisaldehyde sulfuric acid reagent as a green-brown (in white light) or grey-blue band (in UV 366 nm, Figure 4B,C). Verbascoside (acteoside) is the dominant secondary metabolite of paulownia, belonging to the group of phenylethanoid glycosides [27,45,46]. This metabolite is known for its beneficial effects as a strong antioxidant, anti-inflammatory, anti-neoplastic, neuroprotective and wound healing agent [47]. Adach et al. [46] studied verbascoside content in P. elongata × P. fortunei Clone 112 in vitro. In methanolic extract of leaves they found a content ranging from 74.6 to 424.7 mg/g of dry extract. Šmejkal et al. [27], found the verbascoside content in the ethyl acetate and n-butanol extracts of P. tomentosa fruits in the range of 0.07 and 0.09 mol/100 g of dry extract, respectively, which corresponds to 437 and 562 µg/mg of extract. It is obvious that the content of verbascoside as well as other secondary metabolites is strictly dependent on the part of the plant used as raw material, plant development phase and the extraction method used. Despite the lower content of verbascoside in the leaves, determined by us, it should be stated that it is a better source of it, due to its easier availability and greater mass. Moreover, paulownia flowers are not available every season and their harvest is much troublesome.



Apart from verbascoside, there are some bands from other compounds, possibly its isomers (gray-blue bands at Rf = 0.41 after p-anisaldehyde derivatization). The intense blue bands visible in UV after derivatization (especially at Rf = 0.29 and 0.05, Figure 4C) probably came from flavonoid compounds. The leaves of paulownia contain numerous flavonoids, including luteolin, quercetin, apigenin and their derivatives and wide group of C-geranylated flavonoids [32,48]. Among unidentified compounds, particularly interesting was the band with Rf = 0.22, which glowed red in UV light after p-anisaldehyde derivatization. It was practically absent in P. elongata × P. fortunei hybrid sample profiles. Thus, it can be assumed as a specific compound for P. tomentosa. Such a metabolite could potentially be a good chemical marker for species discrimination. In UV light (before derivatization), signals in the form of orange bands from chlorophylls were also visible, with Rf = 0.85 and 0.91), especially intense in the case of OX 3 and 4C S9 II clones. An interesting combination of HPTLC techniques with the analysis of antibacterial properties (bioautography) was applied to the studies of methanolic leaf extracts of P. tomentosa by Moricz et al. [49]. They showed the presence of compounds such as p-coumaric acid and apigenin and their strong activity against Bacillus subtilis and Aliivibrio fischerii bacteria.




4.4. Clone-Specific Antibacterial Activity


Phenolic compounds are secondary metabolites in plants and are considered as important natural molecules due to their bioactive properties [50]. These compounds present in different concentrations in paulownia leaves extracts can be responsible for their antibacterial potential, which was confirmed by positive correlation between antioxidant properties, phenolic content and antibacterial activity. The weakest antibacterial properties of two clones (‘OX 3’ and ‘COT1’) was correlated with their lowest antioxidant potential and total phenolic content. On the other hand the highest antibacterial activity was observed for clones with the highest phenolic content and antioxidant activity. Moreover, one of the most dominated secondary metabolite in paulownia is verbascoside. This compound has several biological properties such as anti-inflammatory, antioxidant, and antitumor, can be a promising therapeutic agent against different microbial infections and can synergistically increase the antimicrobial effectivity of antibiotics, like gentamycin [51,52,53]. We can observe that clones with the lowest verbascoside content (‘OX3’ and’ COT1’) have the weakest antibacterial properties, while those with the highest verbascoside content show the strongest antibacterial properties. The possible mechanism of antibacterial action of verbascoside is correlated with its capability to modulate membrane-dependent cellular processes [49].



Antibacterial properties of P. elongata water leaves extracts were also observed by Popova and Baykov [22] against such microorganisms as: Salmonella enterica, Pseudomonas aeruginosa, Staphylococcus aureus, Streptococcus pyogenes, Paenibacillus alvei, and Candida albicans. We did not observed antibacterial potential against S. enterica in paulownia ethanolic leaves extracts. It can be explained by using different solvent for extraction or different species of paulownia.



We proved that paulownia leaves could be a good source for biologically active substances with high antioxidant and antibacterial potential. It is a common observation that juvenile (and pseudojuvenile) paulownia plants form huge leaves even more than 50 cm in width [4,54]. Moreover, we found also that fresh mass of leaves surpassed the fresh mass of several month old stems (Litwińczuk, personal observation, data not presented). As paulownia plantations in Poland could yield more than 10 t/ha stems they could produce similar mass of leaves [54]. A paulownia tree that is 8–10 years old is reported to have 100 kg fresh leaves and produces 350–400 kg of branches [2]. Thus, paulownia leaves could be considered as easily accessible and abundant source of verbascoside or can serve as effective antimicrobial feed additive.





5. Conclusions


Leaves, separately blades and petioles, collected from 18 paulownia clones, including eleven P. tomentosa, five hybrids P. tomentosa × P. fortunei, and two P. elongata × P. fortunei, were examined. Among tested clones, self-selected in vitro P. tomentosa × P. fortunei hybrids (marked UR*) were characterized by the best biological activity. Analysis of antioxidant properties showed higher potential for leaf blades than petioles. The newly generated hybrid clones P. tomentosa × P. fortunei stood out for the highest antioxidant capacity as well as total polyphenols and flavonoids content. Such species-dependent differences were also observed on FT-IR spectra of raw material and dry extracts. Within P. tomentosa clones, a great variability of tested parameters was observed. The weakest properties for hybrids P. elongata × P. fortunei were found. Verbascoside, a dominant metabolite identified by HPTLC, was chosen as a bioactivity marker and quantified in selected samples. Its content was significantly correlated with antioxidant activity and total polyphenols. The high inhibitory effect against some tested bacteria, including S. aureus, B. cereus and Y. enterocolitica, was found in the case of P. tomentosa × P. fortunei clones, whereas P. elongata × P. fortunei was far less effective. The obtained results indicate a potential application of selected paulownia clones in pharmaceutical and fed industry.
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Figure 1. Statistical analysis results: (a) projection of chosen variables as a function of the PC1 vs. PC2, (b) PCA score plot of leaf blades extract. PC—principal component, TFC—total flavonoid content, TPC—total phenolic content, DPPH—(2,2-diphenyl-1-picrylhydrazyl scavenging assay, ABTS—2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid antioxidant assay, FRAP—Ferric Reducing Antioxidant Power assay. For sample identification legend, see Table 1. 
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Figure 2. FT-IR spectra of powdered leaves for selected representatives of individual clones. 






Figure 2. FT-IR spectra of powdered leaves for selected representatives of individual clones.



[image: Agronomy 11 02001 g002]







[image: Agronomy 11 02001 g003 550] 





Figure 3. FT-IR spectra of dry extracts for selected representatives of individual clones. 
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Figure 4. HPTLC chromatograms of selected clones dry extracts and verbascoside calibration curve. (A)—without derivatization in UV 366 nm, (B)—after p-anisaldehyde sulfuric acid reagent derivatization in white light, (C)—after p-anisaldehyde sulfuric acid reagent derivatization in UV 366 nm. 
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Figure 5. Verbascoside quantification in leaf blades dry extracts of chosen clones. (A)—HPTLC polyphenolic profiles with marked verbascoside peak (Rf = 0.33; arrow), (B)—calculated verbascoside content [μg/mg of dry extract]. Means marked with the same letters do not differ significantly (p < 0.05). Rf – retention factor. 
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Table 1. Short description of studied paulownia clones.






Table 1. Short description of studied paulownia clones.





	No
	Code
	Species
	Origin





	1
	OX 3
	P. elongata × P. fortunei
	‘Oxytree’ (in vitro clone 112)



	2
	COT 1
	P. elongata × P. fortunei
	‘Cotevisa 2’ (‘Cotte Visa 2’)



	3
	9501 UR
	P. tomentosa × P. fortunei
	UR * clone obtained from fast growing seedling of Chinese seed strain ‘9501’ in vitro



	4
	9503 UR
	P. tomentosa × P. fortunei
	UR clone obtained from fast growing seedling of Chinese seed strain ‘9503’ in vitro



	5
	9503 II/7 UR
	P. tomentosa × P. fortunei
	UR clone obtained from fast growing seedling of Chinese seed strain ‘9503’ in vitro; deep dark-leaf variant of 9503



	6
	SH 6 UR
	P. tomentosa × P. fortunei
	UR clone obtained from fast growing seedling of Chinese seed strain ‘Shan Tong’ in vitro



	7
	SH 7 UR
	P. tomentosa × P. fortunei
	UR clone obtained from fast growing seedling of Chinese seed strain ‘Shan Tong’ in vitro



	8
	US 1
	P. tomentosa
	UR clone obtained from fast growing seedling of US seed strain



	9
	SLO NN1
	P. tomentosa
	UR clone obtained from fast growing seedling of Slovakian seed strain



	10
	WEG 9 PEG
	P. tomentosa
	UR clone obtained from fast growing PEG-tolerant seedling of Hungarian seed strain



	11
	4C S9
	P. tomentosa
	Tetraploid mutant obtained from ‘WEG 9 PEG’



	12
	ZAL A1
	P. tomentosa
	UR clone obtained in vitro from Polish seed strain ‘LuD’ through undirect morphogenesis



	13
	A4 ST A2
	P. tomentosa
	UR clone obtained in vitro from Polish seed strain ‘LuD’ through undirect morphogenesis



	14
	LuP 3–7
	P. tomentosa
	UR clone obtained from specimen of fastest growing Polish seed strain ‘LuP’ in the field



	15
	LuP 1–12
	P. tomentosa
	UR clone obtained from specimen ‘1–12’ of fastest growing Polish seed strain ‘LuP’ in the field



	16
	LuP Hg 12
	P. tomentosa
	UR clone obtained in vitro from Hg-tolerant seedling of Polish seed strain ‘LuP’



	17
	LuP 4/20 A
	P. tomentosa
	UR clone obtained in vitro from low pH and Al-tolerant seedling A of Polish seed strain ‘LuP’



	18
	LuP 4/20 B
	P. tomentosa
	UR clone obtained in vitro from low pH and Al-tolerant seedling B of Polish seed strain ‘LuP’







* UR—breeding clone obtained in Department of Plant Physiology and Biotechnology, University of Rzeszow, Poland.
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Table 2. Antioxidant activity, total phenolics and flavonoids contents of Paulownia spp. leaf (separately blades and petioles) grouped by species: P. elongata × P. fortunei (no. 1–2) P. tomentosa × P. fortunei (no. 3–7), P. tomentosa (no. 8–18).
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No.

	
Clone

	
Antioxidant Activity

	
TPC [mg GAE/g s.m.]

	
TFC [mg QE/g s.m.]




	
FRAP [μmol TE/g s.m.]

	
DPPH [μmol TE/g s.m.]

	
ABTS [μmol TE/g s.m.]




	
Blades

	
Petioles

	
Blades

	
Petioles

	
Blades

	
Petioles

	
Blades

	
Petioles

	
Blades

	
Petioles






	
1

	
OX 3

	
194.80 ± 2.51

	
26.69 ± 0.35

	
162.99 ± 5.40

	
18.13 ± 0.80

	
278.61 ± 14.07

	
140.96 ± 13.29

	
39.40 ± 2.53

	
5.89 ± 0.06

	
27.82 ± 0.16

	
2.13 ± 0.00




	
2

	
COT 1

	
230.72 ± 3.07

	
27.83 ± 4.19

	
180.97 ± 4.13

	
23.33 ± 0.32

	
401.34 ± 95.38

	
132.12 ± 13.29

	
45.87 ± 0.16

	
6.38 ± 0.13

	
28.92 ± 0.97

	
2.44 ± 0.21




	
3

	
9501 UR

	
504.08 ± 24.00

	
101.50 ± 6.91

	
335.19 ± 1.59

	
82.66 ± 0.00

	
641.81 ± 16.42

	
490.34 ± 33.62

	
87.67 ± 2.76

	
22.01 ± 0.51

	
75.64 ± 1.75

	
6.82 ± 0.16




	
4

	
9503 UR

	
479.21 ± 4.47

	
78.90 ± 3.14

	
334.07 ± 1.91

	
63.84 ± 1.84

	
583.21 ± 10.16

	
370.38 ± 6.25

	
80.47 ± 2.84

	
15.22 ± 0.19

	
51.63 ± 1.31

	
4.72 ± 0.19




	
5

	
9503 II/7 UR

	
425.13 ± 7.26

	
65.43 ± 14.51

	
296.75 ± 37.52

	
63.84 ± 1.20

	
512.45 ± 8.60

	
311.23 ± 10.16

	
78.18 ± 1.50

	
14.00 ± 0.98

	
62.86 ± 1.26

	
4.06 ± 0.21




	
6

	
SH 6 UR

	
329.21 ± 17.86

	
51.76 ± 3.28

	
271.35 ± 14.31

	
41.70 ± 2.00

	
535.12 ± 18.76

	
194.04 ± 10.16

	
65.74 ± 1.58

	
10.31 ± 0.06

	
54.14 ± 4.08

	
3.35 ± 0.11




	
7

	
SH 7 UR

	
362.37 ± 10.61

	
70.95 ± 4.88

	
299.00 ± 8.90

	
81.87 ± 1.60

	
542.86 ± 0.00

	
331.13 ± 7.03

	
76.12 ± 0.79

	
14.60 ± 0.06

	
59.50 ± 1.17

	
4.65 ± 0.16




	
8

	
US 1

	
360.69 ± 11.86

	
58.12 ± 0.70

	
180.23 ± 26.88

	
31.38 ± 5.99

	
680.44 ± 27.71

	
118.01 ± 6.36

	
76.67 ± 2.05

	
13.53 ± 0.35

	
18.49 ± 0.49

	
1.66 ± 0.11




	
9

	
SLO NN1

	
205.07 ± 3.63

	
78.45 ± 0.14

	
129.27 ± 0.32

	
61.19 ± 2.40

	
285.80 ± 35.18

	
328.40 ± 18.76

	
36.33 ± 1.50

	
15.02 ± 0.54

	
31.98 ± 1.12

	
4.42 ± 0.19




	
10

	
WEG 9 PEG

	
280.26 ± 0.56

	
73.37 ± 1.19

	
190.42 ± 0.95

	
58.93 ± 0.32

	
407.97 ± 59.42

	
328.37 ± 4.69

	
48.49 ± 1.03

	
13.95 ± 0.09

	
41.32 ± 0.83

	
7.31 ± 1.23




	
11

	
4C S9

	
206.64 ± 4.75

	
138.85 ± 2.09

	
162.76 ± 16.53

	
83.95 ± 0.24

	
316.21 ± 7.82

	
587.08 ± 20.32

	
42.52 ± 1.26

	
24.84 ± 0.09

	
31.36 ± 0.53

	
8.05 ± 0.11




	
12

	
ZAL A1

	
342.83 ± 6.98

	
88.57 ± 7.61

	
221.89 ± 7.95

	
74.69 ± 1.36

	
481.50 ± 89.91

	
393.60 ± 21.89

	
60.94 ± 1.58

	
17.39 ± 0.09

	
43.56 ± 1.07

	
5.81 ± 0.50




	
13

	
A4 ST A2

	
273.55 ± 12.84

	
66.22 ± 2.79

	
220.32 ± 22.89

	
56.22 ± 0.16

	
356.56 ± 2.35

	
276.96 ± 5.47

	
48.77 ± 0.95

	
13.26 ± 0.51

	
35.73 ± 0.68

	
4.96 ± 0.08




	
14

	
LuP 3–7

	
277.11 ± 7.82

	
70.26 ± 1.40

	
212.45 ± 13.67

	
57.23 ± 1.28

	
343.30 ± 3.91

	
333.34 ± 11.73

	
47.21 ± 7.58

	
11.70 ± 2.34

	
32.63 ± 0.87

	
3.69 ± 0.10




	
15

	
LuP 1–12

	
278.29 ± 45.36

	
80.67 ± 13.19

	
167.72 ± 24.84

	
46.25 ± 1.43

	
620.61 ± 24.45

	
221.16 ± 6.96

	
67.86 ± 0.32

	
21.25 ± 0.44

	
16.17 ± 0.28

	
2.48 ± 0.08




	
16

	
Lu Hg 12

	
344.01 ± 14.79

	
30.59 ± 6.70

	
261.23 ± 6.99

	
24.18 ± 2.00

	
468.78 ± 9.38

	
153.13 ± 0.78

	
64.96 ± 1.58

	
6.72 ± 0.16

	
40.47 ± 2.23

	
2.90 ± 0.11




	
17

	
LuP 4/20 A

	
401.64 ± 58.89

	
113.78 ± 3.07

	
319.46 ± 4.13

	
81.64 ± 0.00

	
669.45 ± 13.29

	
436.17 ± 75.83

	
79.80 ± 1.58

	
20.58 ± 0.57

	
46.44 ± 1.75

	
4.80 ± 0.15




	
18

	
LuP 4/20 B

	
374.80 ± 8.65

	
60.35 ± 4.95

	
292.71 ± 15.26

	
51.24 ± 1.44

	
504.16 ± 12.51

	
267.01 ± 0.78

	
67.13 ± 1.50

	
10.65 ± 1.29

	
47.03 ± 1.51

	
3.89 ± 0.06
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Table 3. The antioxidant activity as well as polyphenolic and flavonoids content of freeze-dried extracts of paulownia leaf blades.
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Clone

	
Origin

	
FRAP [mmol TE/g]

	
DPPH [mmol TE/g]

	
ABTS [mmol TE/g]

	
TPC [mg GAE/g]

	
TFC [mg QE/g]






	
High activity

	
9503 UR

	
P. tomentosa × P. fortunei

	
1.66 ± 0.02 a

	
0.73 ± 0.02 a

	
2.84 ± 0.13 a

	
349.70 ± 6.31 a

	
164.12 ± 0.00 a




	
9501 UR

	
P. tomentosa × P. fortunei

	
1.78 ± 0.03 b

	
0.76 ± 0.02 a

	
3.12 ± 0.06 b

	
375.74 ± 3.16 b

	
233.59 ± 10.80 e




	
SH 7 UR

	
P. tomentosa × P. fortunei

	
1.56 ± 0.01 c

	
0.70 ± 0.00 a

	
2.68 ± 0.05 a

	
331.10 ± 1.05 c

	
166.03 ± 7.01 a




	
LuP 4/20A

	
P. tomentosa

	
1.31 ± 0.01 d

	
0.57 ± 0.00 b

	
2.23 ± 0.05 c

	
290.17 ± 0.00 d

	
118.32 ± 0.00 b c




	
Low activity

	
OX 3

	
P. elongata × P. fortunei

	
1.09 ± 0.01 e

	
0.53 ± 0.06 b c

	
2.21 ± 0.08 c

	
248.51 ± 0.00 e

	
147.71 ± 4.86 f




	
COT 1

	
P. elongata × P. fortunei

	
0.99 ± 0.01 f

	
0.45 ± 0.01 c

	
2.22 ± 0.05 c

	
215.77 ± 4.21 f

	
123.66 ± 4.32 b




	
4C S9

	
P. tomentosa

	
1.09 ± 0.02 e

	
0.54 ± 0.06 b c

	
1.86 ± 0.05 d

	
226.93 ± 1.05 g

	
110.69 ± 2.16 c




	
WEG 9 PEG

	
P. tomentosa

	
1.26 ± 0.01 g

	
0.53 ± 0.02 b c

	
1.94 ± 0.11 d

	
267.11 ± 3.15 h

	
162.60 ± 6.48 a








a,b,c,d,e,f,g,h—means sharing the same superscript letter do not differ statistically (Tukey’s test, p < 0.05).
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Table 4. Antibacterial properties of paulownia extracts determined by agar well diffusion method.
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Clone

	
S. aureus

	
B. cereus

	
Y. enterocolitica

	
S. enterica

	
E. coli






	
Diameter of growth inhibition zone with standard deviation (mm)




	
9503 UR

	
17.00 ± 1.00 ab

	
9.50 ± 0.71 a

	
-

	
-

	
-




	
9501 UR

	
21.20 ± 1.92 bd

	
11.00 ± 1.22 ab

	
14.50 ± 1.29 ab

	
-

	
-




	
SH 7 UR

	
17.67 ± 0.58 b

	
11.00 ± 1.00 ab

	
11.67 ± 1.52 a

	
-

	
-




	
LuP 4/20A

	
21.75 ± 1.50 bd

	
12.33 ± 2.08 ab

	
12.67 ± 0.58 ab

	
-

	
-




	
OX 3

	
11.50 ± 3.54 ac

	
-

	
-

	
-

	
-




	
COT 1

	
10.67 ± 1.53 c

	
-

	
-

	
-

	
-




	
4CS9

	
19.33 ± 2.52 b

	
11.00 ± 1.73 ab

	
16.67 ± 1.53 b

	
-

	
-




	
WEG 9 PEG

	
16.80 ± 1.48 ab

	
14.33 ± 2.08 b

	
14.5 ± 2.3 ab

	
-

	
-




	
Gentamycin 30 μg

	
23.00 ± 1.41 d

	
23.50 ± 0.71 c

	
22.50 ± 0.71 c

	
24.50 ± 0.71

	
22.00 ± 0.00








“-”—no growth inhibition, a,b,c,d—means sharing the same superscript letter do not differ statistically (Tukey’s test, p < 0.05).
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