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Abstract

:

Phytohormones play an important role in regulating the maturation process and the quality-related metabolite accumulation of fruits, and their concentration variation has always been concerned during fruit development. However, berry fruits, such as grape berries, are rich in a large number of secondary metabolites, which brings great challenges to the isolation and determination of hormones. In this work, we used grapes as experimental materials and proposed a solid-phase extraction (SPE) protocol to efficiently isolate multiple hormones from phenol-rich matrix using a mixture of dichloromethane, methanol and formic acid as eluent. A highly sensitive method based on ultra-high-performance liquid chromatography–tandem mass spectrometry (UHPLC-MS/MS) was developed to quantify a total of 11 plant growth regulators, including the recognized phytohormones, in grape pericarp and seed. The established method showed satisfactory precision (RSD < 11.3%) and linearity (R2 > 0.9980). The limits of detection (LOD) and the limit of quantification (LOQ) were 0.001–0.75 ng/mL and 0.004–2.5 ng/mL, respectively. The recovery for the three levels of analytes spiked ranged from 63% to 118%, and the matrix effect was between 73% and 119%. Finally, the proposed method was applied to investigate the dynamic hormone concentration in Vitis vinifera L. cv. Cabernet Sauvignon berries from different vineyards, and assess the changes in endogenous hormones in grapes after treatment with exogenous growth regulators. We found that the contents of IP, ABA and IAA in pericarp and IP, IAA, IBA and SA in seed were significantly down-regulated after 10 days of treatment with NAA concentrations of 10 mg/L and 40 mg/L. In conclusion, this method helps to elucidate the role played by phytohormones in the maturation process and the accumulation of quality-related metabolites in phenol-rich fruits.
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1. Introduction


Phytohormones are a class of structurally diverse small molecular compounds, which play an important role in plant growth, development and resistance to biological and abiotic stresses [1,2,3,4]. They are generally recognized in the following categories: abscisic acid (ABA), auxin (IAA), cytokinins (CKs), gibberellins (GAs), ethylene (ET), salicylic acid (SA), jasmonic acid (JA), brassinosteroids (BRs) and strigolactones (SL). A large number of studies have reported the functions of these hormones alone, and more and more studies have shown that there will be superimposition, promotion, antagonism and other interactions between them. This effect is called crosstalk. Examples include the complex interaction between JA and GA [5], ABA [6], SA [7], IAA [8], BR [9] and ET [10] in plant defense; the antagonism of JA and CK in the development of plant organs [11,12]; the multi-level interaction of IAA, CK and ET [13]; and the interaction between IAA and JA [14], BR and GA [15] in growth regulation. The detection of a single family of phytohormones does not provide complete information about plant status, because phytohormone responses are usually the product of an interaction network involving multiple hormones [16]. Therefore, it is important to establish a method for the detection and accurate quantification of various classes of endogenous phytohormones.



Wine is an alcoholic beverage that is fermented from fresh grapes. It is favored by consumers all over the world because of its excellent sensory quality and anti-oxidation and anti-cardio-cerebrovascular diseases effects. The quality of wine largely depends on the quality of the grape materials. The accumulation of secondary metabolites (anthocyanins, tannins, volatile substances and their precursors) during grape ripening has a direct impact on the color, taste and aroma of wine. In fact, phytohormones play an important role in regulating the ripening process and secondary metabolism of grape berries. Previous studies have shown that the application of ABA, BRs and JA on grape berries before the color transition period can promote the accumulation of phenylpropanoid metabolites [17,18,19,20,21,22]. The spraying of IAA and Forchlorfenuron (CPPU) can delay the maturation process and change the flow of phenylpropane metabolic pathways [23,24]. In addition, there is a lot of evidence from the transcriptome and metabolome that ABA can respond to environmental signals such as solar ultraviolet-B (UV-B) radiation [25], water deficit [26,27] and high temperature [28], and greatly affect the ripening and quality of grape fruits [29,30,31]. However, there is still a lack of accurate quantification of multiple phytohormones and investigation of the trends of phytohormone changes in grape berries. A sensitive method for multiple endogenous hormones can provide new insights into the accumulation and regulation of quality-related metabolites.



Phytohormones are usually present in trace amounts (usually ng/g FW) in different tissues of plants, which poses a great challenge for accurate qualitative and quantitative analysis [32]. Researchers have developed a variety of methods for the detection of phytohormones. Enzyme-linked immunosorbent assay (ELISA) and other immune assays are based on the ligand binding of the antibody to detect phytohormones with high sensitivity and specificity [33,34,35,36,37]. However, the specific recognition involved in immunoassays means that it is difficult to measure multiple types of hormones at the same time. Instead, they focus on analyzing one compound at a time [38]. Chromatographic methods, including gas chromatography (GC) and liquid chromatography (LC) connected in series with different types of mass spectrometry (MS), have excellent sensitivity and separation ability, and meet the requirements for simultaneous detection of multiple hormones in complex matrices [39,40,41,42,43]. Compared with GC-MS, LC-MS has the advantage of facilitating the analysis of thermally labile compounds and does not require derivatization, so it has become the most important method for detecting phytohormones [38,44]. In recent years, ultra-high-performance liquid chromatography combined with triple quadrupole mass spectrometry (UHPLC-QqQ-MS) has achieved great success in the fields of pharmaceutical, biochemical, food and environmental analysis. Compared with traditional HPLC-MS/MS, UHPLC-QqQ-MS has higher resolution. It also has high specificity, sensitivity, accuracy and reproducibility, and is currently the most suitable method for quantification. Some methods for measuring phytohormones using UHPLC-QqQ-MS have been reported, and its advantages have been proven [38,45,46].



Isolation of phytohormones from complex matrices is a challenging work. Many sample preparation methods have been applied to enrich and purify phytohormones, including solid-phase extraction (SPE) [47,48,49,50], liquid–liquid extraction (LLE) [38,51], dispersive liquid–liquid microextraction (DLLME) [52,53,54], QuEChERS [55,56] and their mixed use. Almost all the above methods use the isotope internal standard to correct the signal loss caused by the pretreatment process and the matrix effect, which reduces the requirements on the purity of the sample. In addition, some pre-processing methods rely heavily on isotope internal standards. For example, liquid–liquid extraction methods require isotope internal standards to correct the extraction distribution coefficient [38,51], and direct injection of crude plant extracts requires isotope internal standards to compensate matrix effects [57]. The use of isotope internal standards undoubtedly makes the methods more accurate, but it cannot be ignored that isotope internal standards are expensive and not easy to obtain, which makes it difficult for most laboratories to use these methods.



Therefore, with the present study, we aimed to develop and validate an analysis method for the accurate quantification of major phytohormones in phenol-rich fruits of different periods. Specifically, we (i) optimized the chromatographic and MS/MS conditions, (ii) compared the recovery of different sample pretreatments (including sample purification and enrichment process) and (iii) selected the method with the highest recovery for validation and sample detection.




2. Materials and Methods


2.1. Chemicals and Materials


The standards including indole-3-acetic acid (IAA), indole-3-butyric acid (IBA), gibberellin A3 (GA3), N6-(2-Isopentenyl) adenine (IP), brassinolide (BL) and salicylic acid (SA) were purchased from Solarbio (Beijing, China). Abscisic acid (ABA) was from Psaitong (Beijing, China). Jasmonic acid (JA), indole-methyl acetate (MeIAA), methyl jasmonate (MeJA), methyl salicylate (MeSA) and triphenyl phosphate (TPP) were purchased from Sigma-Aldrich (St. Louis, MO, USA). HPLC-grade methanol (MeOH), acetonitrile (ACN) and dichloromethane (CH2Cl2) were purchased from Mreda (Beijing, China). HPLC-MS-grade formic acid (FA) was purchased from Thermo Fisher (Waltham, MA, USA). The Oasis HLB (3cc, 100 mg) cartridges were purchased from Waters (Milford, MA, USA). The ZORBAX Eclipse Plus C18 column (95 Å, 1.8 μm, 2.1 × 50 mm) was purchased from Agilent Technologies (Santa Clara, CA, USA).




2.2. Plant Materials


2.2.1. Method Application Materials


Vitis vinifera L. cv. Cabernet Sauvignon berries used for verification were collected from the Zhihui vineyard of Chateau Yuanshi (38°28′ N, 106°12′ E) and Tianfu vineyard of Chateau GreatWall Terroir (38°23′ N, 105°56′ E) in Yingchuan city, Ningxia, China. Both vineyards are located at the Eastern Foot of the Helan Mountains, a well-known wine-producing region in China. Grapevines were trained to a modified vertical shoot-positioned (M-VSP) spur-pruned training system. Vines were in row orientated nearly south–north and spaced at 4.0 m × 1.2 m (vine × row) in the Zhihui vineyard and at 4.0 m × 0.8 m (vine × row) in the Tianfu vineyard. In each of the two vineyards, nine rows of uniformly growing vines were selected for the experiment, and every three rows were used as a set of biological replicates. We collected grape berries at −10, 0, 10, 20, 30, 40, 50 and 57 days after 50% color change (véraison), a total of eight growth and development stages. The sample collection time was concentrated from 8 a.m. to 10 a.m., and 300 berries were randomly collected for each biological replicate. Fifty berries were used for the physicochemical index analysis, and the rest were frozen in liquid nitrogen and stored at −80 °C until analysis.



1-Naphthylacetic acid (NAA) application was performed in Vitis vinifera L. cv. Cabernet Sauvignon of Zhihui vineyard of Chateau Yuanshi in 2020. 1-Naphthylacetic acid was dissolved in an aqueous solution with a concentration of 0.05% (v/v) Tween 20 to produce 10 mg/L NAA and 40 mg/L NAA solutions, named NAA10 and NAA40. The water with 0.05% (v/v) Tween 20 solution was taken as the control. When berries began to soften (E-L 34) [58], we sprayed the solution directly onto the grape berries. To avoid rapid evaporation of the solution, it was applied at sunset for two consecutive days. The berries were harvested 10 days after treatment. The basic situation of the vineyard and the way of collecting and storing grapes were the same as described in the previous paragraph.




2.2.2. Method Optimization Materials


All materials used for method optimization were Vitis vinifera L. cv. Cabernet Sauvignon of Zhihui vineyard of Chateau Yuanshi in 2020, and the grapes were collected and stored as previously described.





2.3. Physicochemical Index Analysis


A total of 50 berries were weighed and pressed manually. The total soluble solid (TSS) of the juice was measured using a pocket Brix refractometer (PAL-1, ATAGO, Tokyo, Japan).




2.4. Sample Preparation


The pericarp and seed of the grape samples were separated in liquid nitrogen and ground into fine powder using IKA A11 basic analytical mill (IKA, Koenigswinter, Germany) before use. We weighed 0.5 g grape pericarp powder or 0.2 g grape seed powder into a 5 mL centrifuge tube, added 2.5 mL 50% cold acetonitrile ACN solution and 10 μL internal standard solution (0.1 mg/L TPP solution) and mixed with the sample by vortexing for 1 min. Afterwards, the target compounds were extracted by ultrasound in an ice water bath for 15 min, and the extracts were centrifuged at 14,800× g for 5 min at 4 °C. The precipitants were extracted again by the above steps. The supernatants obtained from two extractions were combined and the volume was approximately 5 mL. Following that, the supernatant was diluted to 50 mL with water to obtain a 5% ACN mixture.



After the Oasis HLB SPE cartridges were activated by 3 mL MeOH and 3 mL water, the above extracts were loaded continuously onto the SPE column and washed with 5 mL of water. Then, all target compounds were eluted with 3 mL CH2Cl2 containing 0.5% FA and 2.5% MeOH. The SPE process was performed by a high-throughput automatic solid-phase extractor (Fotector-08HT, Raykol, Xiamen, China), and the flow rate of loading samples was kept at 3 mL/min. The flow rates of activation, washing and elution were kept at 1 mL/min.



The collected eluents were mixed with 1 mL MeOH and then concentrated to 200 μL under a gentle nitrogen flow. The final extracts were filtered through a 0.22 μm polytetrafluoroethylene membrane filter and used for ultra-high-performance liquid chromatography–tandem mass spectrometry (UHPLC-MS/MS) analysis.




2.5. UHPLC-MS/MS Conditions


All detections were performed on a 1260 Infinity II UHPLC instrument combined with a 6470B MS/MS system equipped with an Agilent jet stream electrospray ionization source (AJS-ESI, Agilent, Santa Clara, CA, USA).



The UHPLC separation was performed at 35 °C on a Zorbax Eclipse Plus C18 column (95 Å, 1.8 mm, 2.1 × 50 mm, Agilent, Santa Clara, CA, USA), with a mobile phase flow rate of 0.4 mL/min. The mobile phase was composed of (A) water containing 0.1% FA and (B) ACN containing 0.1% FA. A linear gradient elution program with the following proportions (v/v) of solvent B was applied: 0–1 min at 10%, 1–13 min from 10% to 60%, 13–14 min from 60% to 100%, 14–17 min at 100%, 17–18 min from 100% to 10% and held for 2 min post-running time, giving a total run time of 20 min. The injection volume was 3 μL.



Phytohormones were monitored by multiple reaction monitoring (MRM) in a fast-switching positive/negative mode of electrospray ionization (ESI) with different retention time windows. The ion source conditions were as follows: gas temperature, 300 °C; gas flow, 7 L/min; nebulizer, 45 psi; sheath gas temperature, 275 °C; sheath gas flow, 11 L/min; positive capillary, 4000 V; negative capillary, 3500 V; nozzle voltage, 500 V. The specific MRM parameters for each analyte and IS are listed in Table 1.



The liquid-phase conditions and ion source conditions for the method used to detect phenolic compounds are consistent with those used to detect plant hormones when checking the cleanliness of pretreated substrates. The ion pair information of anthocyanins and non-anthocyanin phenols are listed in Table S1 and Table S2, respectively.




2.6. Evaluation of Matrix Effects


Endogenous phytohormones are present at all stages of grape berry development. In the absence of blank matrix, background subtraction was used to evaluate the matrix effect. Certain quantities of hormone standards and internal standard TPP were added to the substrate, which had undergone the entire sample pretreatment process. The peak area ratio of the detected hormones to TPP was recorded as SM. The same amounts of hormone standard and internal standard were dissolved in blank solution, and the peak area ratio was denoted as S. No hormone standard was added; only the same content of internal standard was added to the matrix, and the peak area ratio was denoted as SB. The matrix effect can be calculated as (SM − SB)/S.




2.7. Evaluation of the Overall Recovery


The overall recovery was evaluated in a manner similar to that used to assess matrix effects, requiring a deduction for the background of endogenous phytohormones. Prior to the entire pre-treatment process, specific amounts of hormone standard and internal standard TPP were added to the plant material (pericarp and seed powder), and the detected peak area ratio was denoted as SR. S and SB were obtained in the same manner as described in the evaluation of matrix effects. The overall recovery rate was calculated as (SR − SB)/S.




2.8. Standard Curve


Phytohormones were quantified by establishing an external standard curve for each compound, and the concentration was calculated by the ratio of the corresponding hormone to the peak area of the internal standard. The concentrations in the standard curve were 0.1, 0.25, 0.5, 1, 2.5, 5, 10, 25, 50, 100, 250 and 500 ng/mL, and the internal standard was fixed with 500 ng/mL. The limit of detection (LOD) and quantitation (LOQ) of each analyte were calculated at the concentrations with signal-to-noise ratios equal to 3 and 10, respectively.





3. Results and Discussion


3.1. Optimization of the MS/MS Conditions


According to the structure of the compounds, the phytohormones to be tested are classified as acidic, basic and neutral. Acidic hormones include GA3, IAA, IBA, SA, JA and ABA. Alkaline hormones include IP, and neutral hormones include BL, MeIAA, MeJA and MeSA. Their chemical structures are shown in Figure S1. Because of different ionization efficiency, negative ion mode was used to detect acidic hormones, while positive ion mode was performed to test basic and neutral hormones. Standard solution comprising 11 hormones and an internal standard (TPP) of 1 μg/mL was prepared to optimize MS/MS parameters. MassHunter Optimizer Software (Agilent, Santa Clara, CA, USA) was used to obtain the best precursor ions, product ions, fragmentor voltage and college energy voltage (CE) for each analyte. The MRM parameters of 11 hormones and internal standards are listed in Table 1.




3.2. Optimization of the Chromatographic Conditions


To detect the representatives of each phytohormone family in a single injection by quickly switching ion source mode, many mobile-phase gradients were attempted. A clear separation of the compounds was finally achieved within 13 min, as shown in Figure 1. We also increased the organic solvent exposure time after this elution procedure and maintained the initial conditions for 2 min at the end to clean the column for residual high retention compounds to ensure stability with each injection. The final mobile-phase gradient is described in Section 2.5.



Previous studies have shown that the composition of the mobile phase can affect the ionization efficiency of the ion source and thus affect the analytic sensitivity [59]. Considering that ACN has a better separation effect and stronger elution ability than MeOH, ACN was selected as the organic phase. When optimizing MS/MS conditions for hormones, we found that methyl hormones could be detected only under acidic mobile-phase conditions, so water and ACN with FA concentrations of 0.01%, 0.05% and 0.1% were compared subsequently. Results from different injections showed that increased FA content in the mobile phase significantly inhibited the MS signal response of acidic hormones in negative ion mode (Figure 2). FA of 0.01% (v/v) proved to be the modifier resulting in the best sensitivity.




3.3. Optimization of Sample Pretreatment


3.3.1. Design of Sample Pretreatment


This research aimed at developing a simple-to-operate and economical pretreatment method that could be easily reproduced in different laboratories. Triphenyl phosphate is used as a single internal standard for internal calibration to replace the isotope internal standard, which is expensive and difficult to obtain [60]. Triphenyl phosphate is added to the sample before extraction to correct errors caused by solution loss during extraction and nitrogen blowing. However, different from the isotope internal standard, TPP cannot correct the instrument response under different matrices because it does not have the same structure as the analyte [60,61]. This puts forward a high requirement for the extraction and purification process in which impurities should be excluded as much as possible from final test sample.



The extraction process of phytohormones usually uses MeOH or ACN aqueous solution, but the specific proportion is a perplexing problem [62]. The increasing organic phase ratio in the extract could produce a two-sided effect: it helps to extract the neutral hormones and also extracts some of the nonpolar impurities, such as chlorophyll. Šimura and colleagues assessed the extraction effects of ACN aqueous solutions of different concentrations in detail (ranging from 0% to 100%), and found that the extraction with 50% ACN solution could obtain the most hormones and the least chlorophyll [48]. Considering that green grapes at the early developmental stage contain many chlorophylls, these pigments should be extracted as little as possible, which is conducive to reducing the matrix effect. Therefore, 50% ACN solution was selected as the extraction solvent.




3.3.2. Purification Strategy


Grapes accumulate a large amount of phenolic substances during the maturation period, including anthocyanins, flavonols and phenolic acids. Due to the high polarity of these phenolics, they will inevitably be extracted along with phytohormones during the extraction process. Therefore, the main goal of the purification process is to eliminate the phenolic substances. As mentioned in the introduction, liquid–liquid extraction (LLE) relies heavily on the correction of the extraction efficiency by the isotope internal standard. In our preliminary experiments, we used the LLE method proposed by PAN et al. [51], which could not remove anthocyanins completely.



Solid-phase extraction (SPE) has been widely used for sample purification because of its simplicity of operation, reproducibility and ease of automation. In a study of the detection of cytokinin, auxin and gibberellin in grape berry, the researchers compared the purification efficiency of eight commercially available SPE cartridges, and found that HLB cartridge had the best recovery rate for each hormone [63]. However, when using the SPE protocol mentioned in the above study (MeOH with 1% FA for elution), hormones and polyphenols were eluted at the same time. The diode array detector (DAD) showed absorption peaks at 280 nm and 520 nm (characteristic wavelength of flavonoids [64,65]) for the first 5 min of eluted substances (Figure 3C). Using the multiple reaction monitoring (MRM) mode to detect the ion transition of polyphenols, it was found that anthocyanins were present in the first 3 min, and non-anthocyanin phenolics were present in 2–5 min (Figure 3C and Tables S2 and S3). Obvious color can also be observed in the eluted solution (Figure 3A). The matrix effects of 11 hormones were investigated, and it was found that the signals of IP, GA3 and IAA all were significantly suppressed due to the co-eluting with these polyphenols (Figure 4). A similar situation was mentioned by Šimura and colleagues, who used HLB cartridges for sample purification; their SPE protocol could not effectively remove anthocyanins, either [48].



As a result, it was necessary to design an SPE protocol which could isolate hormones from polyphenols. For this purpose, two strategies were employed: (1) during the wash step, the anthocyanins are eluted out and the hormones are retained in the column; (2) during the elution step, the hormones are eluted out and the anthocyanins are retained in the column. In implementing the first strategy, we tried to use a strong polar solution mainly consisting of water and MeOH to isolate polyphenols and hormones. However, we found that elution using more than 10% MeOH aqueous solution resulted in partial loss of IP, and conversely, less than 50% MeOH aqueous solution could not completely remove anthocyanins, so this strategy was not adopted. When implementing the second strategy, we tried to use weak polar organic solvents, including acetone, ethyl acetate and dichloromethane, respectively, for the elution of hormones. We found that using dichloromethane can adequately obtain neutral and alkaline hormones (IP, BL, MeIAA, MeJA, MeSA), but cannot obtain acidic hormones (GA3, IAA, SA, ABA, IBA, JA). Meanwhile, the eluted solution contained a certain concentration of anthocyanins. Given that the HLB cartridge is a hydrophilic–lipophilic-balanced column, the pH value of the eluent will affect the retention of the compound. Therefore, FA is added to the elution solution, so that the acidic compounds can bind to H+ and transform from an ionic state to a molecular state, which can be better eluted by a weak polar solution. According to the principle of “like dissolves like”, we also considered mixing MeOH in dichloromethane to increase the polarity of the eluent, so that the strongly polar compounds, such as acidic hormones, can be better eluted. The ratio of FA and MeOH added to dichloromethane was studied (Figure 4). We found that when the eluent was dichloromethane mixed with 0.5% FA and 2.5% MeOH, phenolic compounds were successfully retained in the extraction column, whereas the targeted hormones were adequately eluted out (Figure 3 and Figure 5). On this condition, the highest recovery rate was obtained for each hormone (higher than 70%). Moreover, the purified extracts were relatively clean for the content of polyphenols in the sample, much lower than those using MeOH as eluent (Figure 3 and Table S3).




3.3.3. Enrichment Process


In the step of concentrating phytohormones, chemists prefer nitrogen blowing rather than rotary evaporation [44,52,54,63]. Carolina et al. compared these two methods, and observed that although rotary evaporation took a shorter time, the loss of the targeted hormones was twice that of nitrogen blowing [38]. In this study, nitrogen blowing was chosen as the concentration method. Conventionally, the nitrogen blowing procedure is to dry the solvent and subsequently re-dissolve it with injection solvent. However, we found that drying with nitrogen blowing resulted in the loss of various hormones to different extents, especially methyl salicylate, which lost approximately 80% possibly because of its strong volatility (Figure 5). Accordingly, we tried to blow the solvent to a final volume of 200 μL from 3 mL, and directly loaded the sample through the membrane filter prior to instrumental analysis. This enrichment process significantly increases the recovery rate of hormone methyl ester (Figure 5).



Due to the lack of solvent replacement after nitrogen blow, some hormones had bi-peaks. The main reason is the mismatch between the injection solvent (dichloromethane) and the mobile phase (water and ACN). Considering that dichloromethane volatilizes faster than MeOH during nitrogen blowing, we added 1 mL MeOH before nitrogen blowing, so that the final 200 μL solution had higher MeOH content. To the end, the purpose of solvent replacement without blowing dry was achieved. The chromatograms with and without MeOH during nitrogen blowing are shown in Figure 6.





3.4. Method Verification


3.4.1. Matrix Effect


Grape pericarp and seeds vary greatly in compound composition and content at different growth stages, resulting in different matrix effects. To ensure the applicability of the method at different growth stages, matrix effects should be tested separately. We evaluated the matrix effect of the pericarp and seed at the green fruit stage and the mature stage. As shown in Table 2, the matrix effect was in the acceptable range of 73–119%, indicating that the method is available for either green or red berry fruits.




3.4.2. Recovery and Precision


The recoveries of various hormones in grape pericarp were evaluated by adding their standards of three concentrations using the method described in Section 2.7. The recovery rates of 11 phytohormones ranged from 63% to 118% (Table 3). In fact, the recovery rates of most hormones were above 80%, which proves that the analytic method has a suitable accuracy. Apart from ABA (11.3%), the coefficients of variation for other 11 hormones were all less than 5%, indicating that this method has an acceptable precision (Table 3).




3.4.3. Linearity


The standard curves were made as described in Section 2.8. The same amount of internal standard (TPP) was added into the standard curve solution and in the detection of the sample. In the equation of linear regression (Table 4), y refers to the concentration of the hormone, and x refers to the ratio of the peak area of the hormone to the internal standard. A suitable linear relationship was attained, and the linearly dependent coefficient (R2) was greater than 0.9980. The limits of detection (LOD) were between 0.001 and 1.66 ng/mL, and the limits of quantization (LOQ) were between 0.004 and 5 ng/mL. The LOD and LOQ of IAA and IBA were too high, so we changed their detection modes. The optimization of the method was described in Section 3.5.2, and the results are presented in Table S2. By comparison, the LOD and LOQ of most hormones were lower than the current methods for detecting hormones in plants [44,53,57,63,66].





3.5. Method Application


3.5.1. Profiling Phytohormones during Grape Development from Different Vineyards


To verify the feasibility of the method developed, we tested the changes in 11 phytohormones in the pericarp and seed during the development of Cabernet Sauvignon grape berries from two vineyards (Tianfu and Zhihui). The accumulation of TSS during grape berry development was similar in these two vineyards, but at 10 days before véraison (DAV−10) and at véraison (DAV0), the grape berries from Tianfu had larger volume compared to those from Zhihui (Figure 7B). IP is closely related to the expansion of plant cells (Figure 7A,B). In grape pericarp, IP increased rapidly from the véraison stage (DAV0), and was 37-fold (Tianfu) and 11-fold (Zhihui) higher than the initial concentration at DAV20, which is consistent with the increasing fruit volume in this period (Figure 7A). IP showed a downward trend near véraison (DAV−10, 0, 10) in grape seeds, and then stabilized in the subsequent maturation process. In grape pericarp, ABA rises sharply from a lower level to a peak during the véraison period (DAV−10–DAV0), then drops rapidly within 20 days and returns to the initial lower level.



Figure 7C,D shows the changes in the content of the remaining acid hormones and methyl ester hormones. The results show significant tissue specificity for both hormonal content and dynamics throughout the growing season. The accumulation patterns of SA and JA were opposite. SA presented a higher content in grape pericarp, while JA accumulated more in seed, and their content showed a downward trend throughout the maturation. MeSA in grape pericarp decreased near the véraison period (DAV−10, 0, 10), then increased at the end of the season, while it kept decreasing in the seed. The hormones with lower content in the tissues are stable throughout the tested season, such as JA and MeJA in the pericarp and SA, GA3 and MeIAA in the seed.



The trends of hormone changes between the grape berries from Tianfu and Zhihui vineyards were similar, but there were differences in some periods. IP at DAV10 and DAV20 as well as ABA at DAV−10 in grape pericarp of Tianfu vineyard were significantly higher than those of Zhihui vineyard. This was consistent with our observation that Cabernet Sauvignon grapes in the Tianfu vineyard started the ripening process earlier. Interestingly, the MeIAA in grape pericarp showed a considerable difference between the two vineyards. In almost all periods (DAV−10, 10, 20, 30, 40, 50, 57), the grape pericarp of Tianfu vineyard accumulated more MeIAA. This will be further studied in the future.




3.5.2. Profiling Phytohormones in Grape after Exogenous Hormone Treatment


It should be noted that IAA and IBA were not detected in the samples from the two vineyards mentioned above. Considering that these are very important hormones in fruit, afterwards, we optimized the detection methods of the two hormones. The Dynamic Multiple Reaction Monitoring (dMRM) mode was adopted instead of the original MRM mode to detect IAA and IBA in the positive ion mode (Table S4). The ion transitions were IAA (176 > 130), IBA (204.1 > 186). The results show that the current LOQ of 0.16 ng/mL was 10 times lower than the original method (Table S5).



NAA is a synthetic auxin analogue, which can be used to spray grape berries before véraison to delay the maturation process [67,68,69]. In this study, we used the Cabernet Sauvignon grape berries treated with NAA 10 days prior to véraison to verify the optimized detection method. Figure 8 shows the hormone contents in the pericarp and seed 10 days after treatment, including untreated control, 10 mg/L NAA-treated (NAA10) grape berry samples and 40 mg/L NAA-treated (NAA40) grape berry samples. The results show that both concentrations of NAA treatment significantly reduced ABA levels in the pericarp, which may be due to the fact that NAA affected the biosynthesis of endogenous IAA, while the reduction in the latter caused the down-regulation of ABA synthesis gene expression [70]. This implies that the inhibition of grape berry ripening may be due to the effect of crosstalk between IAA and ABA. As expected, the IAA levels of the two treatment groups were also lower than those of the control group, which is consistent with previous findings in Arabidopsis [71]. It is speculated that there is also a feedback regulatory mechanism of auxin similar to Arabidopsis in grapes.



Interestingly, even if the seeds are not directly exposed to the NAA spraying, their hormone levels are still greatly affected. The levels of IP and IAA in the two treatment groups in the seeds are lower than those in the control group, which is consistent with the results in the pericarp. This result implies a potential antagonistic effect of NAA and IP in affecting grape pericarp and seed expansion, as well as the existence of the same feedback regulatory mechanism of auxin in seed. Different from the variation in the pericarp, the ABA level of the NAA40-treated group in the seeds was significantly higher than that of the control group and NAA10-treated group. This could accelerate the maturation of the seeds, but the reason is unknown. We speculate the existence of a signaling pathway that allows external environmental signals to be transmitted through the pericarp to the seeds to regulate their growth and developmental processes through hormonal responses.






4. Conclusions


In this work, we developed, optimized and validated a UHPLC-MS/MS method for the analysis of 11 phytohormones in grape skin and seeds. The developed UHPLC-MS/MS method efficiently isolated phytohormones from polyphenols using a one-step SPE method, providing a rapid, cost-effective and accurate option for the detection of phytohormones in phenol-rich fruits. The novel method was applied to profile phytohormones in pericarp and seed during grape development, as well as hormonal differences under different vineyard and exogenous hormone treatments. In the subsequent study, we will perform further detection experiments in grape samples from different terroirs and we will also apply the method to other phenol-rich fruits such as mulberries and cherries.
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Figure 1. Chromatographic separation of 11 hormones and an internal standard. ABA, abscisic acid; BL, brassinolide; GA3, gibberellin A3; IAA, indole-3-acetic acid; IBA, indole-3-butyric acid; JA, jasmonic acid; MeIAA, methyl indole-3-acetate; MeJA, methyl jasmonate; MeSA, methyl salicylate; SA, salicylic acid; TPP, triphenyl phosphate; IP, N6-(2-isopentenyl) adenine. 
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Figure 2. Peak area comparison of acidic hormones when using water and ACN with different contents of FA as mobile phase (n = 3). 
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Figure 3. Comparison of the elution effects of two elution solvents: MeOH (1% FA) and CH2Cl2 (2.5% MeOH, 0.5% FA). (A) The HLB cartridge before and after the elution and the sample solution after the elution using MeOH (0.1% FA) as the elution solvent. (B) The HLB cartridge before and after the elution and the sample solution after the elution using CH2Cl2 (2.5% MeOH, 0.5% FA) as the elution solvent. (C) The three chromatograms detect the sample solution shown in (A) after concentration. The first chromatogram shows the absorption at 280 nm and 520 nm in samples using UHPLC-DAD. The second chromatogram shows the targeted analysis of anthocyanins and the third chromatogram shows the targeted analysis of non-anthocyanin phenolics in samples using UHPLC-QqQ-MS. Several compounds with high peak areas are marked in the chromatogram. (D) The three chromatograms detect the sample solution shown in (B) after concentration. The first chromatogram shows the absorption at 280 nm and 520 nm in samples using UHPLC-DAD. The second chromatogram shows the targeted analysis of anthocyanins and the third chromatogram shows the targeted analysis of non-anthocyanin phenolics in samples using UHPLC-QqQ-MS. 
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Figure 4. The effect of 4 different elution on recoveries of 11 phytohormones (n = 3). 
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Figure 5. The effects of nitrogen blowing to dry and to 200 μL on recoveries of 11 phytohormones (n = 3). 
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Figure 6. The chromatograms of IP, GA3, SA and IAA in different concentration conditions (nitrogen blow with and without 1 mL MeOH). 
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Figure 7. (A,C,D) The dynamics of IP, ABA, SA, JA, GA3, MeSA, MeJA and MeIAA content in the pericarp and seed of the Cabernet Sauvignon grapes in Tianfu and Zhihui vineyards. (B) The volume of 50 grapes and total soluble solids (TSS) content. Vertical bars indicate standard error of mean (SEM) of 3 biological replicates. Different letters indicate significant differences among developmental stages (Tukey’s test, p < 0.05), and no letters indicate no significant differences. The asterisk indicates a significant difference between the two vineyards (Student’s t test, *, **, *** indicate p < 0.05, 0.01, 0.001). 
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Figure 8. Scatterplots of phytohormone contents (ng/g FW) in pericarp and seed samples of control, 10 mg/L NAA (NAA10) treated grape berry and 40 mg/L NAA (NAA40) treated grape berry. The asterisk indicates a significant difference between treatments (Holm–Sidak t test, *, **, *** indicate p < 0.05, 0.01, 0.001). 
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Table 1. The MRM parameters of 11 hormones and an internal standard.
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	Analytes
	Transition
	Fragmentor
	College Energy
	Retention Time (min)
	Polarity





	IP
	204.13 > 136
	99
	16
	2.30
	Positive



	GA3
	345.13 > 239.1
	162
	12
	3.34
	Negative



	SA
	137 > 93
	89
	20
	4.01
	Negative



	IAA
	174.1 > 130
	85
	8
	4.30
	Negative



	ABA
	263.1 > 153
	104
	8
	5.34
	Negative



	JA
	209.12 > 59.1
	118
	12
	6.47
	Negative



	IBA
	202.1 > 158
	128
	12
	6.57
	Negative



	MeIAA
	190.1 > 130
	84
	24
	6.91
	Positive



	MeSA
	153.1 > 121
	65
	16
	7.74
	Positive



	MeJA
	225.15 > 151
	95
	12
	9.45
	Positive



	BL
	481.36 > 445.4
	133
	12
	9.66
	Positive



	TPP
	327 > 215
	170
	30
	12.60
	Positive
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Table 2. Matrix effects of 11 phytohormones in the pericarp and seed of green and red grape berries (%, n = 3).
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	Phytohormones
	Green Pericarp
	Red Pericarp
	Green Seed
	Brown Seed





	IP
	80.5 ± 0.6
	80.4 ± 7.9
	79.5 ± 0.9
	73.0 ± 3.0



	GA3
	92.7 ± 2.5
	95.8 ± 5.8
	89.9 ± 2.5
	91.0 ± 3.3



	SA
	105.8 ± 4.0
	104.4 ± 8.2
	104.9 ± 4.9
	101.2 ± 5.0



	IAA
	88.3 ± 1.3
	93.6 ± 5.0
	87.2 ± 2.4
	86.5 ± 2.9



	ABA
	90.6 ± 1.1
	90.6 ± 0.5
	82.6 ± 6.0
	104.0 ± 6.6



	JA
	86.1 ± 3.4
	84.0 ± 7.9
	87.0 ± 6.5
	85.9 ± 4.5



	IBA
	88.6 ± 2.7
	85.4 ± 6.1
	83.1 ± 2.5
	87.5 ± 3.3



	MeIAA
	102.8 ± 13.6
	119.1 ± 8.5
	91.0 ± 9.5
	90.0 ± 2.8



	MeSA
	91.1 ± 1.7
	92.5 ± 7.4
	76.1 ± 2.9
	81.3 ± 5.2



	MeJA
	88.0 ± 3.6
	90.8 ± 4.4
	89.6 ± 1.6
	93.0 ± 2.5



	BL
	92.0 ± 4.0
	94.5 ± 5.5
	92.4 ± 3.2
	93.7 ± 2.8
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Table 3. Recoveries and precisions (coefficient of variation) of 11 phytohormones (%, n = 3).
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Phytohormones

	
Recovery

	
Coefficient of Variation




	
Low

	
Medium

	
High






	
IP

	
75.1 ± 6.7

	
71.6 ± 3.2

	
67.2 ± 3.5

	
4.4




	
GA3

	
91.4 ± 5.8

	
90.2 ± 1.9

	
85 ± 1.4

	
2.1




	
SA

	
110.1 ± 3.9

	
102.6 ± 2.3

	
111.4 ± 4

	
2.2




	
IAA

	
96.6 ± 1.7

	
99.1 ± 3

	
98.1 ± 1.6

	
3.0




	
ABA

	
77 ± 8.7

	
93.6 ± 10.6

	
106.1 ± 3.6

	
11.3




	
JA

	
94.4 ± 6.8

	
96.8 ± 4.2

	
118.2 ± 1.5

	
4.4




	
IBA

	
93 ± 1.5

	
97.5 ± 1.3

	
101.1 ± 1.5

	
1.3




	
MeIAA

	
84.2 ± 9.7

	
84.9 ± 3

	
110 ± 1.3

	
3.5




	
MeSA

	
79 ± 5.8

	
75.5 ± 2.3

	
63.6 ± 4.2

	
3.1




	
MeJA

	
102 ± 5.1

	
97 ± 4.6

	
91.9 ± 1.6

	
4.7




	
BL

	
101.1 ± 10.3

	
91 ± 2.7

	
88.9 ± 0.5

	
2.9
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Table 4. The calibration equations, linearly dependent coefficient (R2), linear range, limit of detection (LOD) and limit of quantization (LOQ) for 11 phytohormones.
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	Phytohormones
	Equation of Linear Regression
	R2
	Linear Range (ng/mL)
	LOD (ng/mL)
	LOQ (ng/mL)





	IP
	y = 0.6853x + 0.5383
	0.9985
	0.1–500
	0.001
	0.004



	GA3
	y = 240.3742x + 0.0169
	0.9999
	0.25–1000
	0.12
	0.39



	SA
	y = 18.8627x + 0.2129
	0.9997
	0.25–500
	0.30
	1.00



	IAA
	y = 1330.6574x + 1.1899
	0.9999
	5–1000
	1.66
	5.00



	ABA
	y = 4.0284x − 0.6548
	0.9980
	0.1–250
	0.002
	0.007



	JA
	y = 196.3287x + 0.1764
	0.9994
	0.25–500
	0.10
	0.33



	IBA
	y = 7069.2793x − 2.4675
	0.9987
	5–250
	1.60
	5.00



	MeIAA
	y = 6.0952x + 0.3178
	0.9993
	0.1–250
	0.04
	0.25



	MeSA
	y = 1016.6302x + 1.0105
	0.9982
	2.5–500
	0.75
	2.50



	MeJA
	y = 19.3897x + 0.1052
	0.9995
	0.25–250
	0.10
	0.25



	BL
	y = 79.2625x + 0.9110
	0.9999
	0.1–1000
	0.16
	0.53
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