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Abstract

:

Chrysanthemum morifolium Ramat., known as Hangbaiju (HBJ), is a high-value edible, medicinal product where the flowers are infused in hot water and drunk as tea. Its quality and efficacy are closely related to its geographical origin. Consequently, it is vulnerable to fraudulent substitution by other lower-value Chrysanthemum products. In this study, cultivation (variety and different growth stages) and isotopic fractionation between the flower, stem, and leaf were studied. Samples from four different HBJ varieties were characterized using stable isotopes (δ13C, δ15N, δ2H, δ18O, %C, and %N) across three producing regions in Zhejiang province, China. The results showed that there were no significant differences in stable isotopic compositions for different HBJ varieties, but there were significant differences for different plant tissues (flower, stem, leaf, etc.). Furthermore, the stable isotopic composition altered dramatically at different growth stages. The δ15N (r = 0.6809) and δ2H (r = 0.6102) correlations between stems and leaves (SL) and flowers (F) of HBJ were relatively good, the δ13C correlation (r = 0.2636) between SL and F was weak, but δ18O correlation (r = 0.01) had almost no correlation. A supervised multivariate statistical model (partial least squares discriminant analysis, PLS-DA) was used to discriminate three different producing regions with high accuracy (66.7%, 66.7%, and 100%, respectively). Our findings show that stable isotopes combined with multivariate statistical analysis provide an effective method for the geographical identification of HBJ.
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1. Introduction


Chrysanthemum morifolium Ramat., a perennial Asteraceae plant, is an edible, medicinal food product that is high in polysaccharides, amino acids, vitamins, and other components [1,2,3,4]. It contains anti-inflammatory, anti-oxidant, and anti-allergy properties, along with the reported ability for liver cleansing, improving eyesight, overcoming fever, and detoxification effects [5,6,7,8]. Commonly known as Hangbaiju (HBJ), it is traditionally grown in Zhejiang Province (a subtropical monsoon climate zone) [9], and it has been listed as a Chinese product of protected geographical indication (PGI). Currently, the HBJ planting area in Zhejiang Province exceeds 3000 ha, and the production yield is about 11,000 t/year [10]. HBJ from Zhejiang Province possesses a unique flavor and quality that commands greater prices than other regions, which makes it prone to market fraud and false labeling. Consequently, there is an urgent need to provide effective assurance methods to authenticate the geographical origin of HBJ.



Stable isotopes reflect the growing environment of plants and have been shown to be an effective means of origin traceability and geographical indication for high-value product protection [11,12,13,14]. Over the past decade, stable isotope analysis has evolved into one of the most important tools to fight food fraud and origin mislabeling in China, including grains [15], vegetables [16], meat [17], aquatic products [18], etc. These past studies reveal that stable isotope values of foods or agricultural products have specific values according to different origins or growing conditions.



Carbon stable isotope values (δ13C) of land plants are closely related to their photosynthesis conditions [19,20,21]. Different photosynthetic pathways (C3, C4, or CAM) cause significant variations in the δ13C values of plants [22,23,24]. Nitrogen is an essential macronutrient for crops, which usually needs to be supplemented by fertilizer application. Fertilizer type has a significant effect on the nitrogen isotopic composition (δ15N) of crops [25,26]. The δ15N values of organic nitrogen sources are higher than that of endogenous soil and chemical fertilizers, so consequently, the δ15N values of crops fertilized with organic fertilizers are higher than crops that receive chemical fertilizers or no fertilizer [27,28]. The hydrogen (δ2H) and oxygen (δ18O) isotopic compositions of agricultural crops depend on local climate conditions and geographical origins, as δ2H and δ18O values generally decrease with increasing latitude and altitude [13,29]. Meanwhile, under the influence of precipitation and irrigation, δ2H and δ18O values of plants also show certain trends related to their geographical origins, especially for δ2H values [30]. The above isotopic studies indicate that δ13C, δ15N, δ2H, and δ18O values can be regarded as suitable markers for the origin authentication of common Chinese agricultural products. Previous isotope studies of garlic [31] and rice [15] samples from different major production regions in China differ substantially. Deng et al. [32] discovered that stable isotope analysis combined with a random forest model could not only discriminate West Lake Longjing green tea from other green tea-producing regions, but also correctly identify green tea from nearby regions. These findings imply that isotope technology may be widely applied to other similar traceability and authentication studies of horticultural products.



Notably, the stable isotopic composition of plants varies according to different growth stages [33], suggesting that δ13C, δ15N, δ2H, and δ18O values could be useful markers to understand the authentication of different commercial types of HBJ products sold into the marketplace. Researchers have routinely used stable isotopes for the origin traceability of other medicinal materials, such as ginseng [34,35], cassiae semen [36], dendrobium officinale [37], and chrysanthemum [38]. However, stable isotope techniques have not yet been applied to PGI HBJ products. In this study, freshly harvested HBJ samples were investigated using stable isotopes combined with multivariate statistics to (1) characterize the stable isotopic composition of different varieties of HBJ samples from a single region; (2) assess isotopic variations of different HBJ plant tissues at different growing stages; and (3) compare the isotopic composition of HBJ flower samples from three different producing regions. The findings of this study lay the foundations for improving the geographical origin traceability of HBJ and other edible PGI medicinal products.




2. Materials and Methods


2.1. Sample Collection and Preparation


Two groups of HBJ samples were collected in Zhejiang Province. Group 1 (cultivar and tissue fractionation study) samples were an assortment of plant tissues from different HBJ varieties collected from HBJ cultivation fields in Wuyi county. Group 2 (origin study) samples comprised only flower samples collected from Wuyi, Tongxiang, and Chun’an counties, as most HBJ products are sold as flowers. A total of 147 origin-guaranteed HBJ samples were collected from both groups.



Group 1 samples consisted of four different varieties of HBJ samples collected from Wuyi, namely Zao Xiaoyangju (Zao), Jinju 2 (Jin2), Shouju 1 (Shou1), and Shouju 2 (Shou2). The sample collection period was from May to September 2018, and included different plant tissues from the ten recognized HBJ plant development stages: seedling, layering, first pinching, second pinching, flower bud stage (stem and leaf only), flower bud, early blooming flower stage (stem and leaf only), early blooming flower (EBF), mid-blooming flower stage (stem and leaf only), and mid-blooming flower (MBF).



Compound fertilizer is typically applied to HBJ plants to improve growth after the second pinching (usually in June to July). Five bunches of HBJ samples were combined at each stage to form a single sample, with three sample replicates taken at each stage for a total of 120 samples from the four varieties. In addition, another 27 HBJ samples (Group 2, only flowers) were collected from Wuyi (119°58′ E, 29°03′ N), Tongxiang (120°39′ E, 30°47′ N), and Chun’an (119°20′ E, 30°02′ N) to determine the isotopic characteristics of HBJ from different producing regions.



The altitude of HBJ planting for these three regions is roughly 200 m, and the soil type is sandy soil. The mean annual temperature for Wuyi, Tongxiang, and Chun’an (17.1, 16.5, and 17.2 °C) and mean annual precipitation (1474, 1247, and 1430 mm) were similar. All sites have subtropical monsoon climates, and the main rainfall period is primarily from March to June, with March being the coldest month and June being the warmest month.



The sampling locality information and HBJ sample types are shown in Figure 1. All samples were collected fresh, then frozen at −20 °C for 24 h, and freeze-dried in a SCIENTZ-10ND/A freeze dryer (SCIENTZ, Ningbo, China) until completely dry and ground into a fine powder using a SCIENTZ-48 grinder (SCIENTZ, Ningbo, China). The powdered HBJ was stored in a desiccator until analysis.




2.2. Stable Isotope Analysis


Group 1 HBJ tissues and Group 2 HBJ flowers were analyzed for δ13C, δ15N, δ2H, and δ18O isotopes using an elemental analyzer combined with an isotope ratio mass spectrometer (EA-IRMS). The IRMS primarily achieves stable isotope separation and ratio computation through front-end sample conversion into a gas using a high-temperature combustion furnace. The gas molecules are then ionized in the ion source, and the charged ions are separated by a magnetic field due to their different masses; finally, the intensity of an ion beam of a specific mass is measured by Faraday collection cups [31].



The δ13C and δ15N values and associated elemental content (%C and %N) of HBJ samples were determined using an EA (Isotope Cube, Elementar, Langenselbold, Germany) coupled with an IRMS (BioVision, Elementar, Langenselbold, Germany). Powdered HBJ (5.0 mg of flower, 3.5 mg of stem and leaf) was weighed into tin capsules in duplicate. Samples were combusted at 1150 °C in a combustion tube, and the gases were reduced at 850 °C in a reduction tube with a carrier gas flow (He) of 235 mL min−1 [15]. The resulting sample gases (CO2 and N2) were then separated using a CentrION diluter, and the stable isotope ratios were determined using a mass spectrometer. When CO2 is ionized in the ion source, it forms ion beams of different masses. Three Faraday cups achieved separation of ion beams with mass 44 (12C16O16O), 45 (13C16O16O, 12C17O16O), and 46 (12C18O16O, 12C17O17O, 13C17O16O), then the ratio of 13C to 12C was calculated using the Craig correction formula. Similarly, N2 was ionized to form ion beams with mass 28 (14N14N), 29 (14N15N), and 30 (15N15N, where the contribution is negligible), respectively, thus determining the value of 15N/14N.



Approximately 1.0 mg of dried, finely ground HBJ sample was weighed into silver capsules in triplicate for hydrogen and oxygen isotopes (δ2H and δ18O) and analyzed using a high-temperature EA (PYRO Cube, Elementar, Langenselbold, Germany) coupled with the IRMS (Isoprime 100, Elementar, Cheadle, UK). The H and O isotopes were analyzed at 1450 °C in a pyrolysis tube with a carrier gas flow (He) of 130 mL min−1 [15]. The samples were converted to H2 and CO, then separated using a diluter, and detected using a mass spectrometer. This MS system has two H Faraday cups, so that the ion beam with mass 2 (1H1H) and 3 (1H2H) are separated efficiently and further used to calculate the value of 2H/1H. Three Faraday cups separated the ionized CO into three ion beams of mass 28 (12C16O), 29 (13C16O, 12C17O), and 30 (12C18O, 13C17O), and the ratio of 18O to 16O was determined by the Craig formula.



Multipoint calibration was performed using commercial stable isotope reference standard materials. These included: IAEA-CH-6 (sucrose, δ13C = −10.4‰) and IAEA-N-2 (ammonium sulfate, δ15N = +20.3‰) from the International Atomic Energy Agency (IAEA) (Vienna, Austria); B2155 (protein, δ13C = −27.0‰, δ15N = +5.94‰) from Elemental Microanalysis Ltd. (Devon, UK); USGS64 (glycine, δ13C = −40.8‰, δ15N = +1.8‰), USGS40 (L-glutamic acid, δ13C = −26.4‰, δ15N = −4.5‰), USGS54 (Canadian lodgepole pine, δ2H = −150.4‰, δ18O = +17.8‰), USGS55 (Mexican ziricote, δ2H = −28.2‰, δ18O = +19.1‰), and USGS56 (δ2H = −44.0‰, δ18O = +27.23‰) from Reston Isotope Laboratory (Reston, VA, United States).



The stable isotope ratios of samples were calculated using the following equation [39,40]:


δiE = (Rsa/Rstd − 1)



(1)




where δiE represents δ13C, δ15N, δ2H, or δ18O; i is the mass number of the heavier isotope; and Rsa and Rstd represent the ratio of the relative abundance of heavy isotope to light isotope in the analytical sample and standard substances, respectively, namely 13C/12C, 15N/14N, 2H/1H, and 18O/16O. The δ value is usually expressed in units “per mil” (‰), so the value calculated in Equation (1) multiplied by 1000 is the final composition of the stable isotope [41]. The tested data were processed by the method of multipoint calibration. Analytical precisions were based on an in-house quality control HBJ sample, ≤±0.1‰ for δ13C, ±0.2‰ for δ15N, ±3‰ for δ2H, ±0.4‰ for δ18O, and ±0.1% for %C and %N.




2.3. Data Statistics and Analysis


The mean and standard deviation (SD) of each variable (δ13C, δ15N, δ2H, δ18O, %C, and %N) were calculated. Scatter plots, linear regression plots, and a heat map were created using OriginPro 2022b (OriginLab, Northampton, MA, USA). One-way ANOVA and Student’s t-tests were used to examine the significant differences between groups (p < 0.05) to use SPSS 17.0 (IBM, Armonk, NY, USA). SIMCA 14.1 (Umetrics, Umeaa, Sweden) was utilized for multivariate statistical discriminant analysis, which included unsupervised principal component analysis (PCA) and supervised partial least squares discriminant analysis (PLS-DA). The classification performance of the PLS-DA model was evaluated by sensitivity, specificity, and accuracy.



The model’s sensitivity is the ability to correctly classify the HBJ class. It is calculated according to the following [42]:


Sensitivity = TP/(TP + FN)



(2)




where TP and FN are true positive and false negative samples, respectively.



The specificity is the capacity of the model to correctly identify the samples that do not belong to the modeled class [42]:


Specificity = TN/(TN + FP)



(3)




where TN and FP are true negatives and false positives samples, respectively.



The accuracy is the proportion of correct classification [42]:


Accuracy = (TP + TN)/Total samples



(4)









3. Results and Discussion


3.1. Stable Isotopes of Different HBJ Cultivars (Single Location)


EBF and MBF flowers are two of the most common commodity types of HBJ sold in Chinese traditional medicine markets. EBF and MBF samples from four different HBJ varieties (Zao, Shou1, Shou2, and Jin2) from Wuyi county were analyzed for δ13C, δ15N, δ2H, δ18O, %C, and %N values (Table 1). δ15N, δ2H, δ18O, %C, and %N mean values were 3.0‰, −90‰, 24.0‰, 40.0%, and 2.0%, respectively. These five variables (excluding δ13C) revealed no significant differences between the four varieties.



Conversely, the δ13C values of Zao differed significantly from the other varieties. Specifically, the mean δ13C value of Zao was −28.5‰, while the other three varieties were −27.5‰. The carbon isotopic value of most terrestrial plants is strongly influenced by the photosynthetic pathway (C3, C4, and CAM) but also climatic conditions, which may account for this difference [22,23,24]. The δ13C values of the four HBJ varieties confirm them as C3 plants, as they are all within the typical C3 plant isotopic range (−35‰ to −22‰) [43].



Fertilization has a significant impact on the nitrogen isotopic composition of plants [25,26]. The δ15N values of all HBJ samples were around 3‰, indicating that the compound fertilizer applied during growth is primarily of chemical origin rather than organic fertilizer. In addition, the %N values of all samples were about 2.0%, suggesting that the protein content in all commercially edible HBJ products exceeds 10%.



The hydrogen and oxygen isotopes are connected to climate and altitude effects [13,29]. In this study, δ2H and δ18O variations among different varieties were not significant, owing to the identical planting regions and irrigation practices. Overall, there was no significant isotopic difference between the four HBJ varieties. Accordingly, the isotopic investigation of HBJ samples from different varieties proposed that varietal impact would have no effect on an origin discrimination model.




3.2. Stable Isotopes of EBF and MBF (Single Location)


Given there were no varietal isotopic differences found for Wuyi county HBJ samples, the isotopic differences between EBF and MBF from the four Wuyi cultivars were investigated. The δ13C, δ15N, δ2H, δ18O, %C, and %N values of early (EBF) and mid (MBF) blooming HBJ flower samples from Wuyi county were compared using a paired sample t-test (Table 2). δ13C was the only isotope not to show a significant difference among the two flower types, while other variables had significant differences. Although the carbon isotopic composition of specific plants can be affected by photosynthesis and climate, it is relatively stable in the same geographical location [20]. Differences between EBF and MBF follow established fractionation patterns and may be based on irrigation and plant nutrient uptake. δ15N values are affected by agricultural practices, especially fertilizer use [25]. Furthermore, plant growth also causes the fractionation of nitrogen isotopes [44]. Rainfall has the greatest influence on the isotopic composition of hydrogen and oxygen [30]. Moreover, δ18O values are also affected by plant transpiration and respiration [45]. As a result, variations in precipitation during different growth stages can cause changes in δ2H and δ18O values of plant tissues. According to the above findings, it is necessary to compare the two early and mid-blooming flowers with HBJ plant tissue sampled at different growth stages to better understand fractionation and isotopic transfer and improve origin authentication.




3.3. Stable Isotope Variations between Ten Different HBJ Growth Stages (Single Location)


HBJ goes through a lengthy process of growth and development from seedling to early blooming flower (EBF) and mid-blooming flower (MBF). Its isotopic composition (δ13C, δ15N, δ2H, and δ18O) and element content (%C and %N) may also alter to a certain extent during this process [33]. The Jin2 variety was used to investigate the impact of the growing environment on the above variables, and the results are reported in Figure 2. The entire growth procedure was separated into 10 stages or periods, which included seedling, layering, first pinching, second pinching, the flower bud stage (stem and leaf, flower bud), the EBF stage (stem and leaf, flower), and the MBF stage (stem and leaf, flower). Furthermore, aside from the influence of growth stage and environmental conditions, agricultural processes, such as fertilizer application, were also found to have an impact on the isotopic composition and element content of HBJ plants. The pink dashed line in Figure 2 separates the 10 stages or growth periods into two groups (between stages 4 and 5) based on the fertilization status of the crop (namely, fertilizer was administered after the second pinching).



Prior to fertilization, the δ15N values increase with growing time as the plant removes nutrients from the soil and fractionates nutrient 15N towards higher ratios. This is supported by decreasing %N values in the plant as the nutrient sources are absorbed and used for physiological processes during early growth. After stage 4, the application of compound fertilizer occurs, and the δ15N values stay more or less stable during the main flowering period (Figure 2a). After fertilization, the δ15N values of stems and leaves were greater than flowers, indicating that fractionation occurred as the lighter isotopes were transferred to the flowers, and the heavier isotopes were retained in the leaves and stems. This also follows the law of nitrogen synthesis and usage in plants, which states that nitrogen is acquired from the roots and fractionates between the stem, leaf, and flower [46].



The different HBJ plant tissue δ13C values from different stages tend to be more affected by light conditions [19], and only vary slightly before and after fertilization (Figure 2a). The fractionation trends for δ2H and δ18O were similar to each other in that their stable isotopic composition was greatest before fertilization, and the heavy isotope was generally enriched in seedlings (Figure 2b). Although the hydrogen and oxygen isotopic compositions of stems and leaves became more positive after fertilization, the δ2H and δ18O values of subsequent stages did not change significantly, and the isotopic compositions of flowers tended towards more positive values.



The %C was lowest in the first pinching stem samples, increased during the second pinching, and then stayed constant (Figure 2c). After the second pinching, the %N decreased to the lowest level, but increased again after fertilization (addition of nitrogen nutrients), and the %N in flowers was higher than in stems and leaves (Figure 2c). The stable isotope trends and variations of the other three HBJ varieties (Zao, Shou1, and Shou2) were similar to those of Jin2 in each period, and the corresponding results are shown in Figures S1 to S3. Nitrogen isotopes typically reflect the planting and fertilization methods of plants (farming conditions such as conventional, green, and organic), while carbon, hydrogen, and oxygen isotopes are related to geographical origin and climate conditions [16]. As the study is undertaken in the same region with similar climatic conditions and fertilization methods, the stable isotopic compositions of the four different HBJ varieties follow similar patterns.




3.4. Stable Isotopes of HBJ Stem/Leaf and Flower (Single Location)


The δ13C, δ15N, δ2H, and δ18O values of stem and leaf (SL) and flower (F) samples after fertilization (a total of 72 samples from four varieties) were compared to further explore the relationship between the isotopic composition of different HBJ tissues (Figure 3). There was a significant correlation (p < 0.01) between δ15N and δ2H in SL and F, with correlation coefficients (r) of 0.6809 (Figure 3b) and 0.6102 (Figure 3c). On the other hand, the correlation of δ13C is not significant (p > 0.05), with an r value of only 0.2636 (Figure 3a). However, there was almost no correlation between the two tissues in terms of δ18O (r = 0.01, p > 0.05) (Figure 3d). Plant carbon is mostly acquired through photosynthesis in the leaves [47], which is subsequently transferred to other tissues. Meanwhile, plant respiration emits some carbon dioxide, and the intensity of leaf respiration is quite high, resulting in a weaker δ13C correlation between SL and F. Nitrogen and hydrogen are predominantly obtained from nutrients and water absorption from the soil [30,48], respectively, and are subsequently transported through the stem to the leaves and flowers, resulting in a higher δ15N and δ2H correlations between SL and F. Water absorption and respiration are the primary sources of oxygen [30,45]. Furthermore, throughout the photosynthetic process, the leaves release oxygen, resulting in lower oxygen levels in the leaves than in flowers.



Pearson’s correlation was used to analyze each isotope variable for SL and F after fertilization (Figure 4). The correlation between δ15N in flowers and other isotopes was strong, as was the correlation between δ2H and δ18O in flowers and δ13C and δ15N in stems. Similarly, the correlation between δ2H and other isotopes in SL was also high. Since photosynthesis is related to the soil–root water use efficiency of plants, and the δ2H and δ18O values in leaves are derived from water absorption, there was also a certain correlation with δ13C values [49]. The isotope correlation of various tissues is important to understand the elemental metabolism in various plant tissues, such as nitrogen absorption, distribution, and fractionation. Most nitrogen in plants is absorbed from the soil and then transported to various tissues after absorption. δ15N values showed multiple correlations in this study, supporting the metabolic process of transporting nitrogen into cells of multiple plant tissues [48].




3.5. Geographical Authentication of HBJ Samples from Three Different Producing Regions


A final study was undertaken to examine HBJ flower samples (MBF only) that are sold as traditional medicine. Initial results showed that there was little to no isotopic difference for different varieties of HBJ, so all MBF samples from three regions were examined for their geographical characteristics. A total of 27 MBF samples were collected from Wuyi (WY, n = 9), Tongxiang (TX, n = 9), and Chun’an (CA, n = 9) in Zhejiang Province and analyzed using four stable isotopes: δ13C, δ15N, δ2H, and δ18O (Table 3). The results indicated that HBJ flowers showed different isotopic trends according to geographical location.



As previously mentioned, δ15N is closely related to farming practices and fertilization type [28]. The average MBF HBJ δ15N values from Wuyi, Tongxiang, and Chun’an were 1.8‰, 3.6‰, and 0.9‰, respectively, with a significant difference between origins. The use of compound fertilizers can lead to lower δ15N values, while higher δ15N values (>6‰) usually indicate the use of organic fertilizers [50,51,52], and unfertilized (natural background) soil δ15N values are generally around 4‰ to 6‰ [53]. We speculate there may be several different compound fertilizer sources used across the different regions due to lower mean δ15N values and the range of δ15N values across the three regions. The mean δ15N value of Chun’an HBJ was close to 0‰, which indicates that a higher proportion of chemical fertilizer may have been used in the fertilization process.



HBJ is a C3 plant, and the δ13C values of MBF from the three regions ranged from −29.0‰ to −27.8‰, which is consistent with the literature C3 plant distribution range (−35‰ to −22‰) [43]. Mean δ2H and δ18O values of Wuyi and Tongxiang HBJ were around −70‰ and 22‰, respectively, while those from Chun’an were around −60‰ and 25‰, respectively. Carbon, hydrogen, and oxygen isotopes are influenced by a combination of local geography (latitude and altitude), climate (rainfall), light, and water source characteristics [54,55,56,57,58]. There was no significant difference in δ13C, δ2H, and δ18O values between Wuyi and Tongxiang HBJ, probably because they have similar latitudes and altitudes. δ13C, δ2H, and δ18O values in Chun’an were significantly more positive than the other two regions, which may be related to higher sunshine duration, different water sources and climate characteristics, or other complex environmental factors.



Tukey’s mean grouping suggested MBF HBJ samples grown in Wuyi, Tongxiang, and Chunan can be effectively distinguished from each other (Table 3). On this basis, an HBJ origin discrimination model was constructed using multivariate statistical analysis. Firstly, unsupervised principal component analysis (PCA) was used to process the four isotope variables to further observe the differences across regions and obtain eigenvalues and variance contribution rates of each component (Table S1). Meanwhile, the principal component scores were plotted, which presents the preliminary classification results for MBF HBJ samples from different regions (Figure 5). Previous PCA studies have revealed that the first two or three components indicate the main influencing factors [59,60]. In this study, two principal components were extracted using a cumulative contribution rate > 85% as the extraction criterion [61]. The contribution rate of the first two principal components (PC1 and PC2) explained 69.9% and 18.9% of the total variance, respectively, and the cumulative contribution rate reached 88.8% (Table S1). In general, the PCA results revealed that MBF HBJ samples from Chun’an could be completely separated from the other two regions. However, the MBF HBJ samples from Wuyi and Tongxiang overlapped, making it harder to completely distinguish these origins. Thus, a PLS-DA model with a supervised algorithm was applied to improve the origin discrimination analysis [53].



The loadings plot (Figure 6a) showed that Chun’an MBF HBJ samples were primarily distinguished by their δ13C, δ2H, and δ18O values, which may be related to photosynthesis and rainfall [20,30]. Moreover, Tongxiang samples were strongly influenced by δ15N, most likely due to the application and accumulation of nitrogenous fertilizers [44], suggesting that δ15N might be a suitable variable for tracing the origin of MBF HBJ from Tongxiang. The variable importance of projection (VIP, a measure of a variable’s importance in the PLS-DA model) was >1 for δ2H values and close to 1 for δ13C, δ18O, and δ15N values (Figure 6b), suggesting that they are all important variables to construct the PLS-DA model.



Geographical variables for Wuyi, Tongxiang, and Chun’an were used to discriminate HBJ origin. To build the classification model, the data set was divided into training and test sets. The training set is used to build classification rules, and the test set is used to validate the model (external validation). A total of 21 samples (seven samples from each region) were randomly selected to form the training set, and the remaining 6 samples formed the test set. The performance and prediction ability of the model were evaluated by leave-one-out cross-validation. The results obtained for the training and test set are summarized in Table 4. The cross-validation gives sensitivity and specificity to the training set in the ranges between 85.7% and 100%, showing the high performance and prediction ability of the classification model. However, the sensitivity and specificity ranged between 50% and 100% for the test set. The lower value was due to a lower number of samples in the test set and will be addressed in future research. Nevertheless, the model had a high accuracy (discriminsation rate of 100%) for the calibration set (Table 4). Furthermore, the discrimination rates (accuracy) for the test set were still 66.7%, 66.7%, and 100%, respectively. In summary, the use of a supervised model improved the origin discrimination accuracy of HBJ samples. These results confirm that stable isotopes play an important role in the origin traceability of HBJ samples, which is similar to some previous findings for other agricultural products [31,36,37].





4. Conclusions


Stable isotopes (δ13C, δ15N, δ2H, and δ18O) and elemental analysis (%C and %N) were used to characterize four varieties of HBJ from three regions (Wuyi, Tongxiang, and Chun’an) of Zhejiang province, China. Isotopic differences of HBJ flower samples from different cultivar varieties from a single region were not significant due to similar cultivar physiological responses to their growing conditions. In contrast, HBJ samples from various growth stages were shown to be significantly different, owing to the fact that the isotopic composition of different growth stages is strongly impacted by fertilizer application, irrigation water sources, climatic fluctuations, and other environmental and physiological factors. A supervised PLS-DA model was built using multi-isotopes to identify HBJ samples from three producing regions in Zhejiang and had a relatively higher accuracy (66.7%, 66.7%, and 100%, respectively). Overall, multi-isotope analysis of HBJ samples provides a viable approach for enhancing the identification and origin traceability of this edible PGI product, and will provide new applications to protect consumers and prevent fraud.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/separations10050287/s1, Figure S1: Variation characteristics of (a) δ13C and δ15N, (b) δ2H and δ18O, (c) %C and %N in Zao Hangbaiju samples at different growth stages. The stages 1 to 10 represent (1) seedling, (2) layering, (3) first pinching, (4) second pinching, (5) flower bud stage (stem and leaf only), (6) flower bud, (7) early blooming flower stage (stem and leaf only), (8) early blooming flower (9) mid blooming flower stage (stem and leaf only) and (10) mid blooming flower. Data from each stage represent the mean of three samples with standard errors. Fertilization occurs between Stages 4 and 5 (before pink dotted line). Stages 5 to 6 represents the flower bud stage (between pink to yellow dotted lines), Stages 7 to 8 represents the early blooming flower stage (between yellow to blue dotted lines), and Stages 9 to 10 represents the mid-blooming flower stage (after blue dotted line); Figure S2: Variation characteristics of (a) δ13C and δ15N, (b) δ2H and δ18O, (c) %C and %N in Shou1 Hangbaiju samples at different growth stages. The stages 1 to 10 represent (1) seedling, (2) layering, (3) first pinching, (4) second pinching, (5) flower bud stage (stem and leaf only), (6) flower bud, (7) early blooming flower stage (stem and leaf only), (8) early blooming flower (9) mid blooming flower stage (stem and leaf only) and (10) mid blooming flower. Data from each stage represent the mean of three samples with standard errors. Fertilization occurs between Stages 4 and 5 (before pink dotted line). Stages 5 to 6 represents the flower bud stage (between pink to yellow dotted lines), Stages 7 to 8 represents the early blooming flower stage (between yellow to blue dotted lines), and Stages 9 to 10 represents the mid-blooming flower stage (after blue dotted line); Figure S3: Variation characteristics of (a) δ13C and δ15N, (b) δ2H and δ18O, (c) %C and %N in Shou2 Hangbaiju samples at different growth stages. The stages 1 to 10 represent (1) seedling, (2) layering, (3) first pinching, (4) second pinching, (5) flower bud stage (stem and leaf only), (6) flower bud, (7) early blooming flower stage (stem and leaf only), (8) early blooming flower (9) mid blooming flower stage (stem and leaf only) and (10) mid blooming flower. Data from each stage represent the mean of three samples with standard errors. Fertilization occurs between Stages 4 and 5 (before pink dotted line). Stages 5 to 6 represents the flower bud stage (between pink to yellow dotted lines), Stages 7 to 8 represents the early blooming flower stage (between yellow to blue dotted lines), and Stages 9 to 10 represents the mid-blooming flower stage (after blue dotted line); Table S1: Principal component eigenvalues and variance contribution rates of four indexes of different regions of Hangbaiju.
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Figure 1. Hangbaiju sampling sites in Zhejiang Province, China. 
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Figure 2. Variation characteristics of (a) δ13C and δ15N, (b) δ2H and δ18O, and (c) %C and %N in Jin2 Hangbaiju samples at different growth stages. The stages 1 to 10 represent (1) seedling, (2) layering, (3) first pinching, (4) second pinching, (5) flower bud stage (stem and leaf only), (6) flower bud, (7) early blooming flower stage (stem and leaf only), (8) early blooming flower, (9) mid-blooming flower stage (stem and leaf only), and (10) mid-blooming flower. Data from each stage represent the mean of three samples with standard errors. Fertilization occurs between Stages 4 and 5 (before pink dotted line). Stages 5 to 6 represents the flower bud stage (between pink to yellow dotted lines), Stages 7 to 8 represents the early blooming flower stage (between yellow to blue dotted lines), and Stages 9 to 10 represents the mid-blooming flower stage (after blue dotted line). 
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Figure 3. Scatter plot correlation between (a) δ13C, (b) δ15N, (c) δ2H, and (d) δ18O of Hangbaiju stem and leaf (SL) and flower (F). 
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Figure 4. Pearson’s correlation heat map of isotopes from Hangbaiju stem and leaf (SL) and flower (F). Variables from left to right or top to bottom are δ13C, δ15N, δ2H, and δ18O of F and SL, respectively. 
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Figure 5. Stable isotope scatter plot of MBF Hangbaiju samples from different regions using principal component analysis. WY, TX, and CA represent Wuyi, Tongxiang, and Chun’an, respectively. 
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Figure 6. (a) Loadings and (b) VIP plots of PLS-DA models based on C, N, H, and O isotopes of MBF Hangbaiju samples from different regions. VIP represents the variable importance of projection, where VIP values > 1 have significant importance to the model. 
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Table 1. Stable isotope composition and element content of different Hangbaiju varieties from Wuyi county. Data represent the mean of six samples with standard errors. Different letters indicate significant differences at p < 0.05 between different varieties using Tukey’s mean grouping tests.
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	Variety (Number of Samples)
	δ13C (‰)
	δ15N (‰)
	δ2H (‰)
	δ18O (‰)
	%C
	%N





	Zao (6)
	−28.5 ± 0.5 b
	2.9 ± 0.4 a
	−91.5 ± 6.8 a
	24.6 ± 1.2 a
	40.8 ± 0.5 a
	2.1 ± 0.2 a



	Shou1 (6)
	−27.6 ± 0.5 a
	3.3 ± 0.4 a
	−92.0 ± 4.3 a
	24.2 ± 1.0 a
	40.7 ± 1.1 a
	2.1 ± 0.3 a



	Shou2 (6)
	−27.2 ± 0.3 a
	3.4 ± 0.4 a
	−91.4 ± 5.8 a
	24.2 ± 1.0 a
	40.0 ± 0.5 a
	1.8 ± 0.05 a



	Jin2 (6)
	−27.1 ± 0.5 a
	3.2 ± 0.6 a
	−86.5 ± 6.0 a
	24.4 ± 1.2 a
	40.6 ± 1.2 a
	2.1 ± 0.3 a
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Table 2. Stable isotopic composition and element content of Hangbaiju early blooming flower (EBF) or mid-blooming flower (MBF) from Wuyi county. Data represent the mean of 12 samples with standard errors. The tcalc and tcriti values represent the calculated and critical t-value of each variable, respectively. The tcriti value (0.05, 0.05, 12) = 2.179, when |tcalc| > tcriti, indicating the stable isotopic composition of these two flower types is significantly different.






Table 2. Stable isotopic composition and element content of Hangbaiju early blooming flower (EBF) or mid-blooming flower (MBF) from Wuyi county. Data represent the mean of 12 samples with standard errors. The tcalc and tcriti values represent the calculated and critical t-value of each variable, respectively. The tcriti value (0.05, 0.05, 12) = 2.179, when |tcalc| > tcriti, indicating the stable isotopic composition of these two flower types is significantly different.





	Variable (Number of Samples)
	EBF
	MBF
	tcalc
	p Value





	%C (12)
	41.0 ± 0.9
	40.0 ± 0.5
	4.529
	p < 0.01



	%N (12)
	2.2 ± 0.2
	1.9 ± 0.1
	5.524
	p < 0.01



	δ13C (‰) (12)
	−27.3 ± 0.6
	−27.9 ± 0.7
	1.820
	p > 0.05



	δ15N (‰) (12)
	2.9 ± 0.3
	3.6 ± 0.3
	−8.232
	p < 0.01



	δ2H (‰) (12)
	−95.1 ± 3.1
	−85.6 ± 3.6
	−6.378
	p < 0.01



	δ18O (‰) (12)
	23.4 ± 0.4
	25.3 ± 0.4
	−12.894
	p < 0.01
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Table 3. Stable isotope values of MBF Hangbaiju samples from different regions. Data represent the mean of nine samples with standard errors, and different letters indicate significant differences at p < 0.05 between different varieties using Tukey’s mean grouping tests.
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	Region (Number of Samples)
	δ13C (‰)
	δ15N (‰)
	δ2H (‰)
	δ18O (‰)





	Wuyi (9)
	−29.0 ± 0.3 b
	1.8 ± 0.5 b
	−70.6 ± 1.8 b
	23.0 ± 1.8 b



	Tongxiang (9)
	−28.8 ± 0.5 b
	3.6 ± 0.9 a
	−69.5 ± 2.3 b
	22.6 ± 0.7 b



	Chun’an (9)
	−27.8 ± 0.5 a
	0.9 ± 0.5 c
	−61.8 ± 1.9 a
	25.8 ± 0.9 a
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Table 4. PLS-DA model of Hangbaiju from different regions. The 1, 2, and 3 represent Wuyi, Tongxiang, and Chun’an, respectively.
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Training Set

	
Test Set




	

	
Calibration

	
Cross-Validation






	

	
1

	
2

	
3

	
1

	
2

	
3

	
1

	
2

	
3




	
Sensitivity (%)

	
100

	
100

	
100

	
85.7

	
85.7

	
100

	
50

	
50

	
100




	
Specificity (%)

	
100

	
100

	
100

	
92.9

	
100

	
92.9

	
75

	
75

	
100




	
Accuracy (%)

	
100

	
100

	
100

	
90.5

	
95.2

	
95.2

	
66.7

	
66.7

	
100
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