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Abstract

:

Celery (Apium graveolens L.) is a kind of green leaf vegetable with a large consumption demand in the food industry. It is a commonly used material in quick-frozen food stuffing such as dumplings and steamed stuffed. Fresh celery leaf blades and petioles are rich in photosynthetic pigments including chlorophyll and carotenoid, their contents are closely related to the quality of celery and its products. In order to explore the effects of freezing and thawing temperature and thawing time on the degradation of photosynthetic pigments in celery leaf blades and petioles, the changes in photosynthetic pigments during thawing storage were measured under different freezing and thawing temperatures. The results showed that lower freezing and thawing temperatures were beneficial to the preservation of photosynthetic pigments in celery leaf blades and petioles, and the loss of photosynthetic pigments enhanced with the increase in thawing temperature and thawing time. Under the cold storage condition of −80 °C, the loss rate of pigment substances can be reduced by nearly 20% compared with that of −18 °C, and −80 °C and 4 °C could be the best temperature combination of freezing and thawing. The content and degradation rate of photosynthetic pigments in celery leaf blades were higher than that in petioles during thawing, with a total chlorophyll loss rate reaching 35% during 6 to 12 h after thawing. The increase in temperature difference between freezing and thawing could aggravate the damage to the cell structure and the degradation of the pigment, as chlorophyll is more sensitive to temperature changes, and the degradation rate is significantly higher than that of carotenoids. From the perspective of delaying the degradation of photosynthetic pigments, the results of this study will provide potential references for the reasonable configuration of freezing and thawing temperatures in the process of storage and transportation of celery products.
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1. Introduction


Celery (Apium graveolens L.) is the vegetable crop of Apium in the Apiaceae family, which originated from the Mediterranean coastal area [1,2,3]. Celery is rich in nutrition with a unique flavor, and the leaves are rich in chlorophyll, carotenoids, ascorbic acid, and flavonoids, and is a typical vegetable crop with dual use as medicine and food [4,5,6]. In the Chinese diet, celery is often mixed with other ingredients as a filling to bring dishes a fresh taste and green color. In Western food, celery is often used as raw salad food to balance nutrition and refresh the palate [7]. Color is an intuitive index for evaluating the freshness of celery, which is one of the key factors for consumers to evaluate the quality of celery products [8]. Chlorophyll and carotenoids are the main photosynthetic pigments in celery and other leafy vegetables, and their content and proportion affect the color of vegetable products and the related appearance, nutritional quality, and shelf life [9]. In the process of storage and thawing of fresh celery, it is easy to degrade pigment substances due to improper control of freezing and thawing temperature and time, affecting both the appearance quality and nutritional quality of celery [10,11,12].



The petioles and leaf blades are the main edible parts of celery, which are rich in various photosynthetic pigments, and their content is positively correlated with the quality of celery and its products [13]. As the main photosynthetic pigments in celery, chlorophyll mainly exists in celery leaves in the form of chlorophyll a and chlorophyll b, and the content of chlorophyll a is about two to three times that of chlorophyll b; carotenoids are mainly accumulated in celery leaves in the form of lutein and β-carotene, and the content of lutein is about 1.5 times that of carotene [14,15,16]. Chlorophyll can be divided into chlorophyll a and chlorophyll b, and the basic structure is a magnesium porphyrin ring and chlorophyll alcohol [17]. Under high temperature, light, and sufficient oxygen, the central magnesium element of chlorophyll can be replaced by other more active metal ions to form olive green pheophytin. Many chlorophyll-degrading enzymes, such as phytoesterase, and acidic substances in plant cells can oxidize damaged chlorophyll to phytol, which is relatively stable in chemical properties and could be deeper oxidized and finally transformed into brown pyrophytin [17,18]. Carotenoids are another pigment in plants involved in photosynthesis, and there is a degree of the form and proportion of carotenoids in celery with different leaf colors. [19,20,21]. The chemical properties of lutein are more stable at room temperature, while β-carotene is more sensitive to temperature and light and is more likely to be lost during postharvest storage of vegetables [22,23].



Celery is an important leaf vegetable crop, and the main organs of the product are fresh leaf blades and petioles for processing. Its rich photosynthetic pigments are easily destroyed during processing and storage. After harvesting, the expression level of genes (AgPPH and AgPAO) regulates the synthesis of enzymes related to chlorophyll degradation in celery leaves, increasing rapidly, leading to chlorophyll degradation and leaf yellowing [24]. In spinach (Spinacia oleracea L.) quick-frozen products, frying at 160 °C for 1 min or unsuitable storage temperature (60 °C for 12 h) can cause the destruction of chlorophyll and carotenoid structures [25]. Therefore, it is very important to keep green and fresh after harvest [26,27]. In production, the storage cost of frozen vegetable food is often inversely proportional to the storage temperature and the storage time. How to maintain the color of fresh vegetables by setting reasonable storage and thawing transport temperature is one of the important problems facing the fresh food industry [28]. Low-temperature impregnation technology can use liquid refrigerant and powerful refrigeration and insulation systems to control the storage temperature at −40 °C and below, which is more common in the preservation of high commodity value ingredients and germplasm resources storage, and other fields due to the high cost of refrigeration [29]. The liquid nitrogen spray freezing method, as a cold storage method for frozen vegetable products, can rapidly reduce the central temperature of the product to about −18 °C, supplemented by post-harvest pre-crushing, vacuum deoxidation, and other treatments, and can effectively delay the loss of pigments and other nutrients in frozen leafy vegetable [30,31]. The shelf life of quick-frozen vegetable products on the market (frozen and stored below −18 °C) is generally more than 3 months and still meets food standards, but the obvious color change in leafy vegetables before the date still affects the appearance and quality [32]. In the process of quick-frozen leaf vegetable products, pigment substances have secondary losses due to freezing–thawing and light. The use of low-temperature special cold chain transportation equipment will increase the cost of leafy vegetable products [33]. How to reduce storage and transportation costs while maintaining the quality of celery has become one of the important issues in the postharvest treatment of quick-frozen celery products [34].



In order to explore the relationship between the degradation of photosynthetic pigments and freezing/thawing temperature and time in celery, the contents of chlorophyll (including chlorophyll a and chlorophyll b) and total carotenoids of leaf blades and petioles in celery were measured under different temperatures of freezing/thawing and light treatments. Then, the change trends of photosynthetic pigment contents under different treatments were compared and analyzed. The results provided some potential references for the postharvest processing of celery products.




2. Materials and Methods


2.1. Plant Materials and Growth Conditions


Celery “Ningqin 1” is the experimental material that was planted for 65 days after sowing under suitable conditions in the artificial climate growing room (area: 7.0 m × 2.5 m) of Apiaceae Vegetable Crop Laboratory, State Key Laboratory of Crop Genetics & Germplasm Enhancement and Utilization, Nanjing Agricultural University. During the growth period, the celery was planted at 25 °C 16 h at daytime, and 18 °C 8 h at night, with relative humidity of 60% to 70%, and diurnal light intensity of 300 μmol/m2/s. The organic substrate, vermiculite, and perlite (Xingnong Company, Nanjing, China) were mixed at a volume ratio of 2:2:1. The water and fertilizer supplement was carried out regularly to ensure the normal growth of celery. Three biological replicates were set up for each sampling.




2.2. Grouping Design and Treatment


Two freezing storage temperatures of −80 °C (simulate the ultra-low freezing temperature cold storage) and −18 °C (simulate the general refrigerator freezing temperature), two thawing temperatures of 4 °C (simulate the general refrigerators refrigeration temperature) and 25 °C (simulated normal room storage temperature) were designed and treated. The chlorophyll and carotenoids of the celery plant samples were extracted and determined at 0, 3, 6, 12, and 24 h after the thawing began. The samples of each group were taken from 3 celery plants. Two-factor orthogonal design method was used in this study, and the grouping design and treatment plan are shown in Table 1.




2.3. Celery Sample Collection and Freezing Storage Extraction


The celery plants with normal growth conditions and no diseases and pests were collected. Celery leaf blades and petioles were separated after washing, pre-broken into 2 to 3 mm square pieces to simulate the broken state of celery stuffing, and the celery samples of each treatment group were quickly immersed in liquid nitrogen and frozen for 30 s to simulate the quick-freezing process of frozen food. Then, the celery leaf blades and petioles of each group were divided into two equal parts and stored in freezers of −18 °C and −80 °C (limited by the actual operation of the refrigerator, the freezing temperature may have an error of ± 2 °C) ultra-low temperature refrigerator (Thermo Company, Waltham, MA, USA). Then for a period of 30 days, respectively, the obvious color differences were present in celery frozen products under different frozen temperatures.




2.4. Extraction and Determination of Photosynthetic Pigment Content


Take out the sample to be measured from the refrigerator, and quickly and accurately weigh 0.2 g of frozen celery leaf blades and petioles sample into the corresponding test tubes, respectively. Then, the group of test tubes was added with 95% ethanol 10 mL solution and stored in a dark place for 24 h away from light for pigment extraction. After the pigment was extracted, the supernatant containing the pigment was transferred to a 50 mL volume bottle. With the 95% ethanol used as blank control, the light absorption value of the extract was detected using Spectramax enzyme spectrometer at the wavelength of 665 nm, 649 nm, and 470 nm, respectively (denoted as OD665, OD649, and OD470). The extraction methods of chlorophylls and carotenoids are the same, only the determination of light absorption value and the calculation formulas of content are different [35,36]. Photosynthetic pigment absorption content was determined using Spectramax (Molecular Devices, San Jose, CA, USA). Three parallel controls were set up in each treatment group. The photosynthetic pigment content was calculated according to the relationship between the pigment content and absorbance as follows:


Ca (mg/L) = 13.95OD665 − 6.88OD649



(1)






Cb (mg/L) = 24.96OD649 − 7.32OD665



(2)






C (mg/L) = Ca + Cb



(3)






Cc (mg/L) = (1000OD470 − 2.05Ca − 114.8Cb)/245



(4)






Pigment content (mg/g) = C × V/M



(5)







In the table, Ca, Cb, C, and Cc, respectively, represent the concentrations of chlorophyll a, chlorophyll b, total chlorophyll, and total carotenoids in the extraction solution, and the relative pigment content is calculated based on the wet weight of celery frozen product.




2.5. Data Analysis


The organ’s three biological replicates were set for the determination of photosynthetic pigment content. In order to understand the significant changes in photosynthetic pigment content in celery leaves with the extension of thawing time, Duncan’s method was used to analyze the significance of difference between the experimental data of different periods. In order to understand the differential effects of different temperature treatments, thawing time, and leaf position on photosynthetic pigment degradation of celery, we select the “PCs with eigenvalues greater than 1.0” as the method of principal component analysis. Difference significance analysis is helpful to understand whether the absorbance content of pigment substances changes significantly with different test treatments, and principal component analysis can reduce the number of characteristic variables through dimensionality reduction analysis, so as to determine the one or two most representative characteristic components at this level. The significant differences in data and the principal component analysis between different treatments were analyzed using SPSS 22.0 software (IBM, Armonk, NY, USA), the significance of differences were marked with different small letters (p < 0.05). The GraphPad Prism 9.4 software (San Diego, CA, USA) was used to make the difference significance analysis bar chart and the principal component analysis charts of analysis results.





3. Results


3.1. Effects of Different Storage and Thawing Temperatures on Chlorophyll Content of Celery Leaf Blades during Thawing


During the 0 to 6 h of thawing treatment, the total chlorophyll content of the two groups frozen and stored at −80 °C was higher than that of the two groups frozen and stored at −18 °C (Figure 1 and Figure 2). During the 6 to 12 h of thawing treatment, the total chlorophyll content of each group showed an increase. Among the two experimental groups frozen and stored at −80 °C, the slope of the thawing group at 25 °C was nearly four times higher than that of the treatment group at 4 °C, which showed the most obvious abnormal increase in total chlorophyll content in each group. In the two experimental groups frozen at −18 °C, the absolute slope was similar between the groups thawing at 25 °C and 4 °C. After 24 h thawing, the total chlorophyll content of all groups decreased significantly, while the total remaining chlorophyll content of the groups −80 °C and 25 °C and −18 °C and 25 °C was more than 0.5 mg/g. The remaining content of chlorophyll in freezing at −18 °C and 4 °C group was the least, only 0.14 mg/g (Figure 1 and Figure 2).



From the perspective of total degradation rate, the maximum total loss of chlorophyll was present in the group of −18 °C and 4 °C, in which the total degradation rate of chlorophyll reached 45.4%. The minimum total loss of chlorophyll is the group of −18 °C and 25 °C, in which the total loss of chlorophyll is only 14.1% (Figure 1 and Figure 2). The changing trend of chlorophyll a and chlorophyll b contents in each treatment group was basically the same as the changing trend of total chlorophyll content in thawing time (Figure 3, Figure 4, Figure 5 and Figure 6). The composition ratio of various types of chlorophyll in leaf blades, chlorophyll a content/chlorophyll b content (Chl a/Chl b) in leaf blades was approximately 2:1 before thawing, with the similar ratio content change trend of chlorophyll during all thawing process. After 24 h of degradation, the contents of both kinds of chlorophyll decreased significantly, but their relative proportions did not change significantly (Figure 3, Figure 4, Figure 5 and Figure 6). It could be seen that in the thawing process of celery leaf blades, all kinds of chlorophyll are degraded evenly, and their content change trend is similar. The lower the temperature during storage and thawing, the lower the relative loss of chlorophyll (Figure 1, Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6).




3.2. Effects of Different Storage and Thawing Temperatures on Chlorophyll Content of Celery Petioles during Thawing


Before thawing, the total chlorophyll content of petioles in the freezing storage group at −80 °C was 0.085 mg·g−1, while that in the freezing storage group at −18 °C was 0.065 mg/g, which was 23.5% lower than that in the freezing storage group at −80 °C. From 0 to 3 h after thawing treatment, except for no obvious decrease in the total chlorophyll absorption content of the −18 °C and 25 °C group, the total chlorophyll content in each other group showed a slightly increasing trend with the maximum increase in the total chlorophyll content of the −80 °C and 4 °C group. During the 3 to 6 h of thawing treatment, except for the total chlorophyll content in the group of −18 °C and 25 °C showing an increase, the total chlorophyll content of the other groups began to decline in the group of −18 °C and 25 °C (Figure 7). The total chlorophyll content of the two groups frozen and stored at −80 °C was similar and significantly higher than that of the two groups frozen and stored at −18 °C, and the total chlorophyll content of the two groups thawed at 4 °C was higher than that of the two groups thawed at 25 °C (Figure 8). During the 6 to 12 h of thawing, the total chlorophyll content of the −18 °C and 4 °C group decreased while the second stage total chlorophyll oxidation peak in the other groups had reached. The total degradation rate of chlorophyll in the group of −18 °C and 25 °C was three times that of the group of −18 °C and 4 °C. After 24 h thawing, the peak value is reached at the group of −18 °C and 4 °C, and the final total content of chlorophyll in the other three groups was about 0.07 mg/g (Figure 7).



In the petioles of celery, the group of −18 °C and 4 °C was the proper green preservation, whose maximum total chlorophyll loss rate was 10.2%, in which the degradation speed and progress slowed down significantly compared with other groups. The degradation progress and total chlorophyll loss rate of the −18 °C and 25 °C groups were faster than those of other groups. The maximum loss rate reached 37.9%, which was nearly four times that of the group of −18 °C and 4 °C. The reduction in total chlorophyll was similar between the two groups frozen at −80 °C, but the degradation progress of the 25 °C thawing group was significantly more advanced than that of the 4 °C group (Figure 7 and Figure 8).



In each treatment group, the changing trend of chlorophyll a and chlorophyll b contents in celery petiole was basically the same as that of total chlorophyll content in thawing time (Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12). The content ratio of Chl a/Chl b in petioles of celery was approximately 2:1 before thawing, which changed to nearly 3:2 after 24 h thawing. The degradation ratio of chlorophyll a was greater than that of the chlorophyll b of the petioles. It can be seen that the anti-decomposition stability of chlorophyll b is better than that of chlorophyll a in the petiole of celery. The contribution rate to total chlorophyll gradually increases in the late thawing period (Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12).




3.3. Effects of Different Storage and Thawing Temperatures on Carotenoid Content of Celery during Thawing


In the petioles of celery, before thawing, the total carotenoid content in the freezing group at −80 °C was 0.0057 mg/g, and that in the freezing group at −18 °C was 0.0050 mg·g−1, with a small difference between the two groups (Figure 13 and Figure 14). From the beginning of thawing to 24 h, the total light absorption content of all groups had no obvious change within ±15% of the initial light absorption content (Figure 13, Figure 14, Figure 15 and Figure 16). In the leaf blades of celery, compared with the beginning and end light absorption content of carotenoids in all groups, there was no significant change in the beginning and end light absorption content of carotenoids in the other groups except for the significant increase in the group of −18 °C and 4 °C (Figure 15 and Figure 16). The degradation of carotenoids in leaf blades was significantly greater than that in petioles. The larger the temperature difference between freezing storage temperature and thawing temperature, the more significant the change in the light absorption content of carotenoids. The thawing at 4 °C group of carotenoids has a degradation rate that is higher than 25 °C. During the 0 to 12 h of thawing, the light absorption content of carotenoids in leaves and petioles showed a similar trend, and the freezing group at −80 °C was higher than that at −18 °C. After 24 h of thawing, the light absorption content of two 25 °C thawing groups in leaves was higher than the two 4 °C thawing groups, and the opposite was true in petiole (Figure 14, Figure 15 and Figure 16).




3.4. Principal Component Analysis of Celery Pigment Degradation with Different Treatment Temperature during Thawing


According to the results of the principal component analysis of celery pigment degradation with different treatment temperatures during thawing (Figure 17), components with eigenvalues > 1 were selected to obtain two or three principal components responding to celery chlorophyll degradation. For the group of −80 °C and 4 °C, the cumulative contribution rate of the first two feature eigenvalues reaches 93.97%. The contribution rate of the first principal component is 80.48%. The main photosynthetic pigment indexes were the total carotenoids of leaf blades (−0.99), the chlorophyll a content of petioles (−0.98), and the total chlorophyll of petioles (−0.96), which mainly reflected the pigment degradation in petioles of celery, and the three were positively correlated. The contribution rate of the second principal component is 13.48%. The main photosynthetic pigment indexes were the total chlorophyll (0.41), chlorophyll a (0.41), and chlorophyll b (0.40) of leaf blades, the three were positively correlated, but negatively correlated with the others, which mainly reflected the degradation of chlorophyll in leaf blades.



For the group of −80 °C and 25 °C, the cumulative contribution rate of the first two feature eigenvalues reaches 84.48%. The contribution rate of the first principal component is 53.15%. The main photosynthetic pigment indexes were the chlorophyll a content of petioles (−0.82), the chlorophyll a content of leaf blades (−0.78), and the total chlorophyll of leaf blades (−0.77), which mainly reflected the chlorophyll a degradation in celery, and the three were positively correlated. The contribution rate of the second principal component is 31.34%. The main photosynthetic pigment indexes were the chlorophyll b content (−0.71) of petioles, the content of chlorophyll b (0.64), and total chlorophyll (0.62) of leaf blades, which mainly reflected the chlorophyll b degradation in celery, which negatively correlated with the leaf blades and petioles of celery.



For the group of −18 °C and 4 °C, the cumulative contribution rate of the first two feature eigenvalues reaches 79.76%. The contribution rate of the first principal component is 47.31%. The main photosynthetic pigment indexes were the content of total chlorophyll (−1.00), chlorophyll a (−0.99), and chlorophyll b (−0.97) of leaf blades, which mainly reflected the chlorophyll degradation of leaf blades, and the three were positively correlated. The contribution rate of the second principal component is 32.46%. The main photosynthetic pigment indexes were the content of total chlorophyll (1.00), chlorophyll b (0.88), and chlorophyll a (0.87) of petioles, the three were positively correlated, which mainly reflected the chlorophyll degradation in celery petioles.



For the group of −18 °C and 25 °C, the cumulative contribution rate of the first two feature eigenvalues reaches 87.71%. The contribution rate of the first principal component is 63.62%. The main photosynthetic pigment indexes were the content of chlorophyll b (0.87) and total chlorophyll (0.84) of leaf blades, and the total chlorophyll content (0.83) of petioles, which mainly reflected the chlorophyll degradation of leaf blades, and the three were positively correlated. The contribution rate of the second principal component is 24.08%. The main photosynthetic pigment indexes were the total carotenoid content (0.67) of petioles, the content of chlorophyll a (0.65) of leaf blades, and total chlorophyll (0.55) of petioles, which reflected the pigment degradation in petioles.




3.5. Principal Component Analysis of Celery Pigment Degradation with Different Thawing Time during Thawing


According to the results of the principal component analysis of celery pigment degradation with different thawing times during thawing (Figure 18), components with eigenvalues > 1 were selected to obtain one or two principal components responding to celery chlorophyll degradation. At 0 h, the only first principal component with the contribution rate of eigenvalues reaches 95.15%. The main photosynthetic pigment indexes were the chlorophyll a content of petioles (0.99) and leaf blades (0.99), and the total chlorophyll content of leaf blades (0.99), which mainly reflected the chlorophyll degradation in celery, and the three were positively correlated.



At 3 h, the cumulative contribution rate of the first two feature eigenvalues reaches 94.76%. The contribution rate of the first principal component is 77.81%. The main photosynthetic pigment indexes were the content of chlorophyll a (0.94), total carotenoids (0.93), and total chlorophyll (0.93) of leaf blades, which mainly reflected the pigment degradation in celery leaf blades. The contribution rate of the second principal component is 16.95%. The main photosynthetic pigment indexes were the content of chlorophyll b content (0.58), total chlorophyll (0.53), and chlorophyll a (0.50) of petioles, which mainly reflected the pigment degradation in celery petioles.



For 6 h, the cumulative contribution rate of the first two feature eigenvalues reaches 93.58%. The contribution rate of the first principal component is 62.22%. The main photosynthetic pigment indexes were the content of chlorophyll b (0.90), total chlorophyll (0.88), and chlorophyll a (0.86) of petioles, which mainly reflected the chlorophyll degradation of petioles. The contribution rate of the second principal component is 31.37%. The main photosynthetic pigment indexes were the total carotenoid content (−0.76) of petioles, the chlorophyll b (−0.74), and the total chlorophyll content (−0.67) of leaf blades, the latter two are positively correlated with the former and negatively correlated with the former.



For 12 h, the only first principal component with the contribution rate of eigenvalues reached 93.34%. The main photosynthetic pigment indexes were the content of chlorophyll a (0.99), total chlorophyll (0.99), and total carotenoids (0.98) of leaf blades, which mainly reflected the pigment degradation in celery leaf blades, and the three were positively correlated.



To 24 h, the cumulative contribution rate of the first two feature eigenvalues reaches 95.70%. The contribution rate of the first principal component is 82.94%. The main photosynthetic pigment indexes were the content of chlorophyll a (0.99) and total chlorophyll (0.98) in leaf blades, and the chlorophyll b content of petioles (0.97) of petioles, which mainly reflected the chlorophyll degradation of celery. The contribution rate of the second principal component is 12.77%. The main photosynthetic pigment indexes were the total carotenoid content (0.76), the chlorophyll a (0.54), and the total chlorophyll content (0.25) of petioles, which mainly reflected the pigment degradation in celery petioles.




3.6. Principal Component Analysis of Celery Pigment Degradation of Different Leaves Parts during Thawing


According to the results of the principal component analysis of celery pigment degradation of different leaf parts during thawing (Figure 19), components with eigenvalues > 1 were selected to obtain two principal components responding to celery chlorophyll degradation. The cumulative contribution rate of the first two feature eigenvalues reaches 91.49%. The contribution rate of the first principal component is 74.44%. The main photosynthetic pigment indexes were the total chlorophyll content of petioles (0.91), the chlorophyll a content of petioles (0.90), and the total carotenoid of leaves blades (0.89), which mainly reflected the degradation of photosynthetic pigments in petioles of celery, and the three were positively correlated. The contribution rate of the second principal component is 17.05%. The main photosynthetic pigment indexes were the total carotenoid of petioles (0.64), the chlorophyll b content of leaf blades (−0.45), and the total chlorophyll content of leaf blades (−0.45), which mainly reflected the degradation of chlorophyll in leaf blades and the degradation of carotenoids in petioles, and the pigment content was negatively correlated between leaf blades and petioles of celery.





4. Discussion


4.1. Relationship between Actual Photosynthetic Pigment Content and Light Absorption Content


In this study, the content of photosynthetic pigments in each treatment group showed different trends and changes. Photosynthetic pigments in harvested celery products will continue to be degraded and oxidized, and their content will not increase [26]. In the process of chlorophyll oxidative degradation, the chlorophyll central magnesium element is replaced by other ions and converted into the primary degradation product (pheophytin or phytophytin). This kind of substance has an absorption peak at 534 nm wavelength, which partially coincides with the specific absorption wavelength range of chlorophyll that may lead to the increase in the absorption content of the sample instead of decreasing, and the decrease in the absorption content of the sample can only be achieved after further oxidation to form pyrophytin [37,38]. The increase in pigment content means the formation of primary degradation products of chlorophyll, and the absolute rise is positively correlated with the degradation rate of chlorophyll [39]. Ding and her colleagues demonstrated that the increase in light absorption content during the degradation of carotenoids may also be related to the partial coincidence of the absorption peaks of degradation products. Carotenoids contain a variety of monomers, among which β-carotene and lutein are the most abundant in celery [21]. Among them, β-carotene is easily degraded in the natural environment, and the generated volatile degradation products, such as β-damarone, geranylacetone, and β-ionone, have absorption peaks in the range of 450 to 480 nm, which could affect the light absorption content of total carotenoids at 470 nm [40]. In addition, the stability difference between carotenoid monomers is large, which is also one of the reasons for the fluctuation of its light absorption content [41]. The above results provided a possible internal cause for the abnormal increase in photosynthetic pigment absorption content found in the experiment and the reliable basis for the regular fluctuation and large amplitude of chlorophyll absorption content fluctuation larger than that of carotenoids, which was found in this experiment.




4.2. Relationship between Temperature and Photosynthetic Pigment Degradation


Temperature regulation is one of the factors that have the greatest influence on the postharvest quality of leaf vegetable products. Temperature affects the photosynthetic pigment content of leaf vegetable products by regulating the physiological state of plant cells, and the content and activity of metabolic enzymes [42,43]. Cold storage temperature can inhibit the activity of degrading enzymes in plant cells, reduce their physiological and metabolic activities, and maintain long-term stability [44]. The pre-cooling of liquid nitrogen (−196 °C) can rapidly reduce the central temperature of fresh products, inhibit the activity of enzymes related to pigment degradation and the growth and reproduction of microorganisms, and benefit from maintaining the color and nutrition of products [45]. In leafy vegetables, such as cabbage (Brassica oleracea) and lettuce (Lactuca sativa), lower storage temperature can inhibit plant respiration, transpiration, and peroxide accumulation, and extending freshness, green preservation, and shelf life [46,47]. Reasonable control of environmental factors, such as light intensity, air oxygen content, and humidity, optimization of packaging materials, adjustment of frozen particle diameter, exogenous application of plant growth regulators, and other processing methods, can effectively slow down the postharvest green loss of vegetable products [48,49]. Adopting suitable storage and thawing temperature and shortening logistics time is a cost-effective method for the preservation of leaf vegetable products [50].



The relationship between the activity of photosynthetic pigment-degrading enzymes and temperature in plant cells is an important internal factor affecting pigment degradation. In different tissues of plants, the content and activity of chlorophyll degrading enzymes are often positively correlated with the chlorophyll content [51]. At room temperature, the activity of the pheophyllin enzyme is higher than that of cold storage, which can promote chlorophyll degradation speedily [52]. Carotenoid lyase is sensitive to temperature, and drastic freeze–thaw changes can destroy its structure and inactivate it. Carotenoids are relatively stable at room temperature, thawing at room temperature is conducive to the retention of carotenoids [20]. Under the condition of low-temperature storage at 4 °C, the upregulation of carotene lyase activity can lead to the degradation of carotenoids in sweet pepper (Capsicum annuum L.), and it is unsuitable for long-term storage in cold storage [53]. In this study, we also found that the thawing temperature suitable for carotenoid preservation is often higher than that of chlorophyll, which may be due to the different sensitivity of temperature between these two kinds of photosynthetic pigment-degrading enzymes.




4.3. Relationship between Thawing Time and Photosynthetic Pigment Degradation


In addition to the temperature of storage and thawing, storage time also has a great influence on the quality of leaf vegetable products after harvest [54]. Under normal circumstances, a relatively suitable storage and thawing temperature can effectively delay the dehydration and spoilage of fresh vegetables and extend their shelf life [55]. Chlorophyll and carotenoids, as pigment substances with high content in plant leaves, are easy to be gradually oxidized to relatively stable deenzymatic chlorophyll, β-damarone and other substances during storage, resulting in the leaf color gradually changing from green to yellowish brown and gradually losing commercial value, content, and stability are strongly correlated with the shelf life of vegetable products [36,40]. Taking spinach as an example, leaf vegetable crops such as spinach (Spinacia oleracea) with fresh leaves as product organs have a rich content of chlorophyll and other photosynthetic pigments in leaves, rapid evaporation of water, and relatively short shelf life [56,57,58]. Relatively, with the same conventional cold storage conditions, carrot (Daucus carota), onion (Allium cepa), and other vegetable products with roots and stems as commercial organs can be stored for a long time because they contain almost no chlorophyll and have low evaporation without an obvious change in color [59,60]. After 24 h of thawing, the contents of various photosynthetic pigments in celery leaf blades and petioles decreased, especially the chlorophyll content in celery leaf blades. It was found in this study that photosynthetic pigments in celery leaves were degraded continuously with the extension of freezing and thawing time, and the degradation peak of leaf blades occurred at 6 to 12 h of thawing, faster than 12 to 24 h of petioles.




4.4. Relationship between Plant Parts and Photosynthetic Pigment Degradation


In addition to the differences in temperature sensitivity of different photosynthetic pigments and their degrading enzymes, the structural and biochemical differences in different parts of celery are also important factors leading to the differences in the degradation of pigment substances in celery leaf blades and petioles. The leaf is the main organ of plant photosynthesis, and its organelles are rich in photosynthetic pigments, organic acids, pigment-degrading enzymes, and other substances. When the cell structure is damaged, the increase in gene expression level related to the synthesis of degrading enzymes and the exosmosis of acidic substances can directly or indirectly destroy the cell structure and accelerate the oxidative degradation of photosynthetic pigments [46,61]. The cells of celery leaf blades contained a lot of organelles and acidic substances. The cell structure is destroyed, and the enzymatic hydrolysis and oxidation of photosynthetic pigments can be carried out simultaneously, which may be an important reason for the rapid degradation of chlorophyll in celery leaf blades [24]. The density of chloroplasts and other organelles in celery petiole cells is relatively low, the content of cellulose in the cell wall is high, and the resistance to external forces is strong. This may act to block air and inhibit pigment oxidation [62,63]. Combined with the complex changes in the pigment content of celery, it was speculated that the enzymatic hydrolysis and oxidation stages of photosynthetic pigments were caused by the differences in the tissue structure and cell physiology and biochemistry of celery leaf blades and petioles. This may be the potential reason for the obvious difference in resistance to pigment degradation between celery leaf blades and petioles. According to the experimental results, we speculated that the differences in tissue structure, water content, and metabolic activity between leaf blades and petioles of celery might be one of the important reasons for the obvious differences in storage and transportation resistance between them.





5. Conclusions


From the perspective of exploring how to rationally regulate the storage and thawing temperature of quick-frozen celery products, this study determined the content changes in photosynthetic pigments in celery leaf blades and petioles under different temperature treatment conditions during the thawing process and conducted significant analysis and principal component analysis on the test data of different treatment combinations, different thawing periods and different leaf parts. The difference selectivity analysis results showed that the loss of photosynthetic pigments increased with the extension of thawing time, and the lower freezing–thawing temperature difference was conducive to the preservation of photosynthetic pigments. The principal component analysis showed that chlorophylls were more sensitive to the thawing time, and the freezing and thawing temperature than carotenoids, with their light absorption content changing significantly. The speed of photosynthetic pigment degradation in leaf blades was faster than that in petioles. The above experimental results will provide a reference for the reasonable setting of temperature in the storage and thawing process of quick-frozen celery products, and the exploration of the internal causes of storage resistance of different kinds of photosynthetic pigments and different parts of celery leaves can also be used as the follow-up research direction.
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Figure 1. Effects of different storage and thawing temperatures on total chlorophyll content of celery leaf blades during thawing. The A, B, C, and D of the horizontal axis are the treatment groups of −80 °C and 4 °C, −80 °C and 25 °C, −18 °C and 4 °C and −18 °C and 25 °C. The error lines are three independently repeated standard errors for each group, with different letters above the error lines indicating statistically significant differences (p < 0.05). 
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Figure 2. Changes in total chlorophyll content of celery leaf blades in each treatment group with different storage and thawing temperatures during thawing. The A, B, C, and D of the drawing note are the treatment groups of −80 °C and 4 °C, −80 °C and 25 °C, −18 °C and 4 °C and −18 °C and 25 °C. The error lines are three independently repeated standard errors for each group, with different letters above the error lines indicating statistically significant differences (p < 0.05). 
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Figure 3. Effects of different storage and thawing temperatures on chlorophyll a content of celery leaf blades during thawing. The A, B, C, and D of the horizontal axis are the treatment groups of −80 °C and 4 °C, −80 °C and 25 °C, −18 °C and 4 °C, and −18 °C and 25 °C. The error lines are three independently repeated standard errors for each group, with different letters above the error lines indicating statistically significant differences (p < 0.05). 
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Figure 4. Changes in chlorophyll a content of celery leaf blades in each treatment group with different storage and thawing temperatures during thawing. The A, B, C, and D of the drawing note are the treatment groups of −80 °C and 4 °C, −80 °C and 25 °C, −18 °C and 4 °C, and −18 °C and 25 °C. The error lines are three independently repeated standard errors for each group, with different letters above the error lines indicating statistically significant differences (p < 0.05). 
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Figure 5. Effects of different storage and thawing temperatures on chlorophyll b content of celery leaf blades during thawing. The A, B, C, and D of the horizontal axis are the treatment groups of −80 °C and 4 °C, −80 °C and 25 °C, −18 °C and 4 °C, and −18 °C and 25 °C. The error lines are three independently repeated standard errors for each group, with different letters above the error lines indicating statistically significant differences (p < 0.05). 
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Figure 6. Changes in chlorophyll b content of celery leaf blades in each treatment group with different storage and thawing temperatures during thawing. The A, B, C, and D of the drawing note are the treatment groups of −80 °C and 4 °C, −80 °C and 25 °C, −18 °C and 4 °C, and −18 °C and 25 °C. The error lines are three independently repeated standard errors for each group, with different letters above the error lines indicating statistically significant differences (p < 0.05). 
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Figure 7. Effects of different storage and thawing temperatures on total chlorophyll content of celery petioles during thawing. The A, B, C, and D of the horizontal axis are the treatment groups of −80 °C and 4 °C, −80 °C and 25 °C, −18 °C and 4 °C, and −18 °C and 25 °C. The error lines are three independently repeated standard errors for each group, with different letters above the error lines indicating statistically significant differences (p < 0.05). 
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Figure 8. Changes in total chlorophyll content of celery petioles in each treatment group with different storage and thawing temperatures during thawing. The A, B, C, and D of the drawing note are the treatment groups of −80 °C and 4 °C, −80 °C and 25 °C, −18 °C and 4 °C, and −18 °C and 25 °C. The error lines are three independently repeated standard errors for each group, with different letters above the error lines indicating statistically significant differences (p < 0.05). 
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Figure 9. Effects of different storage and thawing temperatures on chlorophyll a content of celery petioles during thawing. The A, B, C, and D of the horizontal axis are the treatment groups of −80 °C and 4 °C, −80 °C and 25 °C, −18 °C and 4 °C and −18 °C and 25 °C. The error lines are three independently repeated standard errors for each group, with different letters above the error lines indicating statistically significant differences (p < 0.05). 
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Figure 10. Changes in chlorophyll a content of celery petioles in each treatment group with different storage and thawing temperatures during thawing. The A, B, C, and D of the drawing note are the treatment groups of −80 °C and 4 °C, −80 °C and 25 °C, −18 °C and 4 °C and −18 °C and 25 °C. The error lines are three independently repeated standard errors for each group, with different letters above the error lines indicating statistically significant differences (p < 0.05). 
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Figure 11. Effects of different storage and thawing temperatures on chlorophyll b content of celery petioles during thawing. The A, B, C, and D of the horizontal axis are the treatment groups of −80 °C and 4 °C, −80 °C and 25 °C, −18 °C and 4 °C, and −18 °C and 25 °C. The error lines are three independently repeated standard errors for each group, with different letters above the error lines indicating statistically significant differences (p < 0.05). 
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Figure 12. Changes in chlorophyll b content of celery petioles in each treatment group with different storage and thawing temperatures during thawing. The A, B, C, and D of the drawing note are the treatment groups of −80 °C and 4 °C, −80 °C and 25 °C, −18 °C and 4 °C, and −18 °C and 25 °C. The error lines are three independently repeated standard errors for each group, with different letters above the error lines indicating statistically significant differences (p < 0.05). 
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Figure 13. Effects of different freezing and thawing temperatures on total carotenoid content of celery leaf blades during thawing. The A, B, C, and D of the horizontal axis are the treatment groups of −80 °C and 4 °C, −80 °C and 25 °C, −18 °C and 4 °C, and −18 °C and 25 °C. The error lines are three independently repeated standard errors for each group, with different letters above the error lines indicating statistically significant differences (p < 0.05). 
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Figure 14. Changes in total carotenoid content of celery leaf blades in each treatment group with different storage and thawing temperatures during thawing. The A, B, C, and D of the drawing note are the treatment groups of −80 °C and 4 °C, −80 °C and 25 °C, −18 °C and 4 °C, and −18 °C and 25 °C. The error lines are three independently repeated standard errors for each group, with different letters above the error lines indicating statistically significant differences (p < 0.05). 
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Figure 15. Effects of different freezing and thawing temperatures on total carotenoid content of celery petioles during thawing. The A, B, C, and D of the horizontal axis are the treatment groups of −80 °C and 4 °C, −80 °C and 25 °C, −18 °C and 4 °C, and −18 °C and 25 °C. The error lines are three independently repeated standard errors for each group, with different letters above the error lines indicating statistically significant differences (p < 0.05). 
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Figure 16. Effects of different storage and thawing temperatures on total carotenoid content of celery petioles during thawing. The A, B, C, and D of the horizontal axis are the treatment groups of −80 °C and 4 °C, −80 °C and 25 °C, −18 °C and 4 °C and −18 °C and 25 °C. The error lines are three independently repeated standard errors for each group, with different letters above the error lines indicating statistically significant differences (p < 0.05). 
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Figure 17. Principal component analysis of celery pigment degradation with different treatment temperatures during thawing. In figures “loadings” on the left, “1” represents the chlorophyll a content of leaf blades, “2” represents the chlorophyll b content of leaf blades, “3” represents the total chlorophyll content of leaf blades, “4” represents the carotenoids content of leaf blades, “5” represents the chlorophyll a content of petioles, “6” represents the chlorophyll b content of petioles, “7” represents the total chlorophyll content of petioles, and “8” represents the carotenoids content of petioles. The arrows and points indicate the value and the degree of dispersion of dependent variables in each principal component respectively. 
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Figure 18. Principal component analysis of celery pigment degradation with different thawing times during thawing. In figures loadings on the left, “1” represents the chlorophyll a content of leaf blades, “2” represents the chlorophyll b content of leaf blades, “3” represents the total chlorophyll content of leaf blades, “4” represents the carotenoids content of leaf blades, “5” represents the chlorophyll a content of petioles, “6” represents the chlorophyll b content of petioles, “7” represents the total chlorophyll content of petioles, and “8” represents the carotenoids content of petioles. The arrows and points indicate the value and the degree of dispersion of dependent variables in each principal component respectively. 
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Figure 19. Principal component analysis of celery pigment degradation of different leaf parts during thawing. In figures loadings on the left, “1” represents the chlorophyll a content of leaf blades, “2” represents the chlorophyll b content of leaf blades, “3” represents the total chlorophyll content of leaf blades, “4” represents the carotenoids content of leaf blades, “5” represents the chlorophyll a content of petioles, “6” represents the chlorophyll b content of petioles, “7” represents the total chlorophyll content of petioles, and “8” represents the carotenoids content of petioles. The arrows and points indicate the value and the degree of dispersion of dependent variables in each principal component respectively. 
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Table 1. Grouping design and treatment plan.
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Freezing

Temperature

	
Thawing

Temperature

	
Measure Time and Group




	
0 h

	
3 h

	
6 h

	
12 h

	
24 h






	
−80 °C

	
4 °C

	
A1

	
A2

	
A3

	
A4

	
A5




	
25 °C

	
B1

	
B2

	
B3

	
B4

	
B5




	
−18 °C

	
4 °C

	
C1

	
C2

	
C3

	
C4

	
C5




	
25 °C

	
D1

	
D2

	
D3

	
D4

	
D5








The following text expresses the treatment in the form of “Freezing temperature and thawing temperature”, such as group A is represented as “−80 °C and 4 °C”, group B is represented as “−80 °C and 25 °C”, group C is represented as “−18 °C and 4 °C”, and group D is represented as “−18 °C and 25 °C”.
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