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Abstract

:

Cold stress caused by a low temperature is a significant threat to tea production. The application of chitosan oligosaccharide (COS) can alleviate the effect of low temperature stress on tea plants. However, how COS affects the cold stress signaling in tea plants is still unclear. In this study, we investigated the level of physiological indicators in tea leaves treated with COS, and then the molecular response to the cold stress of tea leaves treated with COS was analyzed by transcriptomics with RNA-Sequencing (RNA-Seq). The results show that the activity of superoxide dismutase (SOD) activity, peroxidase (POD) activity, content of chlorophyll and soluble sugar in tea leaves in COS-treated tea plant were significantly increased and that photosynthesis and carbon metabolism were enriched. Besides, our results suggest that COS may impact to the cold stress signaling via enhancing the photosynthesis and carbon process. Our research provides valuable information for the mechanisms of COS application in tea plants under cold stress.
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1. Introduction


The tea plant (Camellia sinensis (L.) O. Kuntze) is one of the most important commercial beverage crops in the world and an important revenue source in tea-producing countries [1]. The tea production in over 50 countries has reached over 5.95 million tons on 4.1 million hectares around the world [2]. Among them, the cultivar ‘Anji Baicha’ is a special green-revertible albino mutant widely cultivated in China, especially in Zhejiang, Hubei and Guizhou provinces, which exhibits periodic albinism during the development of young shoots [3,4]. It is rare and represent precious tea germplasm because of it special flavor, and also has high levels of total amino acids and low levels of polyphenols, which differs from conventional tea [3,4,5,6,7,8]. In addition, it has a higher commercial value than green tea [4].



The tea plant can grow in different agroclimates and adapted to optimal temperature of 18 to 30 °C and pH ranging from 4.5 to 5.5, but the thermophilic nature of tea plants confines their growth to temperate area [9,10,11]. Furthermore, tea plants that are exposed to a low temperature, such as a sudden frost in fall or early spring, may be at risk of cold stress [12]. Cold environment can adversely affect tea plants on their growth, development, and spatial distribution with decreasing yield and quality, which is one of the factors restricting the healthy development of the tea industry [13,14,15]. So, it is significant to explore the ways to improve the cold resistance of tea plants. Some studies have reported that the cold resistance of tea plant can be effectively improved by cultivating cold-resistant tea plant varieties (e.g., Fudingdabai, Shuchazao), cold acclimation of tea plant and the application of exogenous substances [16,17,18,19].



Chitosan oligosaccharide (COS) prepared from chitosan, is an environmentally friendly plant growth regulator and stress tolerance inducer [20,21,22,23,24]. Chitosan is a linear polysaccharide composed of β-1,4-glucosamines. The hydrolysis of the glycosidic chitosan chains yields oligosaccharides, including the water-soluble oligochitosan [21,22]. Chitosan and COS have a rich history of being researched for applications in agriculture, primarily for plant defense and yield increase [23,24]. As a natural biocontroller and elicitor of defense responses, COS can boost the innate ability of plants to defend themselves by stimulating secondary metabolite synthesis, and increasing the chlorophyll content and photosynthetic ability [20,21], enrich the soluble sugar in plant [25], and enhancing the activities of antioxidant enzymes [25,26,27]. COS stimulated the signaling pathways involved in disease resistance in rice [28], and its role in tobacco mosaic virus (TMV) resistance in Arabidopsis has been investigated [29]. And studies have shown that COS enhances carbon metabolism, nitrogen metabolism, photosynthesis, and defense against abiotic stress in plants [30]. As reported, COS was able to mitigate the effects of abiotic stresses in plant, including salt, cold and drought [25,26,27,31,32]. The mechanism of COS in increasing abiotic stress tolerances was summarized as: enhancing the activities of antioxidant enzymes [25], photosynthesis, and stimulate secondary metabolite synthesis [31]. For example, COS has been applied to wheat seedlings for improved chilling tolerance by enhancing antioxidant activities of superoxide dismutase (SOD) and peroxidase (POD) and increasing content of chlorophyll.



These physiological responses of plants elicited by COS are closely related to the regulation of plant gene expression. Transcriptome sequencing has been widely applied to tea plant, which is has the advantage of highly accurate, highly efficient and sensitive profiling in recent years [33]. RNA sequencing (RNA-Seq) technology for measuring transcriptomes of organisms can analyze genes related to abiotic and biotic stress responses, growth, development and metabolites [34,35,36,37], to improve our understanding of the molecular mechanism of the tea plant [13,14,15,16,38], and RNA-Seq will also be a valuable tool to reveal the role of exogenous substances in tea plant cold resistance.



Though many investigators provided valuable information to cold stress in tea plant, the action mode of COS eliciting responses to cold stress of tea plant is unclear. Therefore, in this report, we studied the effect of exogenous COS on the molecular mechanism of tea plant under low temperature stress. Herein, the physiological parameters of tea plants with and without COS-treatment were compared. The molecular response to cold resistance within tea plant was analyzed by RNA-Seq technology. This research improves the understanding of the cold resistance mechanism of COS-treated tea plant and provides important guidance for COS application under low temperature stress.




2. Materials and Methods


2.1. Plant Materials and Cold Treatments


Two-year-old albino tea cultivar (Camellia sinensis (L.) O. Kuntze cv. ‘Anji Baicha’) were used in the experiment from AnShun County, Guizhou Province, China. Additionally, the tea plants were transplanted into the plastic pot. Plants were grown in a growth chamber at the experimental of Guizhou University, Guizhou Province, China (16 h day/8 h night at 25 °C/20 °C and relative humidity of 70%). After a month, tea plants were treated with 10 mL of following elicitors by surface spraying with sterile distilled water (control, CK), or with 1.25 mL/L COS solution (COS comes from Hainan Zhengye Zhongnong High-tech Co., Ltd., Haikou, Hainan Province, China). After 24 h, the two groups of tea plants were separately maintained in a chamber at −4 and −8 °C at cold treatment for 24 h, with one group maintained under normal room temperature conditions. Three independent biological repeats were collected for each treatment. Fresh leaves from the stable stage (re-greening stage) of chlorophyll development of Anji Baicha were harvested at 24 h and frozen immediately in liquid nitrogen and stored at −80 °C for further study.




2.2. Physiological Response Assay


Physiological indexes of tea leaves (containing 1st, 2nd, 3rd leaf and old leaves), involving the activities of SOD and POD, and content of chlorophyll and soluble sugar, were determined. Additionally, the assay kits used included the SOD assay kit, the POD assay kit, the chlorophyll assay kit, the soluble sugar assay kit (Solarbio, Cat. No. BC0175, BC0095, BC0995, BC0035, respectively, Beijing, China). All assays were performed according to the manufacturer’s instructions.




2.3. cDNA Library Construction and Sequencing


We selected tea leaves from control and COS treatment on −4 °C for RNA-Seq analysis. Total RNA was extracted from tea leaves using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instruction. Poly (A) + mRNA was purified with oligo (dT) beads. The mRNA was randomly cut into short fragments using Fragmentation Buffer, which were used as a template for the short fragment mRNA, first-strand cDNA was synthesized with 6 bp random primers, and then the Buffer, dNTPs and DNA polymerase I were added to synthesize the second-strand cDNA. RNA Integrity was confirmed using 1.5% agarose gel. RNA quality was checked by a NanoDropTM OneC spectrophotometer (Thermo Fisher Scientific, New York, NY, USA). RNA qualified was measured by QubitTM RNA BR Assay Kit in Qubit® 2.0 (Life Technologies, Carlsbad, CA, USA). The cDNA library construction and Illumina sequencing of the samples were performed using a 150 bp paired-end Illumina Nova-seq 6000 (Illumina, San Diego, CA, USA) by Seqhealth Technology Co., Ltd. (Wuhan, China).




2.4. RNA-Seq Data Analysis


The raw reads were first filtered to obtain the clean reads by removing the adaptor sequences, unknown sequences “N” and low-quality reads using Trimmomatic (version 0.36). After filtering, the clean reads were mapped to the reference genome of Camellia sinensis using STATR software (version 2.5.3a).




2.5. Identification of Differentially Expressed Genes


The expression levels of each gene were calculated and normalized by the corresponding Reads Per Kilobase of transcript per Million mapped reads (RPKM). The RPKM method can eliminate the influence of gene length and sequencing amount differences on gene expression. FeatureCounts (version 1.5.1) was used to count the read numbers mapped to each gene [39]. Additionally, differentially expressed genes (DEGs) were identified with the edge R package (version 3.12.1) [40]. The resulting p-values were adjusted using Benjamini and Hochberg’s method for controlling the false discovery rate (FDR). Genes with p-value < 0.05 and a logarithm two-fold change |log2FC| > 1 were defined as DEGs.




2.6. Gene Ontology and KEGG Pathway Analysis


Gene ontology (GO) analysis and Kyoto encyclopedia of genes and genomes (KEGG) enrichment analysis of DEGs were both implemented by KEGG orthology based annotation system (KOBAS) software (version 2.1.1) with p-value < 0.05 to judge statistically significant enrichment [41].




2.7. Quantitative RT-PCR (qRT-PCR) Analysis


To verify the RNA-Seq analysis, we randomly selected five unigenes and used qRT-PCR to confirm their participation in the high-temperature reaction. RT-qPCR was conducted on ABI ViiATM 7 Real-Time PCR System (Applied Biosystems, Foster, CA, USA) using GoTaq® qPCR Master Mix (Promega, Madison, WI, USA). The PCR amplifications were consisted of 95 °C for 3 min, followed by 40 cycles of 95 °C for 15 s, 60 °C for 30 s, and then 72 °C for 30 s. Gene expression was normalized using the glyceraldehyde-3-phosphate dehydrogenase (GADPH) as an internal reference gene, and the relative changes of gene expression were calculated using the 2−ΔΔCt method. The list of primers is presented in Table S1.




2.8. Statistical Analysis


Data were expressed as the mean ± standard error, and the data were subjected to one-way analysis of variance (ANOVA) (p < 0.05) followed by a significant difference test (LSD) using SPSS statistics v17.0 (SPSS Inc., Chicago, IL, USA).





3. Results


3.1. Physiological Parameter Response to a Low Temperature


To analyze the effects of COS on tea plant growth, we measured the change in activity of SOD, and POD enzymes and content of chlorophyll, soluble sugar in COS-treated tea plant and their respond to low temperature stress, with sterile distilled water served as control. As shown in Figure 1, under a low temperature, the tea plant responds to cold stress with all the physiological parameters changed and COS-enhanced freeze protection. As in the control group, a low temperature caused increases in those physiological parameters. As shown in Figure 1A, the enzyme activity of SOD was significantly increased by 24.04% at −4 °C and 32.68% at −8 °C. Similarly, the enzyme activity of POD was significantly increased by 38.05% at −4 °C and 8.81% at −8 °C. Cold stress significantly reduced the chlorophyll content by 20.18% and 21.96% at −4 and −8 °C, respectively (Figure 1C). Moreover, soluble sugar content was significantly increased by 29.87% at −4 °C and 28.16% at −8 °C, respectively (Figure 1D). The results show that cold stress consistently increased SOD and POD activity, and soluble sugar content, when the temperature was switched from 25 °C to −4 °C or −8 °C, but POD activity was highest at −4 °C.



When exogenous COS was used, it consistently enhanced SOD and POD activities, and the soluble sugar content and chlorophyll content in the tea plant. For example, COS improved SOD activity by 11.75% at 25 °C, 25.93% at −4 °C and 9.21% at −8 °C, respectively, as compared with the control. Similarly, POD activity was enhanced by 19.91%, 19.23% and 30.09% on 25 °C, −4 °C and −8 °C, respectively.



For all the tested parameters, the effects of COS were more pronounced under cold stress. When tea plants were treated with COS combined with cold stress, SOD enhanced by 56.21% and 44.91% at −4 and −8 °C, respectively. Similarly, POD increased 37.26% and 18.04%. The content of soluble sugar also increased by 45.22% and 40.25% at −4 and −8 °C, respectively. Chlorophyll content was decreased by 13.47% and 14.99%, respectively. The results show that COS treatment consistently increased chlorophyll content, but three parameters of SOD, POD and soluble sugar were highest at −4 °C of cold stress combined with COS.




3.2. Transcriptome Sequencing and Assembly


To understand the response of the tea plant to cold stress and the effect of COS on the molecular level, we compared the transcriptomes between COS treatment and the control group at −4 °C by RNA-Seq. Replicate samples of the control group (ConT3_1/2/3) and COS-treatment group (TreT3_1/2/3) were included in this study. We obtained 5.59–6.60 million raw reads in control and 5.79–6.77 million raw reads in the COS-treatment group. After filtering and removing low-quality reads, the clean reads were limited 5.26–6.21 million and 5.45–6.34 million, respectively. Of these clean reads, the GC content was 46.46–47.21% and the Q30 values were over 98.45%. The ratio of total mapped reads between the control and COS-treatment groups was 94.69–94.90% and 94.85–95.20% for Camellia sinensis according to the Genome Database. Unique mapped reads were 91.48–92.10% in the control group and 88.02–90.66% in the COS-treatment group (Table 1).




3.3. Differentially Expressed Genes Analysis


In order to verify the correlation of gene expression level between samples, we demonstrated that the biological repeatability between samples was great through spearman correlation analysis based on the RPKM of different samples. Genes with p-value < 0.05 and |log2(Foldchange)| > 1 were defined as differentially expressed genes between control and COS. There were identified 4503 differentially expressed genes (DEGs) between the control and COS, including 1605 up-regulated and 2898 down-regulated genes in the leaves of tea plant (Figure 2 and Table S2).




3.4. Gene Ontology (GO) Annotation


The differentially expressed mRNAs were analyzed by GO enrichment, as shown in Figure 3 and Table S3. The differentially expressed genes were mostly enriched in biological process (Figure 3). In the biological process categorization, functional enrichment mainly focuses on metabolic processes and nutrient synthesis processes, such as “single-organism biosynthetic process” (GO: 0044711), “metabolic process” (GO: 0008152), “carbohydrate metabolic process” (GO: 0005975) and “carbohydrate derivative biosynthetic process” (GO: 1901137). The molecular function category includes the expression of transmembrane transporters and catalytic enzyme-related genes, such as “catalytic activity” (GO: 0003824), “transporter activity” (GO: 0005215), “transmembrane transporter activity” (GO: 0022857), and “ion transmembrane transporter activity” (GO: 0015075). Besides, “serine-type endopeptidase activity” (GO: 0004252) was mostly enriched in the molecular function category.




3.5. Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway Annotation


The KEGG enrichment scatter plot is a graphical representation of the statistical analyses that visualizes the pathway enrichment (Figure 4). The degree of KEGG enrichment was measured in terms of richness factor, p-value, and the number of genes in the pathway. The important enriched pathways with high generation, low p-value and large numbers of genes are shown in the Figure 4 and Table S4. As shown in Figure 4, these enriched pathways, including “photosynthesis” (ko00195), “carbon fixation in photosynthetic organisms” (ko00710), “photosynthesis–antenna proteins” (ko00196), “ribosome” (ko03010), “carbon metabolism” (ko01200).



Compared with the control group, 71 genes were significantly induced to up-regulated by COS treatment, including PSII, PSI, cytochrome b6/f complex, photosynthethic electron transport and F-type ATPase (Table S5). In the carbon metabolism pathway, a total of 77 genes were differentially expressed, including 52 up-regulated and 25 down-regulated (Table S6). A total of 43 genes were assigned to the plant hormone signal transduction pathway, including 16 genes that were up-regulated in auxin, abscisic acid, ethylene, salicylic acid (Table S7). These results suggest that the addition of COS at a low temperature have a complex effect on biological process and metabolism of the tea plant.




3.6. qRT-PCR Validation of Differentially Expressed Transcripts from RNA-Seq


Five transcripts were randomly selected for qRT-PCR analysis, which used to confirm validity and accuracy the RNA-Seq data. The results show that the trend of qRT-PCR is consistent with the results of RNA-Seq in Figure S1.





4. Discussion


Cold stress affects photosynthetic activities and metabolic functions in plants, which further affected growth, development, and metabolism. It has a negative effect on the yield and quality of tea. Anji Baicha is a temperature-sensitive albino tea cultivar. When the environment temperature is below 20 °C in early spring, the white shoots phenomenon will appear. After about two weeks, the plant gradually turns as green, as does those of common tea cultivars [4,5,6]. The change of leaf color was mainly due to chloroplast development in the albescent stage, the etioplast–chloroplast transition was blocked, and the accumulation of chlorophyll was inhibited under low temperature [4,5,6,7,8,37]. In this study, we chose Anji Baicha in the stable stage of chlorophyll development as a research object, the results revealed that COS could enhance antioxidant activity, increase accumulation of sugar content and chlorophyll content in tea plant. It is confirmed that COS could play an important role in improving stress tolerance of Anji Baicha.



Cold stress can cause excessive production of reactive oxygen species (ROS), disrupt the normal physiological and metabolic balance of plants, lead to the increase of membrane lipid peroxidation and damage to vital biomolecules [42,43]. Plants have evolved complex mechanisms to combat against the damage induced by ROS, including improve the antioxidant enzymes [44,45]. In this study, under cold stress, the tea plant natively reacted to protect themselves by increasing the activity of SOD and POD enzyme, and the application of COS provided external assistance plant. Chlorophyll content in COS-treated tea plant was higher than in control, which indicated that COS application mitigated the cold-induced decline in chlorophyll content. Soluble sugar can maintain the osmotic balance, and the soluble sugar in COS treated tea plant was higher than that without COS treatment, suggesting that COS can stabilize cell membrane and enhance cold resistance of plant. Those results indicated that the utilization of COS can positively affect these physiological parameters in tea plants, and beneficially regulate the natural defense system and improve growth and developmental processes of tea plants under cold stress. Moreover, this was also demonstrated in wheat seedlings where the application of COS could enhance the activities of antioxidant enzymes and the content of chlorophyll and alleviate the damage of abiotic stress in wheat [25,26,27,46]. In wheat, COS could enhance the activities of antioxidant enzymes and the content of chlorophyll, alleviate plant the damage of abiotic stress [25,26,27,46]. These differentially expressed genes indicate that the application of COS has complex effects on metabolism and signaling pathways of tea plants at low temperature. From RNA sequencing, we found that COS significantly altered the level of gene expression involved in photosynthesis and carbon metabolism under cold stress.



The up-regulated differentially expressed genes could be important for the pathology and biological processes of response to cold stress. Chlorophyll content is an important parameter frequently used to indicate chloroplast development, and which is sensitive to abiotic stresses [47]. COS can increase chlorophyll content under cold stress, which is consistent with the observations from RNA-Seq. Compared with the control group, COS treatment may increase the photosynthesis of plants by significantly up-regulating photosystem I (PSI), photosystem II (PSII)-related genes (Table S5). In the PSII core complex, PsbR is an important link, which can stabilize the assembly of the oxygen-evolving complex protein PsbP [48]. In the present study, PsbR was up-regulated, which was consistent with the action of chitosan heptamer response in wheat seedling [49]. Besides, Chlorophyll a/b-binding protein can participate in light uptake, transfer energy to the reaction centers of the photosystem I and photosystem II, and regulate the excitation energy distribution to maintain the structure of the thylakoid membrane [50], and all of 23 chlorophyll a/b-binding protein genes were also up-regulated, which can imply the recovery of photosynthesis activities by COS treatment under cold stress [51]. These results indicate that COS may enhance photosynthesis via the upregulation of related proteins to improve the cold resistance of tea plant.



In the carbon metabolism pathway, genes encoding ribulose bisphosphate carboxylase small subunit (rbcS), phosphoglycerate kinase, glyceraldehyde-3-phosphate dehydrogenase, triosephosphate isomerase were up-regulated significantly (Table S6). RbcS is one of the subunits of Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCo), and the activity of rbcS decreased to inhibit photosynthesis under cold stress [52]. This result was consistent with previous research demonstrating the application of COS to regulate the photosynthetic mechanism and carbon metabolism and thereby the plant growth [53].



During plant development, the response of plants to endogenous and environmental signals is mediated by several hormones, which are involved in almost every aspect of plant growth. For example, plants respond very quickly to auxin, including cell growth and the activation of multiple auxin-responsive genes [53]. Indole-3-acetic acid (GH3) and the ethylene receptor (ETR) were up-regulated genes in the plant hormone signal transduction pathway (Table S7). GH3 is an important response gene of auxin-responsive protein (IAA), which can encode a class of IAA-amido synthetases responsible for balancing endogenous free IAA content and plays an important role in IAA-regulated plant growth and development [54,55]. The ETR responds to ethylene and abscisic acid (ABA) signaling. ETR is the most important ethylene receptor protein in plants, and the lack of ETR will hinder the transduction of ethylene signal cascade reaction, resulting in the insensitivity to ethylene in plant [56,57,58].



The application COS can improve antioxidant enzyme activities, and the content of chlorophyll and soluble sugar. Besides, compared with the control group, the addition of COS significantly changed the photosynthesis pathway and carbon metabolism of tea plants under low temperature stress, which may contribute to COS’ ability to improve the cold tolerance of tea plants. These results may represent that COS participates in the specific regulatory mechanism related to cold adaptation in the cold resistance of Anji Baicha. As for the comparison of cold resistance between Anji Baicha and other tea plants (e.g., Xiaoxueya, Fudingdabai), we are further carrying out relevant experimental verification.




5. Conclusions


In summary, low temperature will impact the key physiological and developmental processes that determine the yield of tea. This study indicates that the utilization of COS can positively affect these physiological parameters in tea plants by improving antioxidant enzyme activities, and the content of chlorophyll and soluble sugar. Hence, COS can beneficially regulate the natural defense system and improve the growth and developmental processes of tea plants under cold stress. With transcriptome sequencing and differentially expressed genes analysis, we identified 1605 up-regulated and 2898 down-regulated genes in COS compared to the control, and photosynthesis and the carbon metabolism pathway of enrichment may play a role in the COS-improved cold resistance of a tea plant. The results may provide the foundation for further research on the regulation mechanism of COS on plant cold tolerance.








Supplementary Materials


The following are available online at https://www.mdpi.com/2073-4395/10/6/915/s1, Table S1: Primer sequences used for qRT-PCR. Table S2: The list of different expression genes. Table S3: GO enrichment list of different expression genes. Table S4: KEGG pathway enrichment list of different expression genes. Table S5: Differentially expressed genes in photosynthesis related pathway. Table S6: Differentially expressed genes in carbon metabolism pathway. Table S7: Differentially expressed genes in plant hormone signal transduction pathway. Figure S1. Verification of relative expression levels of DEGs in transcriptome date by qRT-PCR between control and COS.





Author Contributions


Y.L. conducted the experiments; Y.L., L.O. and D.J. designed and performed the experiments; Y.L., Q.Z., T.L. and R.L. analyzed the data; X.L. and L.J. conceived and supervised the project. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by science and technology project of Guizhou province ([2015]5020) and scientific research projects of major agricultural industries of Guizhou province ([2019]006).




Acknowledgments


We are grateful to Xia Zhou, Guizhou University, for the fruitful discussions and helpful comments on earlier draft.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Singh, H.R.; Hazarika, P. Biotechnological Approaches for Tea Improvement. In Biotechnological Progress and Beverage Consumption; Academic Press: Cambridge, MA, USA, 2020; pp. 111–148. [Google Scholar]

	



FAOSTAT-Food and Agriculture Organization of the United Nations Statistics Division. Available online: http://faostat3.fao.org/home/E (accessed on 31 December 2018).

	



Ma, C.L.; Chen, L.; Wang, X.; Jin, J.Q.; Ma, J.Q.; Yao, M.Z. Differential expression analysis of different albescent stages of ‘Anji Baicha’ (Camellia sinensis (L.) O. Kuntze) using cDNA microarray. Sci. Hortic. 2012, 148, 246–254. [Google Scholar] [CrossRef]

	



Du, Y.Y.; Liang, Y.R.; Wang, H.; Wang, K.R.; Lu, J.L.; Zhang, G.H.; Lin, W.P.; Li, M.; Fang, Q.Y. A study on the chemical composition of albino tea cultivars. J. Hort. Sci. Biotechnol. 2006, 81, 809–812. [Google Scholar] [CrossRef]

	



Cheng, H.; Li, S.F.; Chen, M.; Yu, F.L.; Yan, J.; Liu, Y.M.; Chen, L.A. Physiological and biochemical essence of the extraordinary characters of Anji Baicha. J. Tea Sci. 1999, 19, 87–92. [Google Scholar]

	



Du, Y.Y.; Chen, H.; Zhong, W.L.; Wu, L.Y.; Ye, J.H.; Lin, C.; Zheng, X.Q.; Lu, J.L.; Liang, Y.R. Effect of temperature on accumulation of chlorophylls and leaf ultrastructure of low temperature induced albino tea plant. Afr. J. Biotechnol. 2008, 7, 1881–1885. [Google Scholar] [CrossRef]

	



Feng, L.; Gao, M.J.; Hou, R.Y.; Hu, X.Y.; Zhang, L.; Wan, X.C.; Wei, S. Determination of quality constituents in the young leaves of albino tea cultivars. Food Chem. 2014, 155, 98–104. [Google Scholar] [CrossRef]

	



Wei, K.; Wang, L.Y.; Zhou, J.; He, W.; Zeng, J.M.; Jiang, Y.W.; Cheng, H. Comparison of catechins and purine alkaloids in albino and normal green tea cultivars (Camellia sinensis L.) by HPLC. Food Chem. 2012, 130, 720–724. [Google Scholar] [CrossRef]

	



Shen, J.; Wang, Y.; Chen, C.; Ding, Z.; Hu, J.; Zheng, C.; Li, Y. Metabolite profiling of tea (Camellia sinensis L.) leaves in winter. Sci. Hortic. 2015, 192, 1–9. [Google Scholar] [CrossRef]

	



Wang, L.; Cao, H.; Qian, W.; Yao, L.; Hao, X.; Li, N.; Yang, Y.; Wang, X. Identification of a novel bZIP transcription factor in Camellia sinensis as a negative regulator of freezing tolerance in transgenic Arabidopsis. Ann. Bot. 2017, 119, 1195–1209. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Q.W.; Li, T.Y.; Wang, Q.S.; LeCompte, J.; Harkess, R.L.; Bi, G.H. Screening tea cultivars for novel climates: Plant growth and leaf quality of Camellia sinensis cultivars grown in Mississippi, United States. Front. Plant Sci. 2020, 11, 280. [Google Scholar] [CrossRef]

	



Li, X.; Ahammed, G.; Li, Z.; Zhang, L.; Wei, J.; Yan, P.; Zhang, L.; Han, W. Freezing stress deteriorates tea quality of new flush by inducing photosynthetic inhibition and oxidative stress in mature leaves. Sci. Hortic. 2018, 230, 155–160. [Google Scholar] [CrossRef]

	



Wang, X.C.; Zhao, Q.Y.; Ma, C.L.; Zhang, Z.H.; Cao, H.L.; Kong, Y.M.; Yue, C.; Hao, X.Y.; Chen, L.; Ma, J.Q.; et al. Global transcriptome profiles of Camellia sinensis during cold acclimation. BMC Genom. 2013, 14, 415. [Google Scholar] [CrossRef] [PubMed]

	



Yin, Y.; Ma, Q.; Zhu, Z.; Cui, Q.; Chen, C.; Chen, X.; Fang, W.; Li, X. Functional analysis of CsCBF3 transcription factor in tea plant (Camellia sinensis) under cold stress. Plant Growth Regul. 2016, 80, 335–343. [Google Scholar] [CrossRef]

	



Zhang, Y.; Zhu, X.; Chen, X.; Song, C.; Zou, Z.; Wang, Z.; Wang, M.; Fang, W.; Li, X. Identification and characterization of cold-responsive microRNAs in tea plant (Camellia sinensis) and their targets using high-throughput sequencing and degradome analysis. BMC Plant Biol. 2014, 14, 271. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.J.; Zheng, L.Y.; Wang, X.C. Effect of cold acclimation and ABA on cold hardiness contents of proline in tea plants. J. Tea Sci. 2004, 24, 177–182. [Google Scholar]

	



Li, Y.Y.; Wang, X.W.; Ban, Q.Y.; Zhu, X.X.; Jiang, C.J.; Wei, C.L.; Bennetzen, J.L. Comparative transcriptomic analysis reveals gene expression associated with cold adaptation in the tea plant Camellia sinensis. BMC Genom. 2019, 20, 624. [Google Scholar] [CrossRef] [PubMed]

	



Ban, Q.Y.; Wang, X.W.; Pan, C.; Wang, Y.W.; Kong, L.; Jiang, H.G.; Xu, Y.Q.; Wang, W.Z.; Pan, Y.T.; Li, Y.Y.; et al. Comparative analysis of the response and gene regulation in cold resistant and susceptible tea plants. PLoS ONE 2017, 12, e0188514. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.H.; Yang, Y.Q.; Sun, K.; Chen, Y.; Chen, X.; Li, X.H. Exogenous Melatonin Enhances Cold, Salt and Drought Stress Tolerance by Improving Antioxidant Defense in Tea Plant (Camellia sinensis (L.) O. Kuntze). Molecules 2019, 24, 1826. [Google Scholar] [CrossRef]

	



Cabrera, J.; Wégria, G.; Onderwater, R.; González, G.; Nápoles, M.; Falcón-Rodríguez, A.; Costales, D.; Rogers, H.; Diosdado, E.; González, S.; et al. Practical use of oligosaccharins in agriculture. Acta. Hortic. 2013, 1009, 195–212. [Google Scholar] [CrossRef]

	



Kim, S.; Rajapakse, N. Enzymatic production and biological activities of chitosan oligosaccharides (COS): A review. Carbohydr. Polym. 2005, 62, 357–368. [Google Scholar] [CrossRef]

	



Yin, H.; Du, Y.G.; Zhang, J.Z. Low molecular weight and oligomeric chitosans and their bioactivities. Curr. Top. Med. Chem. 2009, 9, 1546–1559. [Google Scholar] [CrossRef]

	



Wang, M.Y.; Chen, Y.C.; Zhang, R.; Wang, W.X.; Zhao, X.M.; Du, Y.G.; Yin, H. Effects of chitosan oligosaccharides on the yield components and production quality of different wheat cultivars (Triticum aestivum L.) in Northwest China. Field Crop. Res. 2015, 172, 11–20. [Google Scholar] [CrossRef]

	



Chatelain, P.G.; Pintado, M.E.; Vasconcelos, M.W. Evaluation of chitooligosaccharide application on mineral accumulation and plant growth in Phaseolus vulgaris. Plant Sci. 2014, 215, 134–140. [Google Scholar] [CrossRef] [PubMed]

	



Zou, P.; Tian, X.Y.; Dong, B.; Zhang, C.S. Size effects of chitooligomers with certain degrees of polymerization on the chilling tolerance of wheat seedlings. Carbohydr. Polym. 2017, 160, 194–202. [Google Scholar] [CrossRef] [PubMed]

	



Ma, L.J.; Li, Y.Y.; Yu, C.M.; Wang, Y.; Li, X.M.; Li, N.; Chen, Q.; Bu, N. Alleviation of exogenous oligochitosan on wheat seedlings growth under salt stress. Protoplasma 2012, 249, 393–399. [Google Scholar] [CrossRef] [PubMed]

	



Zou, P.; Li, K.C.; Liu, S.; Xing, R.; Qin, Y.K.; Yu, H.K.; Zhao, M.M.; Li, P.C. Effect of chitooligosaccharides with different degrees of acetylation on wheat seedlings under salt stress. Carbohydr. Polym. 2015, 126, 62–69. [Google Scholar] [CrossRef] [PubMed]

	



Yang, A.M.; Yu, L.; Chen, Z.; Zhang, S.X.; Shi, J.; Zhao, X.Z.; Yang, Y.Y.; Hu, D.Y.; Song, B.A. Label-free quantitative proteomic analysis of chitosan oligosaccharide-treated rice infected with southern rice black-streaked dwarf virus. Viruses 2017, 9, 115. [Google Scholar] [CrossRef]

	



Jia, X.C.; Meng, Q.S.; Zeng, H.H.; Wang, W.X.; Yin, H. Chitosan oligosaccharide induces resistance to tobacco mosaic virus in Arabidopsis via the salicylic acid-mediated signalling pathway. Sci. Rep. 2016, 6, 26144–26155. [Google Scholar] [CrossRef]

	



Ahmed, K.; Khan, M.; Siddiqui, H.; Jahan, A. Chitosan and its oligosaccharides, a promising option for sustainable crop production-a review. Carbohydr. Polym. 2020, 227, 115331. [Google Scholar] [CrossRef]

	



Cheplick, S.; Sarkar, D.; Bhowmik, P.C.; Shetty, K. Improved resilience and metabolic response of transplanted blackberry plugs using chitosan oligosaccharide elicitor treatment. Can. J. Plant Sci. 2017, 98, 717–731. [Google Scholar] [CrossRef]

	



Zeng, D.F.; Luo, X.R. Physiological effects of chitosan coating on wheat growth and activities of protective enzyme with drought tolerance. Open J. Soil Sci. 2012, 2, 282–288. [Google Scholar] [CrossRef]

	



Hu, Z.H.; Tang, B.; Wu, Q.; Zheng, J.; Leng, P.S.; Zhang, K.Z. Transcriptome sequencing analysis reveals a difference in monoterpene biosynthesis between scented Lilium ‘Siberia’ and unscented Lilium ‘Novano’. Front. Plant Sci. 2017, 8, 1351. [Google Scholar] [CrossRef] [PubMed]

	



Wang, W.D.; Xin, H.H.; Wang, M.L.; Ma, Q.P.; Wang, L.; Kaleri, N.A.; Wang, Y.H.; Li, X.H. Transcriptomic analysis reveals the molecular mechanisms of drought-stress-induced decreases in Camellia sinensis leaf quality. Front. Plant Sci. 2016, 7, 385. [Google Scholar] [CrossRef] [PubMed]

	



Hao, X.Y.; Tang, H.; Wang, B.; Yue, C.; Wang, L.; Zeng, J.M.; Yang, Y.J.; Wang, X.C. Integrative transcriptional and metabolic analyses provide insights into cold spell response mechanisms in young shoots of the tea plant. Tree Physiol. 2018, 38, 1655–1671. [Google Scholar] [CrossRef] [PubMed]

	



Paul, A.; Jha, A.; Bhardwaj, S.; Singh, S.; Shankar, R.; Kumar, S. RNA-seq-mediated transcriptome analysis of actively growing and winter dormant shoots identifies non-deciduous habit of evergreen tree tea during winters. Sci. Rep. 2014, 4, 5932. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.F.; Xu, Y.X.; Ma, J.Q.; Jin, J.Q.; Huang, D.J.; Yao, M.Z.; Ma, C.L.; Chen, L. Biochemical and transcriptomic analyses reveal different metabolite biosynthesis profiles among three color and developmental stages in ‘Anji Baicha’ (Camellia sinensis). BMC Plant Biol. 2016, 16, 195. [Google Scholar] [CrossRef] [PubMed]

	



Wei, C.L.; Yang, H.; Wang, S.B.; Zhao, J.; Liu, C.; Gao, L.P.; Xia, E.H.; Lu, Y.; Tai, Y.L.; She, G.B.; et al. Draft genome sequence of Camellia sinensis var. sinensis provides insights into the evolution of the tea genome and tea quality. Proc. Natl. Acad. Sci. USA 2018, 115, 201719622. [Google Scholar] [CrossRef] [PubMed]

	



Liao, Y.; Smyth, G.; Shi, W. featureCounts: An efficient general-purpose program for assigning sequence reads to genomic features. Bioinformatics 2014, 30, 923–930. [Google Scholar] [CrossRef]

	



Robinson, M.; McCarthy, D.; Smyth, G. edgeR: A bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics 2010, 26, 139–140. [Google Scholar] [CrossRef]

	



Xie, C.; Mao, X.; Huang, J.; Ding, Y.; Wu, J.; Dong, S.; Kong, L.; Gao, G.; Li, C.; Wei, L. KOBAS 2.0: A web server for annotation and identification of enriched pathways and diseases. Nucleic Acids Res. 2011, 39, 316–322. [Google Scholar] [CrossRef]

	



Apel, K.; Hirt, H. Reactive oxygen species: Metabolism, oxidative stress, and signal transduction. Annu. Rev. Plant Biol. 2004, 55, 373–399. [Google Scholar] [CrossRef]

	



Gill, S.S.; Tuteja, N. Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop plants. Plant Physiol. Biochem. 2010, 48, 909–930. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.N.; Huang, M.; Cao, F.B.; Pardha-Saradhi, P.; Zou, Y.B. Urea application promotes amino acid metabolism and membrane lipid peroxidation in Azolla. PLoS ONE 2017, 12, e0185230. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, C.Z.; Zhu, C.; Fu, H.F.; Li, X.Z.; Chen, L.; Lin, Y.L.; Lai, Z.X.; Guo, Y.Q. Genome-wide investigation of superoxide dismutase (SOD) gene family and their regulatory miRNAs reveal the involvement in abiotic stress and hormone response in tea plant (Camellia sinensis). PLoS ONE 2019, 14, e0223609. [Google Scholar] [CrossRef] [PubMed]

	



Zou, P.; Li, K.C.; Liu, S.; He, X.F.; Xing, R.; Zhang, X.Q.; Li, P.C. Effect of sulfated chitooligosaccharides on wheat seedlings (Triticum aestivum L.) under saltstress. J. Agric. Food Chem. 2016, 64, 2815–2821. [Google Scholar] [CrossRef] [PubMed]

	



Anwar, A.; Yan, Y.; Liu, Y.; Li, Y.; Yu, X. 5-aminolevulinic acid improves nutrient uptake and endogenous hormone accumulation, enhancing low-temperature stress tolerance in cucumbers. Int. J. Mol. Sci. 2018, 19, 3379. [Google Scholar] [CrossRef] [PubMed]

	



Suorsa, M.; Sirpio, S.; Allahverdiyeva, Y.; Paakkarinen, V.; Mamedov, F.; Styring, S.; Aro, E.M. PsbR, a missing link in the assembly of the oxygen-evolving complex of plant photosystem II. J. Biol. Chem. 2006, 281, 145–150. [Google Scholar] [CrossRef]

	



Zhang, X.Q.; Li, K.C.; Xing, R.; Liu, S.; Chen, X.L.; Yang, H.Y.; Li, P.C. MiRNA and mRNA expression profiles reveal insight into the chitosan-mediated regulation of plant growth. J. Agric. Food Chem. 2018, 66, 3810–3822. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.W.; Zhu, Y.X.; Chen, C.Y.; Geng, Z.J.; Li, X.Y.; Ye, T.T.; Mao, X.N.; Du, F. Cloning and characterization of two chlorophyll A/B binding protein genes and analysis of their gene family in Camellia sinensis. Sci. Rep. 2020, 10, 4602. [Google Scholar] [CrossRef]

	



Jiang, X.F.; Zhao, H.; Guo, F.; Shi, X.P.; Ye, C.; Y, P.X.; Liu, B.Y.; Ni, D.J. Transcriptomic analysis reveals mechanism of light-sensitive albinism in tea plant Camellia sinensis ‘Huangjinju’. BMC Plant Biol. 2020, 20, 216. [Google Scholar] [CrossRef]

	



Sharma, A.; Kumar, V.; Shahzad, B.; Ramakrishnan, M.; Sidhu, G.P.S.; Bali, A.S.; Handa, N.; Kapoor, D.; Yadav, P.; Khanna, K.; et al. Photosynthetic response of plants under different abiotic stresses: A review. J. Plant Growth Regul. 2020, 39, 509–531. [Google Scholar] [CrossRef]

	



Chamnanmanoontham, N.; Pongprayoon, W.; Pichayangkura, R.; Roytrakul, S.; Chadchawan, S. Chitosan enhances rice seedling growth via gene expression network between nucleus and chloroplast. Plant Growth Regul. 2015, 75, 101–114. [Google Scholar] [CrossRef]

	



Abel, S.; Nguyen, M.D.; Theologis, A. The PS-IAA4/5-like family of early inducible mRNAs in Arabidopsis thaliana. J. Mol. Biol. 1995, 251, 533–549. [Google Scholar] [CrossRef] [PubMed]

	



Feng, S.; Yue, R.; Tao, S.; Yang, Y.; Zhang, L.; Xu, M.; Wang, H.; Shen, C. Genome-wide identification, expression analysis of auxin-responsive GH3 family genes in maize (Zea mays L.) under abiotic stresses. J. Integr. Plant Biol. 2015, 57, 783–795. [Google Scholar] [CrossRef] [PubMed]

	



Solano, R.; Ecker, J.R. Ethylene gas: Perception, signaling and response. Curr. Opin. Plant Biol. 1998, 1, 393–398. [Google Scholar] [CrossRef]

	



Chomczynski, P.; Sacchi, N. Single-step method of RNA isolation by acid guanidinium thiocyanate-phenol-chloroform extraction. Anal. Biochem. 1987, 162, 156–159. [Google Scholar] [CrossRef]

	



La Camera, S.; Gouzerh, G.; Dhondt, S.; Hoffmann, L.; Fritig, B.; Legrand, M.; Heitz, T. Metabolic reprogramming in plant innate immunity: The contributions of phenylpropanoid and oxylipin pathways. Immunol. Rev. 2004, 198, 267–284. [Google Scholar] [CrossRef]








[image: Agronomy 10 00915 g001 550] 





Figure 1. Effect of chitosan oligosaccharide (COS) on physiological parameters of tea leaves. (A) Superoxide dismutase (SOD) activity; (B) peroxidase (POD); (C) chlorophyll content; (D) soluble sugar content. The data represent the means ± SD of three replicates samples. Different letters indicate significant differences at p < 0.05. 






Figure 1. Effect of chitosan oligosaccharide (COS) on physiological parameters of tea leaves. (A) Superoxide dismutase (SOD) activity; (B) peroxidase (POD); (C) chlorophyll content; (D) soluble sugar content. The data represent the means ± SD of three replicates samples. Different letters indicate significant differences at p < 0.05.



[image: Agronomy 10 00915 g001]







[image: Agronomy 10 00915 g002 550] 





Figure 2. Volcano plot of differentially expressed genes (DEGs) showed up-regulated and down-regulated between control and COS under −4 °C treatment. The red dots represent up-regulated genes, the blue dots represent down-regulated genes, and the gray dots represent no significant difference. The horizontal coordinates indicate the change in multiple expression, the longitudinal coordinates indicate the magnitude of differences. 
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Figure 3. Gene ontology (GO) classification analysis based on DEGs induced by COS under −4 °C treatment. The horizontal coordinates indicate GO terms, the longitudinal coordinates indicate rich factor, rich factor represents the ratio between the number of different genes enriched in the term and the background genes in GO term. 
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Figure 4. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis based on DEGs induced by COS under −4 °C treatment. The significance of enrichment is shown on the horizontal coordinates (represented by −log10 (p-value), the greater the value, the more significant the enrichment), and the KEGG pathway is shown on the longitudinal coordinates. The size of the dots indicates the number of different genes contained in the KEGG pathway, and the color of the dots indicates the degree of rich factor enrichment. 
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Table 1. Statistical analyses and mapping results of RNA sequencing reads.
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	Sample
	ConT3_1
	ConT3_2
	ConT3_3
	TreT3_1
	TreT3_2
	TreT3_3





	Raw reads
	55,965,032
	56,476,808
	66,044,722
	57,864,054
	67,743,104
	65,453,870



	Clean reads
	52,619,470
	53,061,678
	62,155,236
	54,555,936
	63,422,124
	61,416,118



	Q30 (%)
	98.45
	98.45
	98.70
	98.65
	98.55
	98.45



	GC content (%)
	46.60
	46.46
	46.63
	46.82
	46.83
	47.21



	Total reads
	44,163,580
	43,980,650
	52,344,630
	45,455,332
	52,920,720
	51,188,834



	Total mapped
	41,828,592 (94.71%)
	41,644,005 (94.69%)
	49,676,907 (94.90%)
	43,274,546 (95.20%)
	50,292,573 (95.03%)
	48,551,418 (94.85%)



	Unique mapped
	38,522,223 (92.10%)
	38,095,551 (91.48%)
	45,663,412 (91.92%)
	39,232,023 (90.66%)
	45,576,183 (90.62%)
	42,734,470 (88.02%)
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