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Abstract: FK506-binding proteins (FKBPs) belong to the peptidyl-prolyl cis/trans isomerase (PPIase) 

Super-family and are involved in a wide range of biological processes including protein folding, 

hormone signalling, plant growth and stress responses. However, the FKBPs and their biological 

functions have not been identified in tea. In this study, we searched and identified 21 FKBP genes in 

the tea plant genome using the consensus model of the FK506 binding domain (PF00254). Their 

phylogeny, classification, structure, motifs, interactors and expression patterns were analysed. 

Comprehensive qRT-PCR analysis revealed different expression patterns of CsFKBPs in different 

tissues and in response to low-temperature. We performed a genome-wide analysis of the low-

temperature expression pattern of this gene family and determined that overexpression of CsFKBP53 

enhances low-temperature tolerance in Arabidopsis plants. Furthermore, the expression of CsFKBP53 

differed significantly in different tea varieties. Our results suggest that the FKBP gene is highly 

conserved in plant species and that transgenic CsFKBP53 can improve low temperature resistance in 

plants. 

Keywords: Camellia sinensis; FKBP gene family; CsFKBP53; function analysis; low temperature 

 

1. Introduction 

Immunosuppressants are defined as receptors for immunosuppressive drugs such as 

cyclosporine A (CsA), tacrolimus (FK506) and rapamycin (sirolimus). In contrast, FK506-binding 

proteins (FKBPs) are one of two classes of immunophilin, the receptors for an immunosuppressive 

drugs CsA, and are clearly characterised by their peptidyl prolyl cis-trans isomerase (PPIase) activity, 

which catalyzes the rotation of the peptide bond before the proline residue between the cis and trans 

conformations [1–3]. All FKBPs contain one FK506 binding domain (FKBd/FKBP-C) consisting of 

approximately 110 amino acids at least, providing the active site for PPlase catalysis and the receptor 

site for proline and proline analogues [4]. 

As genome assembly techniques and bioinformatics have developed, FKBP family genes have 

been identified and characterized in different plants. But unfortunately, there has been limited 

attention to FKBP genes in tea plant. Some FKBP genes have been found to play an important role in 

abiotic stresses in different plants. ROF1 (AtFKBP62) and ROF2 (AtFKBP65) are reciprocal proteins 

that respond to heat stress by regulating the expression of heat stress proteins (sHSPs) associated 
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with heat stress reparation. ROF1 binds to HSP90 through its TPR domain, which in turn binds to the 

heat-stimulated transcription factor HsfA2, and the ROF1-HSP90-HsfA2 complex induces the 

expression of sHSPs. ROF2 negatively regulates sHSP expression by binding to FKBd of ROF1 and 

disrupting the ROF1-HSP90-HsfA2 complex in the nucleus [5]. After knockdown the ROF1 gene, 

there was almost complete loss of resistance to heat stress in plants after heat stress and 2-3 days of 

recovery. The HsfA2 knockdown phenotype was similar to ROF1, but the ROF2 mutant and ROF1 

overexpression plants gained greater heat tolerance compared to control [6,7]. AtFKBP20-1a was 

highly expressed in all tissues and caused a rapid increase in expression under both heat and drought 

stress, but AtFKBP20-1b expression only began to increase after 24h of stress treatment. Both were 

localized in the nucleus, while AtFKBP20-1b was also present in the cytoplasm [8]. AtFKBP15-1 and 

AtFKBP15-2, which are localized to the endoplasmic reticulum in Arabidopsis, are 70% homologous 

and both are induced by high temperature [9]. ZmFKBPs were involved in low temperature signaling 

in Zea Mays, and ZmFKBP12, ZmFKBP13, ZmFKBP15-3, ZmFKBP16-1 and ZmFKBP57 were rapidly 

and continuously repressed at low temperatures (4℃) [10], it was verified that some FKBP family 

members may have a positive response to low temperature induction. 

The FKBP in plants and other species contains, in addition to the basic structural domain FKBd, 

other structural domains: the tridecapeptide repeat TPR (Tetratricopeptide repeat), the calmodulin-

binding domains CaMBds (Calmodulin-binding domains), NPL and the trigger factor TIG. TPR 

develops an inverse parallel helical domain that is involved in the assembly of multi-protein 

complexes and can bind to the heat kinin HSP90. CaMBds are generally located at the C-terminus of 

plant bulk FKBP and can bind to the calmodulin CaM (Calmodulin), the C-terminal CaMBd can be 

regulated by Ca2+ ion signalling to activate its PPIase and molecular chaperone activity, suggesting 

that multi-structured plant FKBP may have similar calcium regulation mechanisms [11]. Research 

has, however, identified an NPL structural domain within the Drosophila FKBP gene family that 

binds to core histones to produce function in nucleosome assembly [12]. TIG is a class of multi-

domain triggers associated with FKBPs, mainly consisting of the FKBD and C-terminal chaperone 

domains, with the central FKBD bound on both sides to the N-terminal ribosome, which has peptidyl 

prolyl cis-trans isomerase activity similar to that of FKBP-C [13–15], who is playing a role in protein 

export. Although it has been demonstrated that TIG can act as a molecular chaperone in prokaryotes 

interacting with nascent polypeptides in an open conformation, its role in plants is not yet clearly 

recognized, and there is speculation that it may be directly involved in plant chloroplast translation 

and protein folding [16,17]. It is indisputable that the multi-structural domain FKBP will also 

undertake more complicated and important functions due to its complex structure. 

Tea is an important beverage plant with economic, health and cultural value [18]. Tea trees are 

more likely to grow in mountainous in China. Many believe that higher altitudes more likely produce 

the better product, but this can also lead to a lack of temperature and light during the growing period, 

making the tea more susceptible to cold and frost [19,20]. Meanwhile, the drop of temperature in 

spring when the buds are sprouting can also seriously affect the yield of tea plants. In conclusion, 

low temperature stress not only limits the geographical distribution of tea trees, but also reduces the 

yield and quality of tea [21], Screening for relevant genes that respond to low temperatures and 

promoting the molecular breeding of tea plants with excellent cold resistance traits to improve tea 

production has become an important issue. With the publication of genomic data for important tea 

tree varieties such as “Shuchazao” （Camellia Sinensis var. Assamica cv. Shuchazao, Shuchazao）and 

“Yunkang10” (C. Sinensis var.Assamica cv. Yunkang 10, Yunkang10) [22–24], makes it possible to 

further analyse genes related to biotic and abiotic stresses in tea plants. In this study, a key gene for 

low temperature stress, CsFKBP53, was screened using Yunkang10 as material, and its expression 

pattern and phenotypic traits of transgenic Arabidopsis were analysed to investigate the cold 

resistance function. 

2. Results 
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2.1. Identification and Physical Properties Of CsFKBPs 

In order to identify encoding FK506-binding proteins in Yunkang10 genome, we used FK506-

binding sequence to identified, and the results retrieved from HMMER, PFAM, SMART and CD-

Search. In conclusion, we identified 21 CsFKBPs in the database. We named the CsFKBPs according 

to their molecular weight and homology with the Arabidopsis and rice FKBP genes, based on the 

nomenclature rules of previous studies [25–27]. The gene name, gene ID, CDS length, number of free 

amino acids, molecular weight, theoretical PI, Subcellular Localizations and the number of FKBP - C 

domains are showed in Table 1. The FKBP genes in tea consist of 100-619 amino acids, with CDS 

lengths between 306 bp-2429 bp, molecular weights between 10.81 kDa-72.43 kDa and theoretical PI 

between 4.5 - 10.44. Among them, 57% of the CsFKBPs are basic. Subcellular localization predictions 

showed that they were located in the nucleus, chloroplast, cytoplasm, vesicles, peroxisomes and 

extracellular matrix, with 38% of the genes located in the nucleus and 33% in the chloroplast, 

indicating that CsFKBPs may function mostly in the nucleus and chloroplast. 

The 21 CsFKBPs contain 6 different structural domains, of which 13 genes contain only one 

FKBP-C domain, and CsFKBP62 with two and CsFKBP47/72 with three (Table 1, Figure 1). In contrast 

to other species, the TPR domain is only found in CsFKBP42, and the position is similar with FKBPs 

in other species. The Tigger_C domain is only found in CsTIG, but it does not contain the FKBP_C 

domain. The NPL domain is found at the 5' end of CsFKBP33 and CsFKBP53. CsFKBP27, CsFKBP62 

and CsFKBP72 contain a 3a0801s09 domain at the 3' end. Unfortunately, the function of this domain 

is not well explored at present. 

 

Figure 1. Structural domain analysis of CsFKBPs. Functional domain distribution of 21 FKBPs in tea. We used 

the CD-Search program to identify the six conserved domains shown in the coloured boxes in the CsFKBP 

protein sequence. Blue box: FKBP-C domain; orange box: TPR domain; yellow box: NPL domain; green box: Slp 

A domain; purple box: Tigger_C domain; and red box:3a0801s09. The functional domains are arranged in order 

corresponding to their position in the individual protein sequence. 
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Table 1. List of CsFKBP genes identifies in tea plant. 

Gene Name Gene ID 

FKBP-

C 

domai

n 

numb

er 

CDS 

Length/bp 

Amino 

acid/aa 

Molecul

ar 

Weight/

kD 

Theoreti

cal pl 

Subcellular 

Localizatio

ns 

CsFKBP11 
CsasTrans14144

7 
1 306 101 11.02 8.87 Nuclear 

CsFKBP12 
CsasTrans17981

4 
1 692 112 11.93 7.75 ChloroPlast 

CsFKBP12-1 
CsasTrans15611

7 
1 332 110 12.26 10.13 Nuclear 

CsFKBP13 
CsasTrans09715

0 
1 1075 244 25.74 8.7 Peroxisome 

CsFKBP15-1 
CsasTrans09591

9 
1 959 153 16.34 7.68 Vacuole 

CsFKBP16-2 
CsasTrans06584

3 
1 1113 238 25.46 9.44 Cytoplasm 

CsFKBP16-3 
CsasTrans15901

9 
1 1132 273 29.67 8.47 ChloroPlast 

CsFKBP16-4 
CsasTrans09305

3 
1 1200 234 24.74 9.68 ChloroPlast 

CsFKBP17-2 
CsasTrans18199

5 
1 1220 259 27.69 6.18 ChloroPlast 

CsFKBP18 
CsasTrans15370

3 
1 1036 237 25.4 9.58 ChloroPlast 

CsFKBP19 
CsasTrans00931

8 
1 1424 295 32.24 6.79 Extracell 

CsFKBP20 
CsasTrans07785

4 
1 2327 188 20.5 7.76 Nuclear 

CsFKBP27 
CsasTrans00321

8 
1 1236 238 27.09 8.64 ChloroPlast 

CsFKBP33 
CsasTrans13539

0 
1 900 300 33.82 4.52 Nuclear 

CsFKBP42 
CsasTrans19457

8 
1 1493 364 41.76 5.66 Nuclear 

CsFKBP47 
CsasTrans17126

0 
3 1920 427 46.72 4.76 Cytoplasm 

CsFKBP53 
CsasTrans08469

6 
1 2329 651 72.43 5.61 Nuclear 

CsFKBP53a 
CsasTrans16262

8 
1 2429 100 10.81 10.44 ChloroPlast 

CsFKBP62 
CsasTrans00529

8 
2 2600 571 63.81 5.17 Peroxisome 

CsFKBP72 
CsasTrans10567

1 
3 2428 619 69.99 5.35 Nuclear 

CsTIG 
CsasTrans15411

9 
0 1151 383 43.06 5.09 Nuclear 

2.2. Evolutions of FKBPs in Different Species 
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Based on the classification results of the evolutionary tree and the role of each subfamily member 

in other plants, we can predict the function of some of the CsFKBPs. For example, CsFKBPs in group 

B may play an important role in the resistance of tea plants to low temperature stress [10]. In order 

to explore the evolutionary relationships among tea plants and the FKBP genes of Arabidopsis and 

rice, we built a phylogenetic tree using the full-length amino acid sequences of the FKBPs, of which 

Arabidopsis and rice had 23 FKBPs (Figure 2). The results showed that the 73 FKBP genes were 

classified into five groups: A, B, C, D and E, based on structural domains and evolutionary 

relationships. 6 (28.5%) of the FKBP genes in Yunkang10 were classified in group B, the group 

containing the most FKBP genes in tea. groups A, C, D and E contained 5, 3, 4 and 6 CsFKBPs 

respectively. group A and B were placed on the same branch, which may indicate that the genes in 

these two groups are more closely related genetically. 

 

Figure 2. Phylogenetic and evolutionary analysis of FKBPs. Phylogenetic trees were generated using the 

neighbour-joining method based on the full-length amino acid sequences of FKBP proteins in different species, 

including Yunkang10, Arabidopsis and rice. The different colors and symbols represent different species. Blue 

box: rice; orange circle: A.thaliana; green triangle: Yunkang10. 

2.3. Gene Structure and Conserved Motif Analysis of CsFKBPs 

The combined analysis of conserved motifs of gene structure and the results of cluster analysis 

in this study showed that similar family members clustered together (Figure 3a). We identified 10 

Motifs in 21 CsFKBPs by analysis in the MEME online software (Figure 3b/3d). The result showed 

that except for CsTIG, other CsFKBPs contain multiple motifs. motif1 and motif3 are present in every 

CsFKBP, presumably as the most conservative and basic motifs of the FKBP family. Interestingly, 

evolutionarily more closely related genes exhibit motif motifs containing similar motifs. Interestingly, 

the CsFKBPs in groups B, C, D and E showed to contain extremely similar Motif domains, except for 

CsTIG in group C. Gene structure information shows that members of the CsFKBP family all contain 
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introns and exons, including at least 2 and up to 19 introns (Figure 3c). However, eight genes do not 

have an untranslated region (UTR). All genes contain multiple coding sequences (CDSs) except for 

CsFKBP17-2 which contains two CDSs. 

 

Figure 3. Evolutionary tree, conserved motif distribution and gene structure of CsFKBP genes. (a) The 

evolutionary tree was built based on the 21 CsFKBPs protein sequences. (b) Conserved motifs of the members 

of the CsFKBP proteins. (c) The structure of CsFKBP proteins. Blue for CDS, orange for UTR, and straight lines 

for introns. (d) Conserved motifs of the CsFKBP protein in tea. The ordinate indicates amino acid conservation, 

The height of amino acid letters indicates the frequency of occurrence. The abscissa represents the position of 

the amino acid in the sequence. 

2.4. Expression Patterns of CsFKBPs Under Different Cold Stresses 

We analyzed the expression of 21 CsFKBPs in yunkang10 old leaf tissues by qRT-PCR, among 

which four members had no expression detected, CsFKBP11, CsFKBP12-1, CsFKBP33, and CsFKBP53a 

respectively (Figure 4a). The results showed that the expression trends of different members were 

variable. Genes that responded significantly to low temperature stress included CsFKBP16-3, 

CsFKBP42, and CsFKBP53, which showed an overall increasing trend in expression under more 

severe low temperature conditions, indicating that they may exercise important functions when 

subjected to low temperature stress. Among them, CsFKBP53 showed an increase in expression after 

both low temperature stresses and reached 2-fold of CK after 6 h and 3 days at 4℃ and even more 

than 4-fold after 3 days of treatment at 10℃. In addition, we compared the expression patterns of 

homologous genes in shuchazao and formed a heat map and found that their expression profiles 

were similar (Figure 4b). 
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Figure 4. The expression of CsFKBPs under different cold stresses. (a)The expression pattern of CsFKBPs. CK 

was the control, CA1-6h was 6 h of 10°C stress, CA1-3d was 3 days of 10°C treatment and CA2-3d was 3 days of 

4°C treatment(P<0.05). (b)Heat map of the expression of CsFKBPs in Shuchazao. 

2.5. Sequence and Phylogenetic Analyses and Sub-Cellular Localization of CsFKBP53 

In order to investigate the evolutionary relationship between FKBP53 homologs in different 

species, we compared the reported FKBP53 sequences in Arabidopsis thaliana, rice, strawberry, 

peach, tomato, maize and tea（Figure 5a）. The results show that the FKBP53s all contain an FKBP-

C structural domain and multiple amino acid sites are conserved. In addition, we also used to 

analysed the affinities among CsFKBP53 and FKBP53 of other species, and found that CsFKBP53 was 

the closest to SlFKBP53, with a homology of 43.21 % （Figure 5b）. The results of three-dimensional 

structure analysis showed that the three-dimensional structures of the seven proteins, CsFKBP53, 

AtFKBP53, FaFKBP53-1, FaFKBP53-2, SlFKBP53, OsFKBP53b, and PpFKBP53b, were all mainly 

composed of β-folding, and all of them showed a highly similar state （Figure 5c）. These results 

may indicate that FKBP53 proteins in different species may have similar functions. 
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Figure 5. Multiple sequence alignment, cluster analysis and protein structure analysis of conserved structural 

domains of FKBP53 proteins. (a) Multiple sequence alignment of CsFKBP53 with homologous proteins of other 

species. α-helices and β-folds are marked above the sequence with red and blue straight lines respectively. The 

FKBP-C structural domain is shown in the black box, with the same amino acids shown on a dark blue 

background. (Similarity: dark blue=100%; pink>75%; cyan>50%) (b) Phylogenetic analysis of CsFKBP53 and 

other species with homologous proteins. (c) Three-dimensional structure of CsFKBP53 with homologous 

proteins of other species. 

2.6. The Expression Pattern Analysis and Subcellular Localization of CsFKBP53 

We analyzed the expression of CsFKBP53 in different tissues of Yunkang 10（YK10） and in old 

leaf tissues of different tea trees, including Yunkang 8（YK8）, Yunkang 9（YK9）, Zijuan（ZJ）, 

Tieguanyin（TGY）, Shilixiang（SLX）, Nannuodayecha（NN）, and Longjing 43（LJ43）. The results 

are shown in Figure 6a/6b, which indicate that CsFKBP53 is the higher express in the tissues of roots 
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and old leaves, and it has a high degree of tissue expression specificity. The expression was about 3 

times higher than that in young stem and young leaf tissues, and about 5 times higher than that in 

flowers and buds; the highest expression was found in the highly cold-resistant varieties Shilixiang, 

Yunkang 8, and Yunkang 9, whereas no expression signals were detected in Tieguanyin. We also 

found that CsFKBP53 expression was up-regulated after 10 °C and 4°C treatments（Figure 6c/6d）. 

During the 10℃ treatment, the difference between the 3H treatment and the 0H control was not 

obvious. However, the expression increased significantly after 24H. The expression pattern was also 

up-regulated in the 4℃ treatment relative to the control. During the 4℃ treatment, the expression 

peaked at 24 H, 48H and 72H, which proved the low-temperature correlation of CsFKBP53. 

CsFKBP53 was transformed into the onion lower epidermal tissues by constructing a CsFKBP53-GFP 

fusion protein transient expression vector, and the fusion protein was observed to be localized in the 

nucleus of the cells using laser confocal microscopy (Figure 6e). While the control showed green 

fluorescent signal in cell tissues such as nucleus and cells. 
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Figure 6. The relative expression and subcellular localization of CsFKBP53. (a) The relative expression levels of 

CsFKBP53 in different tissues. (b) The relative expression levels of CsFKBP53 in different tea species. (c) and (d) 

are the relative expression levels of CsFKBP53 after 4 ℃ and 10℃ cold stress. (e) The localization of CsFKBP53-

GFP in the lower epidermal cells of round onions was observed by laser confocal microscopy using 35s-GFP as 

a control.GFP: green fluorescence channel; Bright Field: bright field; Merged: GFP and Bright Field merged 

channel, scale bar = 100 μm. 

2.7. Transgenic CsFKBP53 Improves Low-Temperature Resistance of Arabidopsis 

To further validate the cold-resistant function of CsFKBP53, it was transfected into wild-type 

Arabidopsis thaliana by heterologous expression, and a total of 9 overexpression lines were obtained 

and their expression was examined (Figure 7b). The results showed that no fluorescent signals were 
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detected in the wild-type control (WT), whereas the expression of CsFKBP53 was highly expressed 

in the overexpression lines OE-1, OE-6 and OE-9. In addition, we cultured T2 generation seedlings 

and WT plants and placed them in a 4℃ incubator after one week of germination for 48 H of low-

temperature stress treatment, while 10 WT plants cultured at 25℃ under ambient conditions were 

taken as the control, and the phenotypic changes in the growth process were observed and recorded 

(Figure 7a). The results showed that the phenotypes of the plants changed significantly after low-

temperature treatment. Compared with 25 ℃ WT, the leaf margins of WT at 4 ℃ were curled, the 

colour of some leaves was purple, and the root development of plants was obviously hindered, 

whereas overexpression of Arabidopsis thaliana could still grow normally after low-temperature 

treatment, and the growth of root length was 25 ℃ WT＞4 ℃ OE＞4 ℃ WT, which seriously 

affected the root growth of wild-type Arabidopsis thaliana, and the root growth of transgenic plants 

was vigorous after low-temperature treatment (Figure 7c). The root growth of transgenic plants was 

vigorous after low temperature treatment. 

The T3 generation transgenic plants were subjected to 4 ℃ low temperature treatment for 24 H 

to detect changes in the activities of POD, SOD and CAT indexes. The results showed that relative to 

25 ℃ WT, POD activity (173.09-318.55), SOD activity (76.38-140.52) and CAT activity (132.44-296.04) 

were significantly increased in the three transgenic lines after 4 ℃ low-temperature treatment, and 

showed a more obvious increasing trend than WT (Figure 7d). 
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Figure 7. Cold sensitivity of CsFKBP53-OE plants. (a) Phenotypic comparison of Arabidopsis plants. WT-4 °C is 

the 4 °C-treated 48 H wild-type control, OE-4 °C is the 4 °C-treated 48 H CsFKBP53 overexpression plants, and 

WT-25 °C is the 25 °C wild-type control. (b) Expression analysis of CsFKBP53 transgenic plants. Expression of 

CsFKBP53 transgenic plants was analysed by qRT-PCR. Leaf tissues from nine overexpression lines and wild-

type control WT were collected for qRT-PCR analysis. (c) Arabidopsis plant root length statistics, three replicates 

of each plant were taken for measurement, and the vertical line in the figure indicates the standard error. 

Significance analysis was performed using SPSS 22 for one-way ANOVA, and different lowercase letters indicate 

significant differences. (p < 0.05) (d). Results of POD, SOD and CAT activity assays in Arabidopsis plants. 

3. Discussion 

In recent years, some researchers have identified the FKBP (FK506 binding protein) genes in 

Arabidopsis [28–30], rice [31–33], apple [25], strawberry [34], tomato [13], grape [35], peach [36] and 

maize [10] and found that they play important functions in plant growth and development as well as 

in abiotic stress response. They were found to play important functions in plant growth and 

development as well as in abiotic stress response. However, as an economically important plant, the 

CsFKBP family of genes in tea tree has not yet been reported. In the present study, bioinformatic 

analysis revealed that tea and peach had the same number of FKBP family members, who with 21 

family members (Table 1). Whereas Arabidopsis, rice, strawberry and grape had 23, tomato and 

maize had 24, and apple had 28. The difference in the number of FKBP family members may indicate 

that the FKBP family genes have undergone genetic divergence during the evolution of different 

species. The differences in the number of FKBP family members may indicate that gene duplication 

or loss events have occurred during the evolution of different species. There is a wide range of 

variation in the size of plant FKBP family members, for example, Arabidopsis AtFKBP12 is a single 

domain (SD) FKBP consisting of only one FKBd, whereas wheat TaFKBP77 is an FKBP with multiple 

structural domains (Multidomain, MD) [37]. In this study, the length of the 21 CsFKBPs CDS 

sequences ranged from 306 bp (CsFKBP11) to 2429 bp (CsFKBP53a), encoding amino acid sequences 

ranging from 100 aa to 619 aa, with a large variability among the different CsFKBP proteins. 

Moreover, in addition to the FKPC-C domain, other structural domains have been identified in 

the FKBP family: the Tetratricopeptide repeat (TPR), the calmodulin-binding domains (CaMds), 

Tigger-C and NPL. These structural domains have complex functions and may be involved in protein 

complex assembly, stimulating other structural domains, promoting chloroplast translation and 

participating in protein folding. The results of this study show that tea tree CsFKBP protein is similar 

to other species in that they contains FKBP-C, TPR and TIG structural domains (Figure 1). Seventeen 

of these proteins contained one FKBP-C domain and three contained multiple FKBP-C domains. 

However, the SlpA and 3a0801s09 domains in CsFKBP proteins have not been reported in other 

species, and their specific functions need to be further investigated. Interestingly, Motif 3 is present 

in all FKBP members except CsTIG (Figure 3b). This indicates that Motif 3 corresponds to the FKBP-

C structural domain, which is the most conserved segment of the FKBP-C structural domain of 

CsFKBP proteins. To investigate the clustering of FKBP proteins in tea, Arabidopsis and rice, a 

phylogenetic tree was constructed based on the amino acid sequences of FKBP proteins from each 

species. 73 proteins were divided into five groups, with CsFKBP proteins having the most distributed 

members in GroupB (Figure 2/3a). The 21 CsFKBP proteins were also clustered and found to be 

classified into seven groups. CsFKBP with similar clusters had similar gene structures, conserved 

structural domains, and this result was similar to the clustering results of Arabidopsis FKBP proteins 

[30]. 

10℃ is the limiting temperature at which tea plants are subjected to low temperature stress, 

while tea plants are already under low temperature stress when the temperature is below 4℃ [38,39]. 

Transcriptome analysis showed that the CsFKBP family of genes in tea tree showed a more 

pronounced expression trend under low temperature stress conditions. We also examined the 

expression of CsFKBPs at different periods of 4℃ treatment and 10℃ treatment by qRT-PCR (Figure 

4a). The results showed that these genes showed different trends with increasing time of low 
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temperature treatment, with the most obvious trend of increasing CsFKBP53 expression. Further 

analysis of the spatial and temporal expression patterns of CsFKBP53 under low temperature stress 

showed that CsFKBP53 expression began to show an increasing trend after 3 H treatment at 10℃, and 

reached the highest expression at 24 H and 72 H. The response of CsFKBP53 to low temperature was 

more rapid at 4℃ treatment, and the expression reached a peak at 6 H treatment. The expression of 

CsFKBP53 reached the peak at 6 H and then began to decrease, but the expression increased to about 

2.5 times that of the control group at 48 H (Figure 4b). In conclusion, CsFKBP53 showed a positive 

trend in response to low temperature stress, and its expression increased more positively at lower 

growth temperatures. 

Zhao [40] found that the low temperature stress response gene CsWRKY37 was most highly 

expressed in the roots of tea plants. In contrast, CsFKBP53 also showed higher expression in more 

lignified roots in the tissue expression pattern analysis of Yunkang10. The results of the tissue 

expression pattern analysis may prove that the low temperature stress-related genes are more biased 

to exercise their functions in tea tree roots that are less damaged under low temperature conditions 

(Figure 6a). The results of Wang [41] et al. found that tea tree varieties with common leaf colour were 

cold resistant than purple leaf varieties, with Longjing 43 showing stronger cold resistance while 

Zijuan tea was less cold resistant. Yunkang species varieties is a national breed selected by the 

Yunnan Agricultural Institute through asexual lines, and is generally highly resistant to cold and can 

be grown at an absolute temperature of -5 °C. The low temperature correlation was verified by the 

higher expression of CsFKBP53 in the old leaf tissue of the highly cold resistant tea tree varieties 

(Figure 6b). expression showed a positive correlation with the cold resistance of tea tree varieties. 

Plants must regulate various physiological and biochemical processes in order to alleviate low 

temperature stress [42]. Low temperature stress reduces the growth rate of plants, which is reflected 

in the phenotypic effects of low temperature stress on leaf growth and root growth vigour [43]. In 

terms of the enzymatic activity of antioxidant enzymes, low temperature stress resulted in excessive 

accumulation of ROS, which in turn promoted the expression of a series of antioxidant enzyme genes 

and induced an increase in the content of catalase (CAT), peroxidase (POD) and superoxide 

dismutase (SOD) in the plant to eliminate ROS accumulation to avoid cell damage [44]. In this study, 

we successfully transferred CsFKBP53 into wild-type Arabidopsis and obtained three highly 

expressed transgenic lines (Figure 7d). The growth of the three transgenic lines under low 

temperature stress was significantly better than that of the wild-type control, as evidenced by longer 

root length and reduced leaf purplishness (Figure 7a). In addition, the results of POD, SOD and CAT 

assays showed that the activities of all three physiological indicators were significantly increased 

after the transgenic CsFKBP53 Arabidopsis plants were treated with low temperature at 4 ℃ for 24H. 

This indicated that the transgenic CsFKBP53 enhanced the activity of POD, SOD and CAT in 

Arabidopsis and improved the permeability of cell membranes, which ultimately led to the enhanced 

cold resistance of the transgenic plants. 

4. Materials and Methods 

4.1. Plant Materials and Stress Treatments 

To evaluate the functions of FKBPs, Two-years-old “Yunkang10” were used to plant material, 

who is from horticulture greenhouse in Yunnan University (Yunnan, China). Different tea plant 

organs, including shoots, roots, stems, young leaves, old leaves, flowers, and buds were collected, 

immediately frozen in liquid nitrogen immediately and stored at −80°C. Collected “Yunkang8” (C. 

Sinensis var .Assamica cv. Yunkang8, Yunkang8), "Yunkang9"(C. Sinensis var. Assamica cv. 

Yunkang9, Yunkang9), "Longjin43" (C. Sinensis var. Sinensis cv. Longjin43, Longjin43), "Tieguanyin", 

"Zijuan" (C. Sinensis var .Assamica cv. Zijuan, Zijuan), "Nannuo", and "Shilixiang" old leaf tissues 

were stored at -80°C. Arabidopsis seeds were grown in a greenhouse in a controlled environment for 

16H per day (25 ± 3°C) and 8H at night (20 ± 3°C) at 70% relative humidity. Take a batch of YK10 tea 

plant, part of which were treated at low temperature (4°C/10°C) in a low-temperature incubator, and 
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the rest were used as controls. Collect at different times (0, 3, 6, 9, 12, 24, 48, and 72H), immediately 

freeze in liquid nitrogen, and then store it at −80℃ for RNA extraction. N. benthamiana used in this 

study was grown in growth chamber pots at 20°C at night and 24°C during the day, with a 

photoperiod set to 16 hours of light and 8 hours of dark. 

4.2. Identification and Physical Properties of FKBP Genes in Tea 

Genome sequencing and assembly of tea plant Yunkang10 were completed, the protein and CDS 

sequences were published in TPIA（https://tpdb.shengxin.ren/index.html） [45,46]. Hidden Markov 

Model profles in FK506-binding domain was downloaded from the Pfam database. Sequence 

information for the AtFKBP and OsFKBP genes was obtained from the TAIR （

https://www.arabidopsis.org/） and RGAP websites, respectively. The hidden Markov model profile 

in the FK506 binding domain (PF00254) was downloaded from the Pfam (https://pfam.xfam.org/) , 

The HMMER V3.3.2(http://hmmer.org/)was used to search through the amino acid sequences of the 

Yunkang10 genome (e value <1e-5) and the sequences were used as candidate sequences for the FKBP 

gene of tea [47]. The above sequences were used as candidates for the FKBP gene of tea tree, and the 

structural domains were verified using the SMART [48]（http://smart.embl.de/）, and the CD-Search 

database in NCBI （ https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi ） , respectively. 

Physicochemical properties such as isoelectric point, molecular weight and theoretical PI values of 

all members of the CsFKBP gene family were predicted using ExPASY （

https://web.expasy.org/protparam/）. 

4.3. Evolution of CsFKBP Protein in Tea 

We constructed an evolutionary tree for the Arabidopsis, Rice, Longjing43, Shuchazao, and 

Yunkang10 FKBP genes by the neighbor-joining (NJ) method (execution parameters: Poisson 

correction, pairwise deletion and bootstrap (1000 repetitions)) using MEGA 7.0 software  [49]. 

4.4. Gene Structure and Motif Analysis 

The exon/intron structure of each CsFKBP gene was analysed using GSDS2.0 (http://gsds.gao-

lab.org/) to align the coding gene sequence with the corresponding CsFKBP gene sequences retrieved 

from the Yunkang10 genome [50]. Protein conserved motifs of CsFKBPs were visualized by setting 

10 Motifs in the MEME online tool（https://meme-suite.org/meme/index.html）. Gene structures and 

Chromosomal location were analysed using TBtools [51]. 

4.5. Total RNA Extraction and Expression Analysis 

We extracted total RNA from frozen tea tree organs, including shoots, roots, young stems, new 

leaves, old leaves, flowers and buds, using a silica matrix column method reagent plant total RNA 

extraction kit (TIANGEN, Beijing, China) according to the instructions for use. Qrt-PCR reactions 

were performed using SYBR® Premix Ex Taq TM II (TakaRa, Shanghai, China) in a 20µL reaction 

system, using 1µL cDNA and 1µL primer, with CsACTIN as an internal reference control. qRT PCR 

reactions were programmed under the following conditions: 95°C pre denaturation for 30s, followed 

by denaturation at 95°C for 5s, annealing at 60°C for 34s and extension at 72°C for 15s, maintained 

for 40 cycles. Primers specific for the CsFKBPs and CsActin used for qRT PCR analysis are shown in 

Supplementary Table S1. three replicates of each PCR run were performed. Relative changes in gene 

expression were analysed according to the threshold cycle (Ct) using the 2-ΔΔCᴛ method previously 

reported [52]. The same method was used for the analysis of FKBP gene expression at different time 

periods under low temperature treatment conditions. 

4.6. Gene Cloning and Vector Construction 

The open reading frame (ORF) of CsFKBP53 was amplified using PrimeSTAR® Max DNA 

Polymerase (Takara, Shanghai, China) with an amplification program of denaturation at 95°C for 4 
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min, followed by 33 cycles of 98°C for 10s, 58°C for 15s and 72°C for 10s. After recovered it using 

Takara Mini BEST Agarose Gel DNA Extraction Kit Ver.4.0, and ligated it into the pEASY®-Blunt 

Cloning Vector (TransGen, Beijing, China). The sequencing was done at Sangon Biotechnology Co., 

Ltd（Kunming, China）. 

4.7. Protein Subcellular Localization Studies 

We predicted the subcellular location of CsFKBP53 subcellular localization using WOLF PSORT

（https://wolfpsort.hgc.jp/） [4]. The full-length sequence of CsFKBP53 with the terminator deleted 

was ligated into a transient expression vector containing green fluorescent protein (GFP) reporter 

gene to generate a 35S::CsFKBP53::GFP fusion vector. The recombinant plasmid and the control 

35S::GFP were transformed into Agrobacterium tumefaciens GV3101. After adding kana (50mg/ml) 

and rifampicin (100mg/ml), incubate at 28°C for 24H and 200rpm. Centrifuge at 4000rpm for 10 

minutes when the concentration to 1.0. The precipitate was resuspended with a suspension buffer 

containing 10 mM MgCl2, 10 mM MES and 100 µM acetosyringone (AS) and OD600 was then adjusted 

to 0.6-0.8. The resuspension was injected into the lower epidermis of well grown leaves of N. 

benthamiana. The GFP signal was observed using a laser confocal microscope (OLYMPUS, JAPAN) 

after 72 H of dark light incubation. The GFP channel signal was observed at 500-540nm while the 

DAPI and TD signals were at 650-750nm. 

4.8. Overexpress and Functional Analysis of CsFKBP53 Under Low Temperature Treatment 

The ORF of CsFKBP53 was ligated onto the overexpression vector P30-3MYC using double 

digestion, and the plasmid was extracted and transferred into Agrobacterium tumefaciens GV3101 

using the freeze-thaw method. The transfer into Arabidopsis thaliana was done by flush infestation. 

In this study, four transgenic positive plants were screened for resistance to Kana on the P30-3MYC 

vector using Clumbia-0 (Col-0) as the wild type, followed by extraction of genomic DNA by PCR 

amplification using 35S and gene-specific primers and validation (Supplementary Table S2). We then 

analysed the expression levels of four transgenic strains overexpressing CsFKBP53 by qRT-PCR. The 

results showed that CsFKBP53 was more significantly expressed in the overexpression lines OE-1/6/9. 

We selected overexpression plants for further analysis and consulted a previous method where 

transgenic plants were exposed to -6°C for 2 H and then incubated at 25°C for 4d to record survival 

rates [53]. 

5. Conclusions 

The FKBP family has been identified and functionally analysed in a variety of plants, but little 

research has been done on the CsFKBPs in tea. In this paper, 21 CsFKBPs were identified and their 

evolutionary relationships, gene structures, conserved structural domains and expression patterns 

under low-temperature treatment were analysed, and CsFKBP53, was screened for low-temperature 

stress. The CsFKBP53 gene enhanced the cold resistance of Arabidopsis plants. But the research on the 

genetic transformation system of tea tree is incomplete, the gene in tea plant can only be verified by 

transforming other plants. As the research on the transformation system of tea plant is gradually 

improved, the target gene can be transferred into tea tree tissues through plant tissue culture 

technology, which can further understand the function of CsFKBP53 gene, and then breed high 

quality tea plant varieties with remarkable cold resistance and excellent tea quality. 
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