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Abstract 17 

Background：：：：The amount of fluoride accumulation in tea leaves was gradually 18 
increase as the matures of tea plants, and the excessive fluoride intake can threaten 19 
people's health. Based on years of field investigations, a low level of fluoride variety 20 
Xiangbo Lǜ (XBL) and a high level of fluoride variety Zhenong 139 (ZN139) were 21 
selected. 22 

Results：：：：In this study, the root, 1st and the 5th leaf of the two-year-old tea trees were 23 

used for morphological, physiological and comparative transcriptomics analysis to 24 
understand the different features of “XBL” and “ZN139” under fluoride stress 25 
conditions. The color of the 1st and 5st leaves of XBL were yellower, the activity of 26 
peroxidase, catalase and antioxidant enzyme were lower than ZN139 under the 27 
high-fluoride stress. Transcriptomics analysis indicated that core genes involved in 28 
photosynthesis rates regulation showed no significantly exchanged expression, the 29 
co-downregulation of magnesium ions transportation, while the ROS scavenging, 30 
vegetative growth and self-compatibility between the two varieties were different. 31 
Crucial genes’ expression were also identified by the real-time RT-PCR. 32 
Conclusion:  33 
The tea tree is one of the few plants that has a high-fluoride content, but the different 34 
varieties respond differently to fluoride stress. High-fluoride tea tree varieties, such as 35 
ZN139, have stronger ROS scavenging abilities through the use of both their 36 
non-enzymatic and enzymatic antioxidant systems which act by increasing the 37 
expression levels of inositol-1-monophosphatases and peroxidases, among others. 38 
ZN139 can also compensate for the decrease in photosynthetic rate that is associated 39 
with the ionic imbalance caused by the reduced consumption of light energy during 40 
long-periods of high fluoride stress. Reproductive development was protected in 41 
ZN139 by the up-regulated expression of S-locus glycoprotein, Mildew resistance 42 
locus o and Phospholipase D under fluoride stress, while the vegetative development 43 
of low-fluoride varieties such as XBL was retarded. More starch and cellulose were 44 



redistributed to glucose by increasing the expression levels of glycosyl transferases 45 
and hydrolases to provide more energy for processes involved in the response and 46 
tolerance towards fluoride stress.  47 
 48 
Keywords: Tea, Comparative transcriptomics analysis, Fluoride, Vegetative growth, 49 
oxidation-reduction reaction. 50 
 51 
 52 

Introduction 53 

Tea tree (Camellia sinensis (L.) O. Kuntze) is one of the plants with the highest 54 
fluoride content, and can absorb and accumulate fluoride through soil, water and air 55 
[1]. In the same soil environment, the fluoride content of tea plants is 10-100 times 56 
higher than other plants, but tea plants can still grow normally [2, 3]. Therefore, tea 57 
plant is considered as a fluoride-collecting plant. But fluoride is not one of the 58 
essential elements of tea plant, and high concentration of fluoride will cause a certain 59 
degree of influence on the growth of tea plant and tea quality [4]. The fluoride content 60 
of different organs was different, the mature old leaves was higher than that of young 61 
leaves, followed by stems and roots [5]. Roots of the tea plant will transport the 62 
fluoride into the leaves and stems when the accumulation of fluoride is small in the 63 
whole plants. As the fluoride accumulation increases, the fluoride in the leaves begins 64 
to migrate to other organs, but it does not inhibit the absorption of fluoride by the tea 65 
plant. This unique absorption mode making tea plant leaves accumulate a large 66 
amount of fluoride, the tea plant can maintain normal physiological conditions 67 
without being poisoned by fluoride [6, 7]. 68 
Tea plants under the natural growth environment can accumulate a considerable 69 
amount of fluoride without poisoning, but the application of high concentration of 70 
fluoride by external sources still retard the development of tea plants through 71 
effecting the normal photosynthesis and cellular respiration, vegetative growth of 72 
roots, leaves and terminal buds [8–11]. Recent studies discovered that tea plants can 73 
improve their tolerance to fluoride by regulating the synthesis of secondary 74 
metabolites (such as the lignin, flavonoids and catechins) [4, 12], antioxidant enzyme 75 
activity (such as the Superoxide dismutase (SOD) and catalase (CAT)) [9] and ion 76 
transport (such as the aluminum) [10]. The study of Jiaojiao Zhu et al identified that 77 
free amino acids and the total catechins decreased significantly, while caffeine was 78 
notably induced by exogenous fluoride (4-day treatment with 16mg/L fluoride 79 
solution)[13]. Similarly, Qing-Sheng Li et al found that the fluoride uptake by tea 80 
plant is highly associated with Al, Ca and anion channels [14–16]. However, up to 81 
now, few studies have been conducted to analysis the different regulatory networks 82 
for the in fluoride tolerance between different tea varieties.  83 
Based on the comparative data of fluoride content in leaves of spring tea for five 84 
consecutive years, “Xiang Bo Lǜ” (XBL) and “Zheng Nong139” (ZN139), which 85 
respectively had the lowest and highest fluoride contents in the 28 common varieties 86 



of tea plants. To further discover the different regulatory networks, roots, 1st leaf and 87 
the 5th leaf of the XBL and ZN139 plants treated with the different concentration of 88 
fluoride (0, 10, 50mg/L) were used for morphological analysis and transcriptome 89 
analysis in this study. Based on the transcriptome analysis, both of the vegetative 90 
growth and reproductive growth regulate network genes showed significant different 91 
expression profiles. A hypothesis on the regulation of the growth and reproduction of 92 
tea plants by external application of fluoride was proposed. 93 
 94 
Results 95 
The normal growth of tea plant was affected by external application of fluoride 96 

To identify the most appropriate tea tree species for the morphological analysis and 97 
transcriptome analysis, 28 common varieties of tea plants such as “Long Jing”, “Jin 98 
Guanyin” and “Da Jianye”, included the “XBL” and “ZN139” et al. were selected to 99 
detect the fluoride content in spring tea for five consecutive years (from the 2012 to 100 
2016) (Supplemental Table S1). XBL showed the lowest standard deviation and the 101 
mean content of fluoride (96.00 ±13.87 mg/kg) in the buds. The fluoride contents of 102 
three varieties（Rucheng Baimao, Fuding Dabai and ZN139）were significantly higher 103 
than that of XBL, and ZN139 had the highest mean content of fluoride in buds 104 
(198.65±56.56 mg/kg). Further determination of the fluoride content in the different 105 
seasons and tissues of XBL and ZN139 showed both of that content in summer tea 106 
trees and the 5-leaf (327.33 mg/kg and 430 mg/kg) were the highest (Figure 1A), 107 
while the content in roots showed no significant differences (stable at about 30mg/kg, 108 
not shown in the figure 1A ). Based on these basic statistical results, the plants of 109 
XBL and ZN139 were selected to cultivate under the different concentration of 110 
fluoride (0, 10, 50mg/L). The development of roots under both of the normal and the 111 
high concentration of fluoride showed no obvious differences compared with each 112 
other, but the leaves (especially the 1st leaf) color of XBL were yellow than ZN139 113 
under the 10 and 50mg/L (Figure 1B), that was just coincident with the relatively high 114 
contents of chlorophyll a (Ch a) and chlorophyll b (Ch b) in the 1st leaf and 5th leaf of 115 
ZN139 (Figure 1C). It is worth noting that, the amount of pigment in plants was 116 
always responsible for the rate of photosynthesis, except the non-photochemical 117 
quenching coefficient (qN) (Figure 1D, green), all of the maximum quantum yield of 118 
photosystem II (Fv/Fm) (Figure 1D, red) and other parameters such as non-regulated 119 
energy dissipation quantum yield Y(NO), the actual photochemical efficiency of PS II 120 
in the light(Y(II)), photochemical quenching (qP), quantum yield Y (NPQ) et al. 121 
showed no difference to each other under the stress of different fluoride content 122 
(Supplemental Figure S1). Fluoride stress also decreased the content of catechins 123 
(epigallocatechin (EGC), catechin (C), epicatechin (EC), epigallocatechin gallate 124 
(EGCG) and epicatechin gallate (ECG) ) and improved the content of caffeine in the 125 
1st and 5th leaf of XBL and ZN139 compared to the normal culture environments 126 
(Supplemental Table S2). 127 



Global transcriptome analysis 128 
To identify the different regulate networks under the normal condition and fluoride 129 
stress of different tea trees, different concentration of fluoride were used to culture the 130 
plant of XBL and ZN139 for the transcriptome sequencing (Figure 2A) and DEGs 131 
(log2 (relative expression level) ≥1 and≤-1, padj≤0.05) were identified. The DEGs 132 
between these two different tea trees without the fluoride stress were compared firstly. 133 
The root of ZN139 had the more specific DEGs than the 1st leaf and 5th leaf, and the 134 
clustering analysis results of the relative expression levels of the overlapped genes of 135 
these three different tissues showed the expression profile of DEGs in leaves were 136 
similar to each other than the roots (Figure 2B). That conformed the tissue-specific 137 
expression profiles and demonstrated the accuracy of the transcriptome analysis data. 138 
Further GO enrichment analyses were performed with these specific DEGs (1037 in 139 
1st leaf, 1163 in 5th leaf and 4165 in root). The up-expressed genes in the 1st and 5th 140 
leaves showed the similar expression profiles and highly enriched in the cell 141 
communication (GO:0007154), pollen-pistil interaction (GO:0009875), recognition of 142 
pollen (GO:0048544) biological process (Figure 2C, red). The roots up-expressed 143 
genes were enriched in the drug transmembrane transport biological process 144 
(GO:0006855), the iron ion binding (GO:0043021) and oxidoreductase activity 145 
(GO:0005506) function (Figure 2C, green), while the down-expressed genes were 146 
enriched in the response to oxidative stress process (GO:0006979). At the same time, 147 
further comparations were summarized in Figure 2D. Compared with the normal 148 
condation, the root of XBL under the fluoride stress showed the most number of 149 
DEGs compared to the normal condition, 4110 and 3788 genes were respectively 150 
upregulated after the treatment of 10 mg/L and 50mg/L fluoride (2947 genes showed 151 
the same trend, orange star), 4281 and 3858 genes were respectively repressed (3196 152 
genes showed the same trend, orange star). And the 5th leaf of XBL after the treatment 153 
of 10 and 50 ml/L fluoride showed more down-expressed genes than other tissues and 154 
treatments, and had the most same expression trend genes at the same time (Figure 2D, 155 
blue star).  156 
 157 
5th leaf specific DEGs under the fluoride stress 158 
Based on the calculate results of the DEGs in different tissues and treatments showed 159 
in Figure 2D. XBL had the most DEGs in the 5th leaf, which showed significant lower 160 
Cha content, than that of ZN139 under the fluoride stress (Figure 1C). Two venn 161 
diagram showed in Figure 3A identify the specific DEGs (sDEG) between the 5th leaf 162 
of XBL and ZN139 under the 10 or 50 mg/L compared with the 0 mg/L fluoride 163 
respectively, and both GO enrichment analysis of these sDEG were similar to each 164 
other (Figure 3A). Further Venn analysis of these sDEG in the 5th leaf of XBL 165 
between the 10 or 50 mg/L compared with the 0 mg/L fluoride discovered amount of 166 
same genes (6 co-up and 579 co-down expressed genes),The tentative GO analysis 167 
were enriched in reproductive process and negative regulation of cellular amide 168 
metabolic process and the interact graph of these biological process were linked 169 



closely (Figure 3B). The next hierarchical classification of these genes primarily 170 
involved in the negative regulation of translation (GO:0048544) or the recognition of 171 
pollen (GO:0048544), such as the NB-ARC transcription factors and S-locus 172 
glycoprotein. Expression profiles in XBL and ZN139 under the different treatment 173 
were cluster showed in Figure 3C based on the RNA-seq results. Then each of the 174 
three genes, which showed the of most significant down-expression in the 5th leaf of 175 
XBL, were selected to perform the real-time RT-PCR testing (Figure 3D). 176 
 177 
Root specific DEGs under the fluoride stress 178 
The root of XBL showed the most DEGs compared with the leaf or the root of ZN139 179 
under the fluoride stress (Figure 2D, blue stars). The preliminary GO analysis of the 180 
1163 or 1085 specific up or down-expressed genes in the root of XBL with the 181 
treatment of 10mg/L fluoride solution (Figure 2D) showed no significant enrichment. 182 
Based on this, the Venn diagram the DEGs of the root in XBL and ZN139 under the 183 
50mg/L compared with the 0 mg/L fluoride were showed in Figure 4A. Based on the 184 
GO enrichment analysis, the up-expressed sDEG (Group a) of ZN139 were enriched 185 
in the oxidative stress response (GO:0006979, such as the peroxidase (POD)), the 186 
down-expressed sDEG (Group c) of XBL were enriched in the metabolic of glucan 187 
(GO:0006073, such as the Mlo family) and the defense response (GO:0006952, such 188 
as the cellulase), and the co-down expressed genes (Group b, such as the Mg2+ 189 
transporters) played important roles in the cation transport (GO:0006812). Referenced 190 
to the RNA-Seq results and GO enrichment assay, 3 POD (CSA020762, novel.9069, 191 
CSA027568), 3 Mg2+ transporters (novel.69252, novel.29417, novel.34030), 3 Mlo 192 
family genes (novel.43039, novel.47207, CSA032247) and 3 cellulose synthase 193 
(novel.58702, novel.47564, novel.58609), which had significantly altered expressions 194 
after the treatment of fluoride (Figure 4B), were selected to identify their expression 195 
levels in the root of XBL and ZN139 after the treatment of 0, 10 or 50mg/L fluoride 196 
solution by the RT-PCR (Figure 4C).  197 
 198 
Fluoride changes the expression of self-incompatibility and glycolytic pathway 199 
genes 200 
Tea tree is a kind of plants with the self-incompatibility (SI). GO analysis in Figure 201 
3C&4B showed DEGs were highly enriched in the reproduction process and the 202 
pollen-pistil interaction. Genes played roles in the SI process, such as the S-locus 203 
glycoprotein (SLG) [17] or Mildew resistance locus o (Mlo) family [18] showed 204 
significant high expression in ZN139 than XBL after the treatment of fluoride in the 205 
5th leaf or root respectively. Considering amounts of SI process genes were highly 206 
expressed in the tender leaves, and the 1st leaf of ZN139 had more DEGs after the 207 
treatment of fluoride than that of XBL (Figure 2D), genes belongs to the SI were 208 
collected to compare their expression profiles in the 1st leaf of ZN139 and XBL after 209 
the treatment of fluoride. The expression of abundant of SLG, Mlo and Phospholipase 210 
D (PLDα-1) [19] were up-regulated in ZN139 to improve the pollen germination and 211 



pollen tube elongation (Figure 5A). Another significant different change was 212 
observed in the carbohydrate metabolism, especially the glycolytic pathways in the 5th 213 
leaf (Figure 5B). A amount of glycosyl transferases (such as CSA009048 and 214 
CAS0032715) and glycosyl hydrolases (such as CSA005984 and CSA033012) were 215 
significantly up-expressed, while two hexokinases (CSA006152 and novel.72752) 216 
were repressed in XBL under the treatment of 10 or 50 mg/L fluoride compared with 217 
that of ZN139 (Figure 5B), which indicated XBL accumulate less starch (transfered to 218 
the glucose) than ZN139 under the fluoride stress. 219 
 220 
Discussion 221 
Effects of high concentration of fluoride on the photosynthesis of tea plants 222 
Tea trees was one of the woody plants with the ability of collecting fluoride from the 223 
growing environment. Tea trees could grow normally on soils with high fluoride 224 
content and showed high tolerance to fluoride, but the treatment with high 225 
concentration of fluoride solution will affect the development of tea trees. ZN139 and 226 
XBL were took as the experimental material to study the effects of different 227 
concentrations of fluoride solution on the growth by hydroponic experiments [20]. 228 
The 1st or 5th leaf color of XBL was yellow than that of ZN139 under both of the 10 229 
and 50 mg/L treatment, and the 5th leaf color of ZN139 was relative green and grown 230 
well (Figure 1B). That was just consistent with the content trend of pigments (Figure 231 
1C). All these evidences showed that the high content of fluoride affected on the color 232 
of leaves (especially the 1st leaf) via reducing the content of pigments.  233 
But it is worth noting that qP, F0 and Fv/Fm were similar between ZN139 and XBL 234 
under the different fluoride stress (Figure 1D&S1). At the same time, GO or KEGG 235 
analysis of RNA-Seq DEGs between the ZN139 and XBL suffer the same fluoride 236 
stress did not enriched in the photosynthesis.  237 
The expression of 28 genes (including electron transporters, photosystem II oxygen 238 
evolving complex members and photosystem I reaction center members ), which 239 
played roles in photosynthesis, were detected in the RNA-Seq data, while only 240 
CSA036179 (photosynthetic electron transporter in photosystem II) was repressed in 241 
the 5th leaf of XBL (1.09-fold) after a 10-day treatment with 50mg/L fluoride 242 
solutions. This contrasted with previous research that found fluoride stress can inhibit 243 
physiological and biochemical processes by disrupting photosynthesis [9]. The 244 
long-term treatment (10-day) and the high fluoride stress (top to 50mg/L) in this study 245 
may be two of the reasons for the inconsistencies with the results of previous studies 246 
(1-4 days, 16mg/L)[13, 14]. Tea trees under high stress for long durations may be able 247 
to alleviate the effect of fluoride stress on their photosynthetic rate through other 248 
mechanisms. The photosynthetic activity (based on qP) of these two tea trees showed 249 
slight difference under the same planting environment. But the ZN139 had lower 250 
non-photochemical quenching (qN), which is the parameter of light protection 251 
(consumed the light energy for heat) and had relationship with the dynamics of 252 
thylakoid membrane [16, 17]. And the treatment of 10 or 50mg/L fluoride did not 253 



cause the change of trend, which was same with 0 mg/L. Traditional research believes 254 
that the intake of fluoride will affect photosynthesis, mainly because fluoride can 255 
combine with magnesium ions (Mg2+) in chloroplasts, which caused the distortion of 256 
thylakoids [9, 10]. Based on the RNA-Seq and real-time RT-PCR results, the 257 
expression of Mg2+ transporters in both of the XBL and ZN139 were repressed with 258 
the increasing fluoride concentration, and genes such as the novel.69252 in ZN139 259 
was down-regulated more significantly (Figure 4&C). AtMGT10 (AT5G22830), the 260 
ortholog of novel.69252 in Arabidopsis, was essential for chloroplast development 261 
and highly expressed on the member of chloroplast, and the efficiency of 262 
photosynthesis was reduced in part of its mutants [23, 24]. Nagata et.al found the 263 
presence of aluminum-fluoride complexes (the form of fluoride transported in the 264 
woody part) in mature leaves of tea trees [25]. The content of fluoride in leaves and 265 
roots of ZN139 was significantly higher than that of XBL, indicating that the content 266 
of aluminum ions is higher, and decades studies showed that the Mg2+ transport was 267 
inhibited by Al3+ [26]. Therefore, it is speculated that ZN139 makes up the decrease in 268 
photosynthetic rate caused by the ionic imbalance via consuming less light energy for 269 
heat. 270 
 271 
Differences in antioxidant properties 272 
Catechins were the main component (70%) of the tea polyphenols [27], and these 273 
have been closely linked to the taste and quality of tea and have been studied 274 
vigorously in regards to their antioxidant activity [28]. The statistical results of the 275 
amount of each individual catechins induced by fluoride stress, shown in the 276 
Supplemental Table S2, was consistent with the prior studies [13]. Certain genes 277 
played important roles in the biosynthesis of catechins, for example, two flavone 278 
synthases (FNS, novel.11716 and CSA001198) and one chalcone isomerase (CHI, 279 
CSA024690) were highly induced by the fluoride stress in both of XBL and ZN139, 280 
and the same trend in expression was also identified in the research of Jiaojiao Zhu et 281 
al [13]. Disruption of active oxygen balance was a common form of plants response 282 
to the abiotic stress, and the appearance of reactive oxygen species (ROS) may cause 283 
irreversible damage to the development of plants [29]. Plants could eliminate 284 
excessive reactive oxygen species within a certain concentration of fluoride threshold 285 
by regulating its own metabolism [30, 31]. In our study, POD (such as the 286 
CSA020762 and other 6 genes) were specifically up-expressed in the ZN139, 287 
especially under the 50 mg/L fluoride stress (Figure 4C), that just coincident with the 288 
determination of POD enzyme activity showed in the Supplemental Figure S2. And 289 
the activity of superoxide dismutase (SOD) and catalase (CAT) showed the same 290 
trend which demonstrated that the root of ZN139 had stronger ability in ROS 291 
scavenging than XBL. But these three enzymes have different trends under different 292 
fluoride stress and in different tissues (Supplemental Figure S2). The POD enzymes 293 
were induced by the fluoride stress clearly, especially in the root of ZN139 suffering 294 
50mg/L fluoride stress. The leaf of XBL (especially in the 1st leaf) had relative higher 295 



POD activity, and activity intensity was higher when treated with 10mg/L than when 296 
treated with 50mg/L fluoride solution. However, in the absence of fluoride stress, 297 
ZN139 showed higher SOD enzyme activity (up to 230U/g) than XBL. The activity 298 
of CAT were similar to each other in these two tree plants without the fluoride stress, 299 
the root of XBL had higher CAT activity suffering the 10mg/L fluoride stress. When 300 
treated with 50mg/L fluoride solution, the CAT enzyme activities in the leaves and 301 
roots of ZN139 were significantly higher than that of XBL. Taken together, XBL and 302 
ZN139 was different in the antioxidant properties. The activity of SOD was naturally 303 
occurring without the fluoride stress in ZN139. Low concentration of fluoride 304 
treatment induced the exchange of ROS scavenging ability in XBL than ZN139. 305 
Nevertheless, the high activity of POD in the root and CAT, SOD in the whole plants 306 
of ZN139 than XBL under high concentration of fluoride treatment is crucial to 307 
reduce the concentration of ROS caused by fluoride stress. Non-enzymatic 308 
antioxidant systems also provide other crucial responses for antioxidation protection. 309 
Previous research in maize, rice and other tea tree species has shown that the 310 
non-enzymatic antioxidant content of tea changed with ROS accumulation, for 311 
example, there was a reduction in glutathione (GSH) content and an increase in 312 
Ascorbic Acid (AsA) content [32, 33]. Based on the RNA-Seq data, the expression of 313 
3 hydroxyacylglutathione hydrolases (CSA018082, novel.69111, CSA000172) showed 314 
significantly higher expression after the treatment with the fluoride solution than in 315 
the 5th leaf of XBL in the 5th leaf (4.03-fold, 1.00-fold and 15.13-fold). At the same 316 
time, nine inositol-1-monophosphatase (GPPs, key enzymes for AsA biosynthesis) 317 
were expressed in the leaves or roots, and 8 of these were highly expressed in the 5th 318 
leaf and roots of ZN139 after treatment with the 50 mg/L fluoride solution 319 
(Supplemental Table S3). All of these expression profiles coincided with a reduction 320 
in GSH content and the accumulation of AsA which corroborates previous research 321 
on tea trees under the fluoride stress. This conclusion also just explained the 322 
phenomenon that ZN139 grows better than XBL and has higher fluoride content in 323 
leaves under the high fluoride environment.  324 
 325 
Effect of fluoride stress on self-affinity 326 
Self-incompatibility may be controlled either by the sporophyte or by the 327 
gametophyte [34], and tea tree is the later one. Previous researches studied well on the 328 
Arabidopsis and other Brassica plants, but short on the tea tree. The incompatibility 329 
for effective pollination is determined by the homology between secreted 330 
glycoproteins (SLG)/membrane-bound receptor protein kinases (SRK) and S-locus 331 
protein 11 (SP11)/S-locus cysteine-rich protein (SCR) [17, 34–36]. SRK could 332 
interact with the M-locus protein kinase (MPLK) or regulated the expression of arm 333 
repeat-containing 1 (ARC1) to affect the pollen germination and the elongation of 334 
pollen tubes [37, 38]. ARC1 is the up-stream regulator of Phospholipase D (PLDα-1) 335 
and glyoxalase (GLO1), and setting rate of their RNA-interfering materials decreased 336 
obviously [19, 39]. There were also the mildew resistance locus o (Mlo) clade III 337 



family genes (such as the AtMLO5/7/8/9/10 in Arabidopsis), which played important 338 
roles in the defense response and the pollen tube reception, are highly expressed in the 339 
roots, young leaves and flowers [40]. Based on the GO enrichment, RNA-seq and 340 
RT-PCR analysis results, genes played roles in the SI were highly specific expressed 341 
in the 1st and 5th leaf of ZN139 under the normal condition (Figure 2C), and were 342 
repressed in the leaf or root of XBL under the fluoride stress, such as the SLG (Figure 343 
3C&D), Mlo (Figure 4A&B) and PLDα-1 (Figure 5A) to affect the pollen-pistil 344 
interaction, pollen germination and tube elongation. Based on these evidences, it can 345 
be shown that, unlike the self-incompatibility of XBL which is significantly increased 346 
by high fluoride pressure, ZN139 can maintain a more normal self-pollination under 347 
both of the normal and high fluoride pressure environment to ensure its own breeding 348 
needs. The main propagation of tea trees comprises two main methods: the vegetative 349 
(cutting, grafting, and tissue culture) and the generative (seeds) methods [41]. This 350 
finding reminds us that ZN139 can be seeded on the high-fluoride soils, while the 351 
vegetative methods are more suitable for the non-fluorinated tea trees such as XBL in 352 
this study. Further research will combine the group evolution analysis [42] with 353 
resequencing data to cluster varieties with leaves contained fluoride content in the 354 
same season. The selective elimination analysis (such as based on the Fst) and 355 
transcriptome differential analysis will be use to further explore and identify the key 356 
genes in the regulation of tea plant reproduction development. 357 
 358 
Effects of fluoride stress on vegetative growth 359 
Redistribution of carbohydrates retarded the vegetative growth was a common 360 
response mode for plants to abiotic stress [43]. Based on the GO cluster showed in 361 
Figure 2C, there was no DEGs enriched in the plant growth, development or the 362 
glycometabolism without the fluoride stress. While this situation changed obviously 363 
after the treatment of fluoride: novel.23647 and other genes with the NB-ARC domain 364 
were repressed in the 5th leaf of XBL obviously (Figure 3C); novel.58702 and other 365 
cellulases were repressed in the root of XBL; glycosyl transferases (such as 366 
CSA009048) and glycosyl hydrolases (such as NOVEL.25420) were induced 367 
expressed by the 10mg/L and 50mg/L fluoride solution treatment (Figure 5B). 368 
Disease resistance protein RPS family genes were the orthologs of novel.23647 in 369 
Arabidopsis with the NB-ARC domain [44], which played important roles in the 370 
defense resistance and cell death, and the mutant of part of RPSs showed the dwarfing 371 
plants or growth slowly [45, 46]. Cellulose synthase was crucial for the cell wall 372 
formation, such as the CesA7 in Arabidopsis or rice, whose repression could retarded 373 
the vegetative growth via negative effecting the cellulose biosynthesis [38, 39]. 374 
UDP-glucose is the primary substrate for cellulose synthase [49], and the content of it 375 
was dynamically related to the content of glucose and starch in the glycolysis pathway 376 
[50] (Figure 5B). Glycosyl hydrolase is the rate-limited enzyme from cellulose to 377 
D-glucose, glycosyl transferase is contribute to the utilization of starch glycogen and 378 
the biosynthesis of glucuronoxylan and D-glucose [51, 52]. Based on the RNA-Seq 379 



results, both of the glycosyl hydrolases and transferases were induced specific 380 
induced in the 5th leaf of XBL. And two hexokinases (such as the CSA006152 and 381 
novel.72752) were repressed in XBL to reduce the consumption of D-glucose [53]. 382 
These studies indicated that carbohydrates were tend to convert into the D-glucose to 383 
generate more energy for the stress response (such as the active transport of ions, 384 
production of ATP, NADPH and heat energy (qN)) [54], thereby retarding the 385 
vegetative growth of plants via reducing starch accumulation and cellulose synthesis. 386 
In addition, increasing the ATP or its analogues were proved to inhibited pollen 387 
germination and pollen tube elongation [55, 56], that was just consistent with the high 388 
self-incompatibility of XBL under the fluoride stress compared with ZN139. 389 
Determining the starch, cellulose, and soluble sugars content in the leaves and roots of 390 
tea trees after different periods after fluoride stress will be the focus of future studies, 391 
to further explore the core regulatory genes in the fluoride stress response. 392 
 393 
 394 
Conclusions 395 
The tea tree is one of the few plants that has a high-fluoride content, but the different 396 
varieties respond differently to fluoride stress. High-fluoride tea tree varieties, such as 397 
ZN139, have stronger ROS scavenging abilities through the use of both their 398 
non-enzymatic and enzymatic antioxidant systems which act by increasing the 399 
expression levels of inositol-1-monophosphatases and peroxidases, among others. 400 
ZN139 can also compensate for the decrease in photosynthetic rate that is associated 401 
with the ionic imbalance caused by the reduced consumption of light energy during 402 
long-periods of high fluoride stress. Reproductive development was protected in 403 
ZN139 by the up-regulated expression of S-locus glycoprotein, Mildew resistance 404 
locus o and Phospholipase D under fluoride stress, while the vegetative development 405 
of low-fluoride varieties such as XBL was retarded. More starch and cellulose were 406 
redistributed to glucose by increasing the expression levels of glycosyl transferases 407 
and hydrolases to provide more energy for processes involved in the response and 408 
tolerance towards fluoride stress. 409 
 410 
Materials and Methods 411 
 412 
Plant materials 413 
Plants were grown on the 20°C under nature day condition. For RNA extraction and 414 
content measurement, fresh tissues of the root, the 1st and the 5th leaf after the 415 
treatment of 0mg/L, 10 mg/L and 50 mg/L Fluoride solution (NaF) were collected.  416 
 417 
Determination of fluoride content 418 
0.15g of tea powder of leaves or roots (accurate to 0.0001g), add 20ml water, boil for 419 
30min then remove and cool. Add 25ml total ion strength adjustment buffer then 420 
mixed with water to 50ml. Determination of fluoride content was performed by the 421 



microwave digestion and fluoride ion-selective electrode method [57]. Three 422 
biological replicates, 10 plants for each repeat. Significant differences between the 423 
fluoride content in XBL and other varieties were evaluated using the paired Student’s 424 
t test ( P <0.01 (**) and P <0.05 (*)). 425 
 426 
Determination of CAT, SOD, POD enzyme activity 427 
The activity of CAT were determined according to the method of Johansson [58]. To 428 
standardize enzyme activity of SOD, two procedures based on pyrogallol autoxidation 429 
called 325 nm method and 420 nm method are compared according to the method of 430 
Jianrong [59]. The activity of POD were determined according to the method of 431 
Vetter[60]. All bars represent means± s.d., three biological replicates (5 plants for 432 
each repeat). Significant differences (Student’s t test, P <0.01 (**) and P <0.05 (*)). 433 
 434 
 435 
Determination of Photosynthetic Pigment, Chlorophyll Fluorescence, Catechins 436 
and caffeine 437 
Pigments was extracted with 95% alcohol under dark conditions, and the contents of 438 
Ch a, Ch b, and Car were quantified spectrophotometrically, according to the method 439 
of Wellburn [61]. The determination of F0 and Fm, Y(II), Y(NPQ), Y(NO), NPQ, qN, 440 
qP, qL and ETR was executed with a pulse modulation chlorophyll fluorescence 441 
spectrometer (LI-COR Inc., Lincoln, NE, United States). Plants were dark-adapted for 442 
20 min before measurement. All bars represent means± s.d., three biological 443 
replicates (5 plants for each repeat). Significant differences (Student’s t test, P <0.01 444 
(**) and P <0.05 (*)). The determination of catechins and caffeine in green tea using 445 
HPLC were performed according to the method of Wang [13, 62]. Three biological 446 
replicates, 10 plants for each repeat. Significant differences between the content of 447 
catechins and caffeine after the treatment of the 0mg/L fluoride solution and 10mg/L 448 
or 50mg/L fluoride solution were evaluated using the paired Student’s t test ( P <0.01 449 
(**) and P <0.05 (*)). 450 
 451 
Transcriptome analysis 452 
All samples were sent to Novogene (Beijing, China) to perform extraction, 453 
sequencing and bioinformatics analyses. mRNA was purified from total RNA using 454 
poly-T oligo-attached magnetic beads. Fragmentation was carried out using divalent 455 
cations under elevated temperature in NEBNext First Strand Synthesis Reaction 456 
Buffer(5X). First strand cDNA was synthesized using random hexamer primer and 457 
M-MuLV Reverse Transcriptase (RNase H-). Second strand cDNA synthesis was 458 
subsequently performed using DNA Polymerase I and RNase H. Remaining 459 
overhangs were converted into blunt ends via exonuclease/polymerase activities. 460 
After adenylation of 3’ ends of DNA fragments, NEBNext Adaptor with hairpin loop 461 
structure were ligated to prepare for hybridization. In order to select cDNA fragments 462 
of preferentially 250~300 bp in length, the library fragments were purified with 463 



AMPure XP system (Beckman Coulter, Beverly, USA). Then 3 μl USER Enzyme 464 
(NEB, USA) was used with size-selected, adaptor-ligated cDNA at 37°C for 15 m in 465 
followed by 5 min at 95 °Cbefore PCR. Then PCR was performed with Phusion High 466 
-Fidelity DNA polymerase, Universal PCR primers and Index (X) Primer. At last, 467 
PCR products were purified (AMPure XP system) and library quality was assessed on 468 
the Agilent Bioanalyzer 2100 system. 469 
 470 
Differential expression analysis  471 
Different concentration of fluoride (0, 10, 50 mg/L) were used to culture the plant of 472 
XBL and ZN139 for 240 hours, then the roots, 1st and 5th leaf were extracted for the 473 
transcriptome sequencing. Differential expression analysis of 18 groups (three 474 
biological replicates per condition) was performed using the DESeq2 R package 475 
(1.16.1). Varieties-specific expression genes without fluoride stress (XBL vs ZN139 476 
root,1st or 5th leaf under the 0mg/L ;DEGs induced by low and high fluoride stress in 477 
XBL (XBL root 50mg vs 0mg,10mg vs 0mg; XBL 1st leaf 50mg vs 0mg,10mg vs 478 
0mg; XBL 5th leaf 50mg vs 0mg,10mg vs 0mg); DEGs induced by low and high 479 
fluoride stress in ZN139 (ZN139 root 50mg vs 0mg,10mg vs 0mg; ZN139 1st leaf 480 
50mg vs 0mg,10mg vs 0mg; ZN139 5th leaf 50mg vs 0mg,10mg vs 0mg) et al were 481 
compared in this study. DESeq2 provide statistical routines for determining 482 
differential expression in digital gene expression data using a model based on the 483 
negative binomial distribution. The resulting P-values were adjusted using the 484 
Benjamini and Hochberg’s approach for controlling the false discovery rate. Genes 485 
with an adjusted P-value ≤0.05 found by DESeq2 were assigned as differentially 486 
expressed. The selection of different expression genes was based on the FDR≤0.001 487 
and absolute value of Log2 (Relative expression level, compared with WT) ≥1 and 488 
≤-1.  489 
 490 
GO and KEGG enrichment analysis of differentially expressed genes  491 
Case special deep analysis based on DEGs including GO and KEGG pathway 492 
enrichment analysis were done by our group. Gene Ontology (GO) enrichment 493 
analysis of differentially expressed genes was implemented by the cluster Profiler R 494 
package, in which gene length bias was corrected. GO terms with corrected P-value 495 
less than 0.05 were considered significantly enriched by differential expressed genes. 496 
KEGG is a database resource for understanding high-level functions and utilities of 497 
the biological system, such as the cell, the organism and the ecosystem, from 498 
molecular-level information, especially large-scale molecular datasets generated by 499 
genome sequencing and other high-through put experimental technologies 500 
(http://www.genome.jp/kegg/). We used cluster Profiler R package to test the 501 
statistical enrichment of differential expression genes in KEGG pathways. 502 
 503 
Plant RNA extraction and real-time RT-PCR 504 



The total RNA was extracted by Trizol reagent (TAKARA, Japan). An amount of 500 505 
ng total RNA was used to inverse transcription with Transcriptor First Strand cDNA 506 
Synthesis Kit (TAKARA, Japan). Diluted the cDNA 10 times and then as the 507 
template for real-time RT-PCR. RT-PCR reaction system: SYBR® Premix Ex 508 
TaqTM (2×) 5 μl, PCR Forward Primer (10 μM) 0.2 μl, PCR Reverse Primer (10 μM) 509 
0.2 μl, cDNA template 1μl, with distilled deionized water up to 10 μl. The PCR 510 
process as following conditions: 95°C for 15s, 56°C for 30s, and 72°C for 30 s, 40 511 
cycles. All bars represent means± s.d., three biological replicates (5 plants for each 512 
repeat). Significant differences (Student’s t test, P <0.01 (**) and P <0.05 (*)). 513 
Primers used for the real-time RT-PCR were listed in the Supplemental Table S4. 514 
 515 
Figure legends 516 
Figure 1. Phenotypes and the determination of photosynthesis index of XBL and 517 
ZN139 under the fluoride stress. 518 
A, The fluoride content of the terminal bud and 1ST leaf, 4th and 5th leaf of XBL and 519 
ZN139 in spring, summer and autumn. B, Phenotypes of the 1ST, 5th leaf and root of 520 
XBL and ZN139 under the different concentration of fluoride solution (0, 10 and 50 521 
mg/L). C, Contents of chlorophyll a and chlorophyll b and carotenoids in the 1st, 3rd 522 
and 5th leaf of XBL and ZN139 under the different concentration of fluoride solution 523 
(0, 10 and 50 mg/L). D, F0, Fv/Fm and qN in the tea trees used in D. Fv, maximal 524 
fluorescence; Fm, variable fluorescence; qN, non-photochemical quenching 525 
coefficient. All bars represent means± s.d., three biological replicates, 5 plants for 526 
each repeat for C&D, 10 plants for each repeat for A. Significant differences 527 
(Student’s t test, P <0.01 (**) and P <0.05 (*)). 528 
 529 
Figure 2 Overall differentially expressed genes (DEGs) between the XBL and 530 
ZN139 under the normal condition 531 
A, Schematic diagram for the material selection of detail transcriptome sequencing. B, 532 
Venn diagram of the overlap between the DEGs in root, 1st and 5th leaf, and the 533 
clustering analysis results of the relative expression levels of the different groups. C, 534 
GO enrichment analysis results of the tissue-specific expression gene. Red for the 535 
biological process and green for the molecular function. D, The histogram of the 536 
statistical results for the DEGs in root, 1st and 5th leaf between the XBL and ZN139 537 
without the fluoride stress (Blue: specific DEGs after the treatment of 10mg/L 538 
fluoride; Gray: specific DEGs after the treatment of 50mg/L fluoride; Orange: DEGs 539 
had the same expression trends after the treatment of 10 and 50mg/L compared to the 540 
normal condition).  541 
 542 
Figure 3 XBL 5th leaf specific DEGs analysis  543 
A, Venn diagram of the DEGs of the 5th leaf of XBL and ZN139 after the treatment of 544 
10 mg/L or 50 mg/L fluoride solution compared with the 0 mg/L, with the GO 545 
enrichment analysis clustering results of the specific DEGs of XBL (up-expressed 546 



(read) and down-expressed (green)). B, Venn diagram of the specific DEGs of the 5th 547 
leaf of XBL after the treatment of 10mg/L or 50 mg/L fluoride solution compared to 548 
the 0 mg/L, with GO enrichment and interactive graph analysis results of the 6 549 
co-down and 579 co-up expressed genes. C, The clustering analysis results of genes, 550 
which belonged to the translation and recognition of pollen biological process, 551 
relative expression levels of the different groups based on the results of RNA-seq 552 
analysis. D, Expression profiles of genes (Real-time RT-PCR results) selected in C 553 
(green points). All bars represent means± s.d., three biological replicates. Significant 554 
differences (Student’s t test, P <0.01 (**) and P <0.05 (*)). 555 
 556 
Figure 4 XBL root specific DEGs analysis 557 
A, Venn diagram of the overlap and the GO enrichment analysis results of the DEGs 558 
between the root of XBL and ZN139 after the treatment of 50mg/L compared with the 559 
0mg/L fluoride. B, DEGs involved in the oxidative stress (Group a), cation transport 560 
(Group b), the metabolic of glucan and the defense response (Group C). The absolute 561 
values (RNA-seq) of log2 (50mg/L/0mg/L) ≥1 and FDR < 0.001 were used as the 562 
criteria for DEGs. The color of the box represents up (red) and down 563 
(green)-regulated genes. C, Expression profiles of 15 genes (Real-time RT-PCR 564 
results) in the root of XBL or ZN139 after the treatment of 50 and 0 ml/L fluoride. All 565 
of the expressions were normalized by the expression level of Actin in XBL without 566 
the treatment of Fluoride. All bars represent means± s.d., three biological replicates. 567 
Significant differences (Student’s t test, P <0.01 (**) and P <0.05 (*)). 568 
 569 
Figure 5 Differential expression of representative genes involved in 570 
self-incompatibility and carbohydrate metabolism process. 571 
A, DEGs in the self-incompatibility process. B, DEGs in carbohydrate metabolism. 572 
The absolute values of log2 ≥1 and FDR < 0.001 were used as the criteria for DEGs. 573 
The color of the box represents up (red) and down (green)-regulated genes and the 574 
value in the box is the log2 of the genes in the 1st and 5th leaf of ZN139 and XBL 575 
under the treatment of 10 or 50 mg/l compared with the 0mg/L fluoride. 576 
Figure 6 The proposed model for the fluoride stress on the development of tree 577 
plants. 578 
 579 
 580 
Supplemental data 581 
Supplemental Figure S1 Y(II), Y(NPQ), Y(NO), NPQ, qN, qP, qL and ETR in the 582 
1st, 3rd and 5th leaf of XBL and ZN139 under the different concentration of fluoride 583 
solution (0, 10 and 50 mg/L) . All bars represent means± s.d., three biological 584 
replicates (10 plants for each replicate). Significant differences (Student’s t test, P 585 
<0.01 (**) and P <0.05 (*)). 586 



Supplemental Figure S2 The SOD, CAT and POD enzyme activity determination 587 
results. All bars represent means± s.d., three biological replicates (5 plants for each 588 
replicate). Significant differences (Student’s t test, P <0.01 (**) and P <0.05 (*)).  589 
Supplemental Table S1 Fluoride content of 28 tea tree varieties in spring for 5 years. 590 
The 1st and the 5th leaves were selected for the determination of fluoride content, each 591 
assay was designed with three biological replicates, 10 plants for each biological 592 
replicate. 593 
Supplemental Table S2 The amount of individual catechins and caffeine induced by 594 
fluoride stress. Each assay was designed with three biological replicates, 10 plants for 595 
each biological replicate, labeled with a letter are significantly different at P < 0.05 by 596 
Duncan’s test. 597 
Supplemental Table S3 The expression profiles of GPP. 598 
Supplemental Table S4 Primers used for the real-time RT-PCR assay. 599 
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• A low-level and a high-level fluoride varieties were selected for 

the morphological and transcriptome analysis to explore their 

different regulate network for the fluoride stress. 

• High-fluoride tea tree varieties had stronger ROS-scavenging 

ability than low-fluoride varieties.... 

• High-fluoride tea tree varieties could maintain the normal growth 

and reproduction under high-fluoride stress 

• Redistribution of carbohydrates retards the vegetative growth  of 

low-fluoride tea tree varieties under high-fluoride stress. 
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