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A b s t r a c t  
 

The main constraint in the tea plants growth in the world is drought, which reduces the 
productivity of plantations by 15-45 % (R.M. Bhagat et al., 2010; R.D. Baruah et al., 2012). In this 
regard, physiological (M. Mukhopadhyay et al., 2014; T.K. Maritim et al., 2015) and molecular 
mechanisms (W.D. Wang et al, 2016; Y. Guo et al., 2017) drought tolerance of tea plants are a mat-
ter of great interest. The purpose of this review is to summarize the international experience of phe-
notyping and genotyping of tea drought response to create a comprehensive picture of the plant re-
sponse to osmotic stress and to understand the reproducibility of response mechanisms in different 
climatic regions. During drought stress the main signaling role is played by abscisic, jasmonic and 
salicylic acids, as well as ethylene (S.C. Liu et al., 2016), the metabolic pathway of which includes 
cascades of physiological changes and involves response genes (T. Umezawa et al., 2010). It was 
reported that tea plants had increased expression of genes encoding cytokinin biosynthesis enzymes 
(trans-zeatin and cis-zeatin and isopentyniladine) under drought, and during recovery its expression 
decreased. It is assumed that an increase in cytokinin content may partially mitigate the negative 
effect of stress on photosynthetic apparatus and slow down leaf senescence induced by stress. An 
important adaptive response of tea plant to drought is an increase in the concentration of proline, 
glycine-betaine, mannitol and other osmolytes which neutralize reactive oxygen species, protect 
macromolecules from damage by free radicals, and maintain the osmotic potential of the cell 
(W.D. Wang et al., 2016). Under the drought in tea plant starch decomposes to glucose, and manni-
tol, trehalose, and sucrose contents increase. The accumulation of reactive oxygen species (ROS) 
directly correlates with the accumulation of glucose, to prevent the negative effects of stress. In 
addition, it has been shown that many genes involved in the metabolism and signaling of phyto-
hormones, osmolytes, antioxidants and carbohydrates are also involved in tolerance to osmotic 
stress (S. Gupta et al., 2013; Y. Guo et al., 2017). Several families of transcription factors play a 
crucial role in the regulation of tea response to drought in tea. In particular, 39 CsbHLH genes were 
identified with increased expression in drought conditions (X. Cui et al., 2018). From the NAC 
family, the CsNAC17 and CsNAC30 genes have been identified that can be used in the breeding for 
drought tolerance of tea (Y.-X. Wang et al., 2016). From the WRKY family, the CsWRKY2 gene has 
been identified which is involved in the mechanisms of protection from drought and can act as an 
activator or repressor of abscisic acid (ABA). From the DREB gene family, 29 CsDREB have been 
identified, which increase drought tolerance of tea through ABA-dependent and ABA-independent 
pathways and can act as a link between different biochemical networks in response to drought (M. 
Wang et al., 2017). From the HD-Zip family, Cshdz genes have been identified which are divided 
into 4 groups according to their functions, of which HD-Zip I and HD-Zip IV play the major role 
in drought response in tea (W. Shen et al., 2018). Of the HSP (HSF) family, 47 transcription factors 
were identified in tea, including 7 CsHSP90, 18 CsHSP70, and 22 CsHSP genes the expression of 
which increases resistance to oxidative stress, protection of photosystem II and stabilizes photosyn-
thesis during drought (J. Chen et al., 2018). The transcription factors of the bZIP family also play 
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the important role in ABA-mediated drought response. From the Dof family, 29 transcription factors 
were revealed in tea plants and their increased expression was shown in the resistant cultivars under 
drought. The important role of CsDof-22 in ABA biosynthesis has been revealed (H. Li et al., 2016). 
An increased expression of the SBP family CsSBP genes in tea plants led to assumption of its par-
ticipation in signaling pathways involving ABA, gibberellic acid, and methyl jasmonate (P. Wang 
et al., 2018). The genes of the CsLOX1, CsLOX6 and CsLOX7 family of lipoxygenases in tea can 
also play an important role in drought response (J. Zhu et al., 2018). In addition, miRNA play an 
important role in gene regulation at transcription and translation level in tea plants (Y. Guo et al., 
2017). Despite the great progress in the functional genomics of tea plant further research is needed 
to identify the location of various genes in regulatory networks and their impact in drought tolerance. 
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Tea Camellia sinensis (L.) Kuntze is the most important industrial crop 
cultivated in more than 50 countries of the world, including in the humid subtrop-
ical zone of Russia. This perennial plant, growing in one place for up to 70 years 
or more, periodically encounters prolonged drought (1-2 months) in the summer 
period, which leads to oxidative stress and the formation of mineral deficiency. 
According to various authors, these abiotic factors become one of the main rea-
sons for the decrease in tea plantation yields (on average by 15-45%) [1-3] and 
even partial death of plants (up to 19%) [4]. The predicted global climate changes 
towards aridization [5] will further aggravate the existing problems of tea cultiva-
tion and actualize the tasks to increase its endurance to extreme environmental 
conditions [6-9]. In this regard, the physiological, biochemical, and molecular 
mechanisms of tea plant resistance to drought and the effectiveness of using vari-
ous exogenous inducers are studied, and the selection search for more drought-
tolerant varieties is performed [10]. Over the years of research in foreign countries, 
significant experimental material has been accumulated concerning the physiologi-
cal, biochemical, and molecular mechanisms of the resistance of tea and other 
crops to drought [11-14], which can be used as a scientific basis for the develop-
ment of selection research in Russia.  

The purpose of this report is to summarize the international experience 
of phenotyping and genotyping of tea plants on the basis of resistance to stress 
factors in order to create a holistic picture of the plant's response to osmotic 
stress and to understand the reproducibility of response mechanisms in different 
climatic zones.  

The most effective strategies for plant adaptation to drought, including 
tea, include the so-called mechanisms of stress avoidance by shortening the life 
cycle, growing season and flowering, which are aimed at reducing water loss by 
the organism [15, 16]. The most important morphological symptoms of plant 
adaptation are the characteristics of the root system (biomass, length, depth, and 
density of roots) [17-19], the ratio of root/shoot biomass, the number and size 
of leaves, the area and nature of the leaf surface, the ratio of leaf mass to sur-
face, the structure of the photosynthetic apparatus, the structure and form of 
chloroplasts [20-24]. The main physiological mechanisms of avoidance are the 
reduction of water loss through stomatal control of transpiration [25-27], a de-
crease in the number and size of stomata [28], an increase in the viscosity of the 
cytoplasm, and maintenance of the osmotic potential of the cell. All these pro-
cesses are based on cascades of biochemical reactions involving three groups of 
metabolites — phytohormones, osmolytes, and antioxidant components. 

Phytohormones. According to modern research, among phytohor-
mones, abscisic (ABA), salicylic and jasmonic acids, as well as ethylene, play an 
important role in responding to drought. A comparative study of two tea varie-
ties, which are contrasting in terms of resistance, revealed an increase in the 
content of abscisic and salicylic acids 4 days after the onset of drought [25]. 
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Other phytohormones, such as indoleacetic acid (IAA) and cytokinins, were in-
volved in plant recovery after drought. In the case of the tea plant, the ABA-
dependent response path to drought has been studied quite fully, although some 
links have not yet been identified. ABA-dependent signaling primarily affects 
constitutively expressed transcription factors, which then induce direct effector 
stress resistance genes [29]. A key regulatory link in ABA biosynthesis in both 
roots and leaves is probably catalyzed by 9-cis-epoxycarotenoid deoxygenase, 
which is an enzyme that converts the epoxycarotenoid precursor into xanthoxin 
in plastids. ABA initiates the formation of reactive oxygen species, which in a 
chain activate superoxide dismutase (SOD), which is the first line of defense 
against free radicals [12, 25]. The increasing activity of SOD leads to an increase 
in the amount of H2O2, activation of Ca2 channels, and calcium-dependent pro-
tein kinases that regulate stomata closure [26, 30-32]. When recovering from 
drought, the amount of ABA decreases, as a result of which the calcium concen-
tration in the cytosol supposedly reduces, the influx of potassium and anions into 
the stomata trailing cells decreases and, as a result, stomata open [26, 33-35]. 

Under the influence of drought, the expression of the jasmonic acid 
synthesis gene increases, which turns into a more active compound ()-
jasmonoyl-L-isoleucine (JA-Ile) [26]. Genes encoding the main components of 
ethylene signaling are also activated. After the onset of stress, the expression of 
the 1-aminocyclopropane-1-carboxylic acid (ACC) gene is increased, which 
indicates the accumulation of ethylene, and it is suppressed during the recov-
ery period after drought [26]. 

Salicylic acid is a phenolic compound involved in the regulation of pho-
tosynthesis, nitrogen metabolism, proline, glycine-beta-in synthesis, an antioxi-
dant defense system, and water potential under stress conditions [36]. The main 
regulator of salicylic acid metabolism is the NPR1 gene, a decrease in the ex-
pression of which under conditions of drought led to a weakening of tea re-
sistance to disease [26]. 

Indoleacetic acid (IAA) regulates many physiological processes. In a tea 
plant, the expression of genes associated with the synthesis of IAA decreased in 
response to drought [26]. However, to maintain the activity of physiological pro-
cesses under these conditions, alternative routes for the synthesis of IAA from 
indole via tryptophan were activated. 

It was reported that during a drought period, the expression of genes en-
coding cytokinin biosynthesis enzymes (trans- and cis-zeatin and isopentinylade-
nine) increased in a tea plant, and during the recovery after stress, it decreased. 
Apparently, an increase in the content of cytokinins can partially mitigate the neg-
ative effect of stress on photosynthetic activity and slow down accelerated leaf ag-
ing [36].  

Osmolytes. Another strategy for adapting to drought is to increase the 
synthesis of osmolytes – substances with a low molecular weight dissolved in the 
cytosol, which are not toxic to the plant even in high concentrations [37-39]. 
Osmolytes increase the viscosity of the cytoplasm, absorb reactive oxygen species 
and protect macromolecules from free radicals, thereby maintaining the integrity 
of the membranes and the metabolic activity of tissues, which ensures the re-
sumption of growth after improving the water regime [40-42]. These substances 
belong to three main classes: amino acids (glutamine, proline, glycine-betaine, 
carnitine), sugars (starch, di- and monosaccharides) and polyols (mannitol, sor-
bitol) [43]. Proline [44], which is synthesized from glutamate (with the participa-
tion of the pyrroline-5-carboxylate synthase enzyme) or ornithine [26, 43] is es-
pecially important among amino acids. The accumulation of proline is accom-
panied by the prevention of protein denaturation, the preservation of the struc-
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ture and activity of enzymes, as well as the protection of membranes from ROS 
damage during moisture deficiency and high solar activity. The most studied 
components of osmotic regulation include glycine-betaine [45], which has a pos-
itive effect on enzyme stability and membrane integrity, acting as an osmopro-
tector and also indirectly participating in transduction signals [46]. In the paper 
by Maritim et al. [19], accumulation of proline and glycine-betaine under simu-
lated water deficiency stress in the leaves of 8 varieties of tea was shown, which 
is more pronounced in drought-tolerant varieties. Based on this, it was conclud-
ed that proline can be used as a biochemical marker for screening genetic mate-
rial for drought tolerance. 

A significant contribution of carbohydrates to cell resistance under os-
motic stress has also been shown [25, 26, 47]. So, under drought conditions in 
tea plants, starch was decomposed to glucose, and the synthesis of mannitol, 
trehalose, and sucrose increased. The accumulation of reactive oxygen species 
(ROS) was directly correlated with the accumulation of glucose, which is in-
volved in the closure of stomata and increases the adaptability of the plant, pre-
vents the decomposing of chlorophyll and transpiration of water under osmotic 
stress. In addition, soluble sugars play a dual function, as they are associated 
with both anabolism and catabolism of ROS, such as the oxidative pentose 
phosphate pathway and NADPH production [48-51]. Physiological and molecu-
lar genetic studies conducted by Liu et al. [25, 26] showed that the concentra-
tion of soluble sugars in the tea plant increased significantly as the drought in-
tensified, and then rapidly decreased after rehydration. These results suggested 
that photoassimilated carbon was mainly used for the synthesis of osmolytes, and 
starch was mainly decomposed to glucose.  

Antioxidant components. Antioxidant defense systems include both 
enzyme (SOD, catalase, peroxidase, ascorbate peroxidase, glutathione reductase) 
and non-enzymatic (cysteine, reduced glutathione, and ascorbic acid) compo-
nents [27, 37, 52]. It has been established that in addition to catalase, various 
peroxidases and peroxiredoxins [25, 53, 46], several more enzymes are involved 
in the process of liquidation of hydrogen peroxide and free radicals: dehy-
droascorbate reductase, monodehydroascorbate reductase, and glutathione re-
ductase [31, 54]. Transcriptomic studies by Liu et al. [26] have shown that under 
drought conditions in a tea plant, the expression of the gene of ribulose bisphos-
phate carboxylase (RuBisCO). the key enzyme of the Calvin cycle, decreased, 
indicating inhibition of carbon dioxide fixation. Moreover, the synthesis of regu-
latory enzymes of glycolysis of hexokinase under drought conditions did not 
stop. Researchers have suggested that the tea plant maintains ATP supply by 
maintaining glycolytic metabolism [26]. The role of -carotene in protecting 
against oxidative stress and maintaining photochemical processes was identified 
[55, 56], which presumably involves the direct quenching of triplet chlorophyll, 
which prevents the formation of reactive oxygen species [37]. 

Other signaling paths. The group of molecular messengers that regu-
late the work of response genes is very numerous. Thus, aquaporins, the family 
of the main membrane (plasma and vacuolar) proteins, regulate the passive ex-
change of water through membranes [57]. Dehydrins and heat shock proteins 
(chaperones) stabilize the structure of other proteins and macromolecules, which 
prevents their denaturation under stress [58]. 

Protein kinases and protein phosphatases often act together to phosphor-
ylate and dephosphorylate their targets. Protein kinases in a tea plant play a 
positive role, and protein phosphatases play a negative regulatory role in the re-
sponse to drought, ensuring the maintenance of homeostasis and signal transduc-
tion in the tea plant. According to Wan et al. [59-62], all 29 calcium-dependent 
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protein kinases found in tea contain cis-elements of the multiple stress response 
in the promoter region of the gene.  

Genetic factors. Among all the mechanisms, transcription factors are 
the main regulators of the plant's response to abiotic stress. Tea is supposed to 
have 12 families of transcription factors involved in response to drought: 
AP2/EREBP, bHLH, bZIP, HD-ZIP, HSF (HSP), MYB, NAC, WRKY, zinc-
finger protein TFs, SCL, ARR, SPL [63-66].  

One of the largest families of bHLH transcription factors (basic helix-
loop-helix) is widespread in eukaryotes. These factors determine signal transmis-
sion and secondary metabolism of brassinosteroids, jasmonic acid, anthocyanin 
synthesis, modulation of plant growth and development, control of embryo de-
velopment, branching of shoots, flower and fruit development. In addition, 
bHLHs are involved in ABA signaling and plant response to abiotic stresses. 
39CsbHLH genes were identified in tea, the expression of which is enhanced 
under drought conditions [67]. 

The NAC family of transcription factors (NAM-ATAF1/2-CUC) regu-
lates the formation of the apical meristem, lateral roots, secondary cell wall, leaf 
aging, seed development, flavonoid biosynthesis. Many genes of the NAC family 
are involved in stress response and hormonal signaling. An analysis of these 
genes expression in tea plant during drought revealed the candidate genes 
CsNAC17 and CsNAC30, which can be used in breeding tea for drought toler-
ance [68]. 

The WRKY transcription factor group is involved in responses to abiotic 
stress. The CsWRKY2 gene was identified in tea, which is involved in protection 
against drought. Its greatest expression was observed in leaves, the smallest – in 
flowers and shoots. A high degree of expression of CsWRKY2 was noted under 
the conditions of drought and cold. It has been shown that WRKY proteins can 
act as ABA activators or repressors [69]. 

One of the most extensive families of plant transcription factors is DREBs 
(dehydration-responsive element-binding proteins). Twenty-nine CsDREB genes 
were identified in tea; their localization in the cell nucleus was shown. The ex-
pression of these genes was enhanced by various abiotic stresses, including 
drought. Overexpression of CsDREB genes increases resistance to stress through 
both ABA-dependent and ABA-independent path. An analysis of the expression 
of CsDREB genes showed that they can act as a link between different response 
chains in the response of tea to stress [70]. 

The HD-Zip family of proteins (homeodomain-leucine zipper) is an im-
portant group of transcription factors, which is divided into four subgroups (HD-
Zip I, HD-Zip II, HD-Zip III, and HD-Zip IV). Thirty-three transcription fac-
tors belonging to these subgroups were found in tea. Among them, HD-Zip I 
and HD-Zip IV are most involved in response to drought. HD-Zip I proteins 
mainly respond to external signals, such as extreme temperatures, drought, and 
other abiotic stresses, while regulating the processes of growth and adaptation of 
plants to environmental factors. The HD-Zip IV subgroup is involved in root 
formation, cell differentiation, trichome formation, and anthocyanin accumula-
tion. The results of the analysis of tea Cshdz genes expression confirmed their 
participation in various stress responses, including drought [71]. 

Heat shock proteins (HSPs) play an important role in the growth and 
development of plants and protect cell structures under stress. Forty-seven 
CsHSP genes, including 7 CsHSP90, 18 CsHSP70, and 22 CssHSP genes, were 
identified in tea, the expression of which increases resistance to oxidative stress, 
protecting the photosystem II and supporting the photosynthetic apparatus [72]. 

The transcription factors of the bZIP family (basic region/leucine zipper) 
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are divided into 13 groups (AL and S). The most studied group A includes the 
so-called ABRE-binding factors (ABFs) responsible for the work of ABA. These 
and other bZIP family genes are involved in the response and mechanisms of tea 
plant resistance to drought, act as positive regulators of resistance to oxidative 
stress, and play a central role in biochemical cascades involving glucose and 
ABA [73]. 

The Dof family of transcription factors (DNA-binding with one finger) 
regulates the expression of genes involved in seed maturation and germination, 
flowering periods, accumulation of secondary metabolites, and also in protec-
tive processes. Twenty-nine transcriptional Dof factors were identified in tea and 
the participation of CsDof-22 in ABA biosynthesis was shown. An increase in the 
expression of CsDof genes was observed in resistant tea varieties under stress [74].  

SBPs (SQUAMOSA promoter binding protein) encode transcription fac-
tors, are involved in sporogenesis, shoot and leaf development, flowering, fertili-
zation, fruit ripening, hormonal signaling, and responses to abiotic and biotic 
stresses in many plant species. Overexpression of these genes was observed in 
response to an increase in the content of jasmonic acid and led to an increase in 
the content of superoxide dismutase and peroxidase. Tea plant shows increased 
expression of CsSBP genes in the buds and leaves; these reactions can be associ-
ated with signaling pathways involving ABA, gibberellic acid, and methyl 
jasmonate [75]. 

Oxylypins are oxidized derivatives of fatty acids, including jasmonic ac-
id, hydroxy-, oxo- or keto- fatty acids, volatile aldehydes, and are important 
signaling molecules in higher plants. Lipoxygenases (LOXs) are a family of 
iron-containing enzymes that catalyze the oxidation of polyunsaturated fatty 
acids, which initiates the biosynthesis of oxylipins. In a tea plant, the lipoxy-
genase family genes CsLOX1, CsLOX6, and CsLOX7 are involved in response 
to stresses (cold, drought, biotic stress) via an ABA-independent pathway [76]. 

MicroRNAs regulate the expression of transcription factors at the 
translation stage. Sixty-two microRNAs were identified in tea; they are in-
volved in the response to drought through the regulation of transcription and 
suppression of translation. It was found that microRNAs expression varies de-
pending on the strength of the stress factor and manifests itself in the form of 
morphological, physiological, and biochemical changes [77]. 

Thus, many biochemical and genetic signals have been established and 
described for tea plants; they activate genetic matrices in response to osmotic 
stress, which leads to physiological and metabolic changes that ensure plant 
resistance. This process involves many genes involved in the metabolism and 
signaling of phytohormones, the metabolism of osmolytes, the regulation of 
antioxidant activity, and the regulation of stomatal apparatus functions. How-
ever, the role of all genetic factors in the response to drought still requires fur-
ther study to fully understand their place in cascades of biochemical reactions. 
Therefore, despite significant progress in the functional genomics of plants, 
including tea, further studies are required to identify the place of various genes 
in regulatory networks and the response to drought.  
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