Induced tetraploid increases drought-tolerance in Actinidia chinensis  
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Abstract: Drought is an important factor that restricts plant growth, development, and yield of Actinidia chinensis. To breed drought-resistant varieties and study whether the expression of drought-resistant substances in polyploid plantlets of A. chinensis has a dose effect, ‘SWFU02’ and its tetraploid plantlets were used as experimental materials, and polyethylene glycol (PEG)-6000 was used to induce drought stress in A. chinensis, and the related physiological indices were determined, and the expression of drought-resistance-related genes was analysed by qPCR. The results showed that the tetraploid plantlets had better drought resistance than diploid ones, and the contents of TRE, SPC, and PRO were significantly higher in tetraploidy than those in diploidy, however, the activities of CAT and SOD were significantly decreased. The expression of DLD2 and TPS1 genes in tetraploidy increased significantly and the expression level of MIOX gene was significantly down-regulated compared to diploidy. The dose effect of the drought-resistant related substances like PRO, SPC, and TRE in polyploid plantlets of A. chinensis was obvious. And 210 drought-resistant polyploid plantlets of A. chinensis were bred.
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1 Introduction
Actinidia chinensis, a large deciduous vine of Actinidia, belonged to Actinidiaceae family (Huang et al., 2013). Its fruit contains a lot of organic matters, such as sugar, protein, amino acid, and many kinds of minerals and vitamins which are necessary for the human body, and is considered to be a healthy fruit (Huang et al., 2013). It is called “the king of fruit”, and the flavor is unique, so it has a good market development prospect (Cheng et al., 2004; Li et al., 2017). At the present, the production of A. chinensis in the world is mainly in Italy, New Zealand, Chile and China (Butler et al., 2013). With the recognition of the nutritional value of the A. chinensis by consumers, it has become more and more popular in the world (Warrington and Weston, 1990; Varkonyi-Gasic et al.，2013). In recent years, the fruits of A. chinensis were applied to make wine, and the kiwifruit wine is becoming more and more popular due to its unique flavor and health benefits (Wang 2017). Nowadays, A. chinensis is considered to be one of the most successful species of artificial domestication in the 20th century (Fraser et al., 2005), and the genetic improvement potential of A. chinensis is great (Warrington and Weston，1990；Varkonyi-Gasic et al.，2013).
Drought is an important factor that restricts plant growth and development, gene expression, and yield (Elizabeth, 1993; Kazuo and Kazuo, 1997; Francois et al., 1998; Shinozaki et al., 1998), and is a major factor limiting the growth and development of A. chinensis. Though, the reduction of stomatal conductance and photosynthesis, and the increasing of SOD and CAT and other metabolites (Cui et al., 2013; Zhang et al., 2016), as well as on the expression of genes such as DLD2, MIOX and TPS1 that have been evaluated in the other species (Hachiya et al., 2004; Yeo et al., 2000; Duan et al., 2012). However, there were no reports on the description of the known effects of drought stress on Actinidia (Zhu et al., 2018; Wu et al., 2018) .
At the present, hundreds of related varieties have been bred for fruit yield and quality of A. chinensis, but there is no report on the breeding of high drought-resistant varieties (Wu et al., 2012). However, with the expansion of the planting area of kiwifruit, the effects of drought on kiwifruit are becoming increasingly prominent. The arid environment is a common adversity for A. chinensis with fleshy roots. Most of A. chinensis varieties with other good traits have serious defects in this respect, which significantly increases the cost of kiwifruit planting industry for investing the sprinkler or drip irrigation facilities. For example, Yunnan Province suffered a series of droughts from 2009 to 2012, and the kiwifruit planting industry there suffered a great loss (Li, 2016). In order to meet the market and production needs, it is imperative to carry out research on the breeding of drought-tolerant cultivars of A. chinensis. Because of the dose effect, the drought resistance of polyploid plants is often higher than that of diploids. Therefore, induction of polyploid varieties may be an effective way to breed drought-resistant A. chinensis varieties.

Although there is a dose effect in polyploid plants, not all substances (or genes) express dose effect. In order to breed drought-resistant varieties and study whether the expression of drought-resistant substances in polyploid plantlets of A. chinensis has a dose effect, ‘SWFU02’ and its tetraploid plantlets were used as experimental materials, and polyethylene glycol (PEG)-6000 was used to simulate drought stress on A. chinensis, the related physiological indices were determined, and the expression of drought-resistance-related genes was analysed by qPCR.

2 Materials and methods

Plant materials

‘SWFU02’, an A. chinensis diploid variety bred by Southwest Forestry University, Yunnan Province, China was grown in the nursery of the university.
Induction, purification, and identification of tetraploid plantlets

Tetraploid plantlets were induced by mixed culture method described previously (Zhang et al., 2016). The putative polyploid plantlets were screened using selection criteria of thicker leaves and bigger stomatal size, compared to diploid plantlets. For purification, the putative tetraploid tissues were cut down and transferred to MS (Murashige and Skoog) containing 4.5g/L agarose, 30g/L sucrose, 1.5mg/L 6-BA (6-benzyl aminopurine), and 0.2mg/L NAA (naphthalene acetic acid), repeated ten times till no diploid leaves appeared any more. The stable and genetically pure tetraploid plantlets were transferred to1/2 MS medium containing 4.5g/L agarose, 15g/L sucrose, 0.50mg/l IBA (indole-3-butytric acid) and 0.75mg/L IBA (indole butyric acid) about 20 days for rooting. These plantlets were then confirmed for tetraploidy by flow cytometry assay. The leaf thickness, the stomatal size and DNA content were determined by a digital Vernier caliper (Anyi Instrument Co., Ltd., Guangxi, China), a Leica DMR-X microscope (Leica, Stuttgart, Germany), and an Attune NxT (Thermo Life Sciences, Carlsbad, CA, USA) respectively (Li, 2016). 

PEG drought stress experiments

The PEG-6000 solution filtered and sterilized with a filtration membrane was injected into the rooting medium not yet solidified at a temperature of 60°C along the wall of the flask and mixed. The diploid (3 plants) and tetraploid kiwifruit plantlets (3 lines) were inoculated in the PEG-6000 rooting medium (1/2 MS medium containing 4.5g/L agarose, 15g/L sucrose, 0.50mg/l IBA and 0.75mg/L IBA) with the concentration of 70g/L, repeated 3 times. The treated seedlings were randomly placed at a light intensity of 3200 lx, light 15 h/d, temperature (25±3)°C, and observed every 12 hours.

The seedlings with the weight of 1 g were cut, and the tetraploid lines (3 plants) and the deploid plants (3 plants) were treated in the medium containing 30 g/L PEG for 30 days. The weight of tetraploid lines and deploid plants was measured before or after treatment.
Physiological index measurement
The leaves of diploid (3 plants) and tetraploid (3 lines) before or after 7 days of drought treatment were used for determination, and three replicates were set. Three leaves of each plant were used for physiological index measurement. Weighted 1.0 g of fresh leaf from three young leaves, and grinded them in liquid nitrogen with a mortar and pestle. The contents of proline (PRO), malondialdehyde (MDA), soluble protein content (SPC), trehalose (TRE), and activities of catalase (CAT) and superoxide dismutase (SOD) were measured according to the methods described by previous studies (Hanson et al., 1977; Zhang, 1990; Yeo et al., 2000; Ming et al., 2003; Dai et al., 2006; Osipova et al., 2011). 
Fluorescence quantitative PCR analysis 

The leaves of diploid (3 plants) and tetraploid (3 lines), before or after drought treatment, were used to extract RNA according to the E.Z.N.A® Plant RNA Kit. Drought-tolerance-related genes (Table 1) were selected according to previous studies (Hachiya et al., 2004; Yeo et al., 2000; Duan et al., 2012), and the sequences of the genes from transcriptome analysis data (Li, 2016) were used to design primers. The target genes were subjected to qPCR analysis according to the method described by Liu et al. (2018), using elongation factor (EF) gene (Voogd et al., 2017) as a reference gene. And the experiments repeated three times. Excel 2007 was used for collecting data, the data were analysed using the 2−ΔΔCт method (Liu et al., 2017), and then ANOVA analysis was employed to determine the significance of the differences between groups (Liu et al., 2018).

Statistical analysis

Excel 2007 (Microsoft, Redmond, WA) and SPSS 18.0 was applied to the statistical analysis, mean ± standard error (SE) were calculated, and the differences between groups were marked by * (*P-value<0.05, **P-value<0.01).

3 Results and analysis

Identification of tetraploid

Using the induction, purification and identification system, 210 tetraploid plantlets were obtained in the study. The results showed that the average leaf thickness of tetraploid plantlets was 1.35 mm, and that of diploid plants was 0.68 mm, and there was a significant difference (P-value <0.00001) between them (Table 2). There was also an extremely significant difference (P-value<0.00001) between the stomatal length of tetraploid plantlets (with an average length of 54 μm) and that of diploid plantlets (with an average length of 24 μm). The results of flow cytometry analysis showed that the average DNA content of diploid plantlets was 1.22 pg, and that of tetraploid plantlets was 2.43 pg (P-value <0.00001). The fluorescence kurtosis of tetraploid plantlets was increased about double compared with that of the diploid plantlets. The colchicines treatment and long-term in vitro culture might lead to the chromosome number variation in plantlets (Liu et al., 2009). And the chromosome number variation would lead to the DNA content variation. Hence, the genetic variation caused by the colchicines treatment and long-term in vitro culture might be the reason that the average DNA content of diploid and tetraploid plantlets was 1.22±0.02 and 2.43±0.04 pg respectively in this study. 

Drought stress in PEG

The weight increased in each tetraploid plantlet under the drought stress conditions with 30 g/L PEG for 30 days was 0.28±0.06g, however, that of the deploid plantlet was 0.11±0.03g. And the difference between them was extremely significant (P-value <0.00001). Under the drought stress conditions with 70 g/L PEG, the growth of A. chinensis diploid and tetraploid plantlets was inhibited to some extent. The changes of diploid and tetraploid plantlets under drought stress were shown in Fig. 1. With the extension of the stress time to the seventh day, the young leaves of diploid plantlets first appeared to be drily withered and curled, the mature leaves became partially yellow and curled, and the root tip also appeared a bit brown. In contrast, on the seventh day, only a few leaves of tetraploid plantlets became yellow. On the 14th day, with the increase of stress time, the diploid plantlets died, the leaves were curled up and shed, and the whole root system died. The new leaves and some mature leaves of tetraploid became dry and shedding, and the mature leaves also showed some yellowish brown spots and wilting signs. The stems of the plantlets in tissue culture were crumpled and yellow, and the roots were partially brown, and there were no new roots. However, the A. chinensis tetraploid plantlets treated with PEG for 14 days which transferred to rooting medium without PEG returned green and new roots and leaves were visible after 20 days. It illustrated that the tetraploid plantlets treated with 70 g/L PEG for 14 days were still alive, and the drought-tolerance of the tetraploids was better than that of diploids.
In the absence of stress, the contents of PRO, MDA, SPC, TRE, and activity of SOD all had a certain dose effect, and the contents or activities of tetraploid plantlets were extremely significant higher than those of diploid plantlets (all the P-values <0.001). The activity of CAT of tetraplody was just significantly higher than that of tetraploid plantlets (P-values=0.020342). Under drought stress conditions, the contents of PRO, MDA, SPC, and TRE were significantly up-regulated both in diploid and tetraploid (all the P-values <0.00001), and the up-regulation of these indicators was greater in tetraploid plantlets. CAT activity was significantly down-regulated both in diploid and tetraploid plantlets (P-value <0.00001), while SOD activity remained unchanged in diploids, but was significantly down-regulated in tetraploid plantlets (P-value <0.00001). And the SOD activity of tetraploid plantlets was still higher than that of the diploid ones (P-value <0.00001) (Figure 2).
In this study, under drought stress, the content of MDA increased, and the increased content of tetraploid plantlets was significantly higher than that of diploid ones (P-value <0.00001). The activities of CAT and SOD decreased, especially in tetraploid plantlets (P-value <0.00001). This might be because, under long-term drought stress, plants would produce reactive oxygen species, such as O2-, H2O2, etc., which intensified membrane lipid peroxidation and caused a dramatic increase in membrane lipid peroxidation product like MDA. Meanwhile, the protective systems of the reactive oxygen, such as SOD and CAT, were reduced or destroyed, resulting in the death of some plantlet tissues. This may also be the reason why some of the plantlet tissues died at the middle and late stages of drought stress, no matter they were diploid or polyploid plantlets (Figure 1). The MDA content was significantly increased, indicating that the drought stress increased membrane lipid peroxidation product. However, prolonged drought stress would inhibit SOD and CAT. This might be because drought causes the formation of O2-, but when O2- reached a certain concentration or the drought stress reached a certain extent, the synthesis of SOD and CAT is inhibited. Therefore, the results indicated that antioxidant enzymes, like CAT and SOD, were not the main protective substances of A. chinensis during the middle or late stage of drought stress. And the result was consistent with a previous report showing that the activities of CAT and SOD were significantly decreased with the prolongation of drought time (Li et al., 2018). In the middle and late stages of drought stress, the content of MDA in the tetraploid plantlets was much higher than that of the diploid, but the tetraploid plantlets were more viable than the diploid ones. The reason might be that although the content of harmful substance like MDA was high in tetraploids, the contents of PRO, SP, and TRE, which were the main components of protection against drought stress, were also higher than those in diploid plantlets.

qPCR analysis 

The results of qPCR of DLD2, MIOX and TPS1 genes in diploid and tetraploid plantlets under normal and drought stress conditions were shown in Fig. 3.
The expression levels of DLD2, MIOX and TPS1 genes of tetraploid plantlets were significantly up-regulated (P-value <0.00001) compared to diploid plantlets in the absence of stress, and was 19.16 folds, 2.87 folds, and 2.94 folds, respectively. Under drought stress conditions, the expression level of MIOX of tetraploid plantlets was extremely significantly lower than that without stress (P-value <0.00001), however, the expression level of MIOX of diploid plantlets was not significantly different to that without stress (P-value =0.186002). The expression levels of DLD2 was significantly increased (1.12 folds) in tetraploid plantlets (P-value <0.00001), but not in diploidy (P-value =0.72637), under drought stress conditions; TPS1 was significantly increased both in diploid and tetraploid plantlets (both P-value <0.00001), and was about 1.09 folds and 1.26 folds, respectively (Figure 3). These results indicated that the products encoded by DLD2 and TPS1, or the metabolites produced in the metabolic pathways involved, might be the important protection materials against drought stress in A. chinensis. The product encoded by MIOX, or the metabolite produced in the metabolic pathway involved in MIOX, might not be an important protector of drought stress in A. chinensis, or lesser importance than the other two. 
4 Discussion
Drought resistance of plants is a complex biological trait, which is the result of collaborative efforts of various physiological functions (Deng et al., 2018). SOD, CAT, SPC, POD, soluble sugars, and cell membrane permeability, etc., can be used as the main selection indicators for drought resistance identification (Hanson et al., 1977; Zhang, 1990; Yeo et al., 2000; Ming et al., 2003; Dai et al., 2006; Osipova et al., 2011). In this study, the results showed that there were significant increases in the contents of PRO, SPC, and TRE under drought stress conditions (all the P-values <0.001), and these three indicators in tetraploids increased more significantly than those in diploids under drought stress. The results indicated that there was a clear dose effect for the contents of PRO, SPC, and TRE of tetraploid plantlets compared with the diploid ones. The levels of PRO, SPC and TRE were much more sensitive to drought stress than other physiological indicators, indicating that they were important protective substances under drought stress in the kiwifruit ‘SWFU02’.

Dihydrolipoamide dehydrogenase (DLD), also known as mitochondrial dihydrolipoyl dehydrogenase, plays an important role in energy metabolism in plant cells (Timm et al., 2015). Zhao (2010) found that the protein encoded by dihydrolipoic dehydrogenase gene (DLD2) was involved in plant respiration, and the expression level of DLD2 expression under drought stress was positive related to the respiration metabolic rate of plants. A large number of studies have shown that, under moderate drought stress, the respiration of drought-resistant varieties enhances physiological metabolism, exuberant root activity, and can absorb more water and nutrients for the growth of the plant itself. The enhancement of respiration under drought conditions is a manifestation of strong drought resistance (Dahal et al., 2014). In this study, we found that the expression of DLD2 increased significantly in both tetraploid and diploid under drought conditions, and the expression level of DLD2 in tetraploid was significantly higher than that of DLD2 in diploid, under drought conditions. The results indicated that the expression level of the respiration-related drought-resistant gene in A. chinensis tetraploid was higher than those in diploids, and the drought-resistant ability of A. chinensis tetraploid plantlets could be better than the diploid ones.

Osmotic adjustment is one of the main physiological mechanisms by which plants adapt to water stress (Königshofer and Löppert, 2015). TRE is currently one of the most studied osmoregulatory substances, and TPS1 is a key gene in the biosynthesis of TRE (Jiang et al., 2018). TRE is a non-reducing disaccharide, which is a typical stress metabolite in vivo (Jiang et al., 2018). Many plant species can stabilize cell membrane and protein structure by increasing their TRE content under extreme conditions to withstand the external adversity to their own harm (Wang et al., 2018; Lin et al., 2018). In this study, we found that the TRE biosynthesis gene (TPS1) was significantly up-regulated in both tetraploid and diploid under drought conditions. The expression level of TRE synthesis gene of tetraploid was significantly higher than that of diploid under drought conditions. The results suggested that the expression level of a drought-resistance gene associated with osmoregulation in A. chinensis tetraploid plantlets was higher than those of diploid plantlets.

 Inositol derivative L-glucuronide is an important signal and nutrient in plant cells, and has an important role in phosphatidylinositol signal transduction, cell wall composition, and phosphate storage. In recent years, the anti-stress effect of L-glucuronic acid had also been found. L-glucuronic acid protects the cell membrane system and reduces damage to plants by maintaining antioxidant enzyme activity, efficiently removing superoxide anions and hydrogen peroxide, reducing membranous peroxidation caused by stress, and reducing MDA and H2O2 levels, thereby improving the drought resistance of plants (Li et al., 2018). This study found that MDA was significantly upregulated under drought stress conditions, and was the main hazardous substance in the late stage of drought stress of A. chinensis ‘SWFU02’. However, the expression level of MIOX was significantly down-regulated, and CAT and SOD were also significantly down-regulated in the middle and later stages of drought stress. These protective systems were gradually losing their function in the middle and later stages of drought stress. This evidence indicated that L-glucuronic acid was not the main drought response of A. chinensis during late drought stress.

According to previous studies, TRE synthesis-related genes play a key role in response to drought in plants (Jiang et al., 2018). In this study, the results showed that the expression levels of TRE synthesis genes significantly up-regulated. However, the synthesis of TRE and other substances consumed a large number of substrates and limited water. In order to maintain the dynamic balance of physiological activities, the plant must reduce the rate of synthesis of non-essential metabolites. In this study, the expression level of MIOX, and activities of CAT and SOD were significantly down-regulated in both diploid and tetraploid plantlets. The expression level of MIOX and SOD activity in tetraploid plantlets were down-regulated more significantly than that of diploid under drought stress, indicating that L-glucuronic acid and SOD activity were not the major drought responses of A. chinensis in middle and late stages of drought stress. These results showed that the content and expression of drought-resistant related substances were not always up-regulated due to the dose effect, and there was also a see-saw effect.

5 Conclusions

Under simulated drought stress conditions with a concentrations of 30g/L and 70g/L polyethylene glycol (PEG), the tetraploid plantlets had better resistance of PEG-6000 than diploid ones. Two hundred and ten PEG-6000 tolerant tetraploid plants of A. chinensis were bred.
Under simulated drought stress conditions, the contents of PRO, SPC, and TRE as important protective substances against drought stress were higher in tetraploid plantlets than in diploid ones, but the activities of CAT and SOD were significantly decreased.

(3) Under simulated drought stress conditions, the expression levels of DLD2 and TPS1 in tetraploid plantlets were increased significantly, and the expression level of MIOX was significantly down-regulated compared to that of diploid ones. The dose effect of the expression of drought-resistance related substances like PRO, SPC, and TRE in tetraploid plantlets of A. chinensis was obvious, and a see-saw effect was also observed.
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Fig.1 The changes of diploid and tetraploid plantlets under drought stress.
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Fig.2 The physiological indicators of diploid and tetraploid in normal and dry conditions were the contents of PRO, SPC, MDA and TRE, and activities of CAT and SOD. 
Note:  [image: image3.png]


 Diploid plantlet;  [image: image4.png]


 Tetraploid plantlet.
‘**’ indicated tetraploid significantly changed under drought conditions (P-value<0.01).
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Fig.3 The results of qPCR in normal and drought stress conditions of diploid and tetraploid.
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 Diploid plantlets;  [image: image7.png]


 Tetraploid plantlets.
 ‘**’ indicated that the expression levels of these genes in tetraploidy were significantly changed under drought conditions.
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