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ABSTRACT 

ROLE OF TRANSGRAFTING IN PLANT TOLERANCE TO OSMOTIC STRESS 

     Yasmine S. Hezema                                                                         Advisor: 

University of Guelph, 2021                                                    Prof. Praveen K. Saxena 

Abiotic stresses, including osmotic stress (OS), significantly limit apple production 

worldwide. However, limited studies assessed apple rootstocks’ tolerance to osmotic stress. 

Additionally, the mechanisms by which the tolerant rootstocks improve the tolerance of the scion 

are largely unknown. It was hypothesized that the tolerance of apple rootstocks is regulated by 

their responses to OS and that the transgenic rootstock can improve wild-type (WT) scion tolerance 

through the modulation of the metabolic responses at the physiological, biochemical, and 

molecular levels. The physiological and molecular responses and their relationships with abscisic 

acid (ABA) levels were assessed in six apple rootstocks (M26, V3, G41, G935, B9 and B118) 

which were osmotically stressed with 30% polyethylene glycol (PEG). The results showed that 

compared to M26 and B118, the rootstocks V3, G41, G935 and B9 demonstrated better tolerance 

with higher relative water content, higher water use efficiency and lower electrolyte leakage. These 

differential responses were associated with the ABA content and the expression of some osmotic-

responsive genes (ORGs) in the tolerant rootstocks. Furthermore, to investigate the mechanisms 

underlying the imparted tolerance from the rootstock to the scion, a tomato/potato heterograft 

model was used to study mRNA transport of some ORGs; where potato was the donor rootstock 

and tomato was the recipient scion. Of the 21 genes tested under OS, only StNPR1 transcripts were 

transported across the graft union under both normal and OS conditions. To investigate how the 



 

 

transgenic rootstock affects scion tolerance under OS conditions, the StNPR1 and StDREB1 genes 

representing the mobile and non-mobile transcripts, respectively, were overexpressed in tobacco 

(Nicotiana tabacum). The evaluation of transgenic tobacco plants indicated that overexpression of 

these genes improved the physiological status of transgenic plants growing under OS conditions. 

Transgenic tobacco rootstocks also increased the OS tolerance of the WT-scion through 

upregulation of some ORGs transcript levels compared to non-transgenic rootstocks. However, 

neither StNPR1 nor StDREB1 transcripts were transported from the transgenic rootstock to the WT 

tobacco scion. This study suggests two candidate genes for future use in transgrafting of tolerant 

apple rootstocks with specific characteristics to improve plant performance and productivity under 

OS conditions.   
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Chapter 1: Introduction 

Apple (Malus x domestica) is one of the most important tree fruit crops worldwide. In 2019, 

there were 4.72 million hectares of apple orchards worldwide, producing 87.24 million tons (FAO, 

2019). In the same year, apple cultivated area in Canada was 15234 hectares with a production of 

377929 tons (FAO, 2019) which made apple the second most important crop in terms of the 

harvested area and production (Anonymous, 2020). In 2019, the adverse weather events resulted 

in a reduction in the farm gate value of many tree fruits, including apple with a decrease of 3.7% 

compared to the previous year (Anonymous, 2020). Apple production in Canada and all over the 

world faces many challenges including biotic and abiotic stresses. Many apple rootstocks 

originating from different breeding programs in the USA, UK, Canada and Russia have been used 

to tolerate several abiotic stresses such as drought, salinity, cold, heat and osmotic stress (OS) 

which accompanies all water-related stressors (Xiong and Zhu, 2002; Verslues et al., 2006; 

Cheong and Yun, 2007; Shinozaki and Yamaguchi-shinozaki, 2007). 

OS is characterized by a reduced plant water status, which results in the disruption of several 

cellular processes in plants and can lead to plant death. Plants undergo different strategies to 

mitigate and tolerate OS (J. Li et al., 2013; Rajabpoor et al., 2014; Baldoni et al., 2015). Reducing 

stomatal opening and transpiration rate is one of the mechanisms to alleviate the OS in the short 

term (Schachtman and Goodger, 2008; Marcińska et al., 2013). However, it might affect carbon 

assimilation and plant growth in the long term (Robinson and Barritt, 1990). Plants also increase 

the accumulation of osmolytes like proline, betaine, sugars, and other products involved in cell 

osmotic adjustment, besides activating antioxidant enzymes to keep cell homeostasis and protect 

cells from oxidative stress (Taiz and Zeiger, 2003). The endogenous levels of the phytohormone 
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abscisic acid (ABA) also increase in response to OS, resulting in several physiological and 

molecular regulations (Robinson and Barritt, 1990; Taiz and Zeiger, 2003; Mahouachi et al., 2007; 

Tworkoski et al., 2016). ABA is involved in stomatal movement regulation by modulating the 

turgor pressure of the guard cell and alterations in the fluxes of ions across membranes (Taiz and 

Zeiger, 2003). Furthermore, ABA controls shoot and root growth under stress conditions, in 

addition to promoting leaf senescence (Taiz and Zeiger, 2003). All the morphological, 

physiological and biochemical responses under stress conditions require the activation of several 

genes involved in various processes such as metabolic pathways, detoxification enzymes, hormone 

biosynthesis and signaling transduction pathways which by the end improve plant tolerance to OS 

(Park et al., 2008; Yin et al., 2010; Kim et al., 2011; Soares-Cavalcanti et al., 2012; Jiménez et al., 

2013; C. Li et al., 2013; J. Li et al., 2013; Osakabe et al., 2013; Kautz et al., 2015). 

Grafting has been used as a commercial plant propagation technique by fusing two parts of 

different plants (the upper part is termed ‘scion’ and the lower part is termed ‘rootstock’) to grow 

as a single composite plant. In apple production, using rootstocks is an effective commercial 

approach to manage various traits in the scion such as tree size and productivity. It is also used to 

make the scion more resilient to many diseases and environmental stressors. It has been reported 

that apple rootstock, grown under normal conditions, can modulate scion traits like biennial 

bearing, scion vigor, scion architecture, shoot length, node number, fruit size, fruit quality and 

cumulative yield (Van-Hooijdonk et al., 2010; Marini et al., 2012; Denardi et al., 2016; Foster et 

al., 2016; Reig et al., 2018). Additionally, phytohormone levels, including ABA, auxins, 

cytokinins and gibberellin, could be manipulated by the rootstock (Van-Hooijdonk et al., 2010; 

Tworkoski and Fazio, 2016; Lordan et al., 2017). Previous research has demonstrated that different 

apple rootstocks can enhance scion tolerance to various abiotic stresses including drought, salinity, 
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cold, freezing and heat stresses by coordinating many physiological processes and stress-

responsive genes transcription levels (Yin et al., 2010; Liu et al., 2012; Jiménez et al., 2013; Sun 

et al., 2013; Kautz et al., 2015; Valverdi et al., 2019; Wright et al., 2019; Xu and Ediger, 2021).  

While knowing the scion traits that are affected by the rootstock is required to select proper 

rootstock, understanding the mechanisms underlying the imparted traits between the scion and the 

rootstock is important to manage rootstock-scion interaction in the production system. The 

vascular tissues, xylem and phloem, are considered the communication system in plants 

(Spiegelman et al., 2013; Notaguchi and Okamoto, 2015). Through that system, not only the 

essential substances like water, nutrients and photosynthetic assimilates can be translocated 

(Gaupels and Vlot, 2013; Notaguchi and Okamoto, 2015; Shabala et al., 2016) but also it acts as 

trafficking pathways for long-distance signals movement (Anjan et al., 2006; Jaeger et al., 2007; 

Kudo and Harada, 2007; Turgeon and Wolf, 2009; Notaguchi et al., 2012; Spiegelman et al., 2013; 

Zhao and Song, 2014). Recent research has demonstrated that hormonal crosstalk between the 

scion and the rootstocks acts as a long-distance signal that can affect scion growth and 

development (Davies et al., 2005; Gaupels and Vlot, 2013; Koepke and Dhingra, 2013). In 

addition, mRNA and protein transport over long distances through the graft union in composite 

plants can underpin many physiological and morphological changes in the scion (Anjan et al., 

2006; Jaeger et al., 2007; Kudo and Harada, 2007; Turgeon and Wolf, 2009; Notaguchi et al., 

2012; Spiegelman et al., 2013; Zhao and Song, 2014). The changes of the scion growth, physiology 

and many other properties by the rootstock have been widely confirmed in different plant species 

and under different growth conditions (Kudo and Harada, 2007; Kanehira et al., 2010; Louws et 

al., 2010; Schwarz et al., 2010; Smolka et al., 2010; Koepke and Dhingra, 2013; Sánchez-

Rodríguez et al., 2013; Zhao and Song, 2014; Yang et al., 2015; Duan et al., 2016). However, the 



 

4 

 

underlying mechanisms of such changes are not well understood especially under OS. Identifying 

such long-distance signals that might involve OS tolerance in grafted plants would improve our 

understanding of rootstock-scion interaction and how the rootstock confer tolerance to the scion. 

It also can be used to develop tolerant transgenic rootstocks that might be useful for transgrafting. 

Transgrafted plant can be defined as the composite plant with genetically engineered 

rootstock and wild type (WT) scion (or vice versa). Transgrafting can be considered a promising 

breeding approach for developing plants with specific traits (Albacete et al., 2015). One of the 

advantages of transgrafting is getting the benefit of genetically modified rootstocks to improve the 

properties and performance of the scion without transferring the genetic modification to the eatable 

products (Shabala et al., 2016). Genetically modified rootstocks have also proven to be efficient 

for modulating WT scion growth (Haroldsen et al., 2012); however, it remains largely unknown 

how rootstocks can modulate scion responses especially under OS. In addition, transgrafting is a 

promising tool for studying the movement of long-distance signals and investigating the 

underlying mechanisms of the rootstock-scion interaction (Jeannine et al., 2007; Smolka et al., 

2010; Xu et al., 2010, 2013). 
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Chapter 2: Literature review 

2.1 Apple rootstocks 

Apple (Malus x domestica) is one of the most widely grown tree fruit. It is also considered 

one of the earliest cultivated fruit trees. Apple is now grown in most continents (except Antarctica) 

in regions with a temperate climate. In 2019, there were 4.72 million hectares of apple orchards 

worldwide, producing 87.24 million tons (FAO, 2019). Apples are an important contributor to 

Canadian overall fruit production. In 2019, it was considered the second important crop in Canada 

in terms of farm gate value and cultivated area where the cultivated area of apple was 15234 

hectares with a farm gate value of $240.0 million (Canadian dollar), followed by grapes ($202.4 

million), cranberries ($135.4 million), strawberries ($123.7 million) and was only surpassed by 

blueberries with a farm gate value of $270.7 million (Anonymous, 2020).  

Since early history, apple was propagated by grafting to maintain genotypes with desirable 

traits in addition to its other benefits such as low price, easy production and overcoming a wide 

range of soil type problems. In 1917, the first apple rootstock breeding program in the world was 

initiated in East Malling Station in the United Kingdom by screening several apple rootstocks 

(Marini and Fazio, 2018). Malling 26 (M26) is one of the Malling (M) series that is characterized 

as a dwarfing rootstock and is susceptible to abiotic stresses like drought and flooding (Marini and 

Fazio, 2018). Besides, it is very susceptible to fire blight (Cline et al., 2001). Many countries have 

used the Malling series for advanced hybridization programs. For instance, in Ontario, Canada, 

Vineland station has developed Vineland (V) series from crosses with Kerr crabapple to introduce 

seven Vineland rootstocks that showed a size range between M9 and M7. V3 is similar to M9 and 
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Budagovsky 9 (B9) in size and is considered as a winter-hardy rootstock. It also revealed higher 

resistance to fireblight than M26 (Cline et al., 2001; Marini and Fazio, 2018). Geneva (G) 

rootstocks series has been developed by the US Department of Agriculture, Agricultural Research 

Service, co-located with Cornell University at Geneva, NY, USA. Various rootstocks have been 

released from this program for commercial production. Of those, G41, which was released in 2005, 

has less vigor than M9 (Fazio et al., 2013; Tworkoski and Fazio, 2015). While G935, which was 

released in 2004, is a semi-dwarfing rootstock that is slightly larger than M26 (Fazio et al., 2013; 

Tworkoski and Fazio, 2015). Both G41 and G935 are very winter hardy and demonstrated 

resistance to collar rot and fire blight (Marini and Fazio, 2018). Michurinsk College of Agriculture 

in Russia also designed a breeding program and developed Budagovsky (B) series to improve 

winter hardiness of apple rootstocks. B9 and B118 are now commercially available, and they 

proved resistant to cold stress. B9 is similar to M9 tree size and 30% smaller than M26, while 

B118 is more vigorous than B9 (Lordan et al., 2017). 

The successful breeding of rootstocks with specific characteristics is necessary to improve 

the worldwide cultivation system of apple, especially to overcome the recent adverse effects of 

climate changes. In 2019, the adverse weather event caused a 3.7% decline in the farm gate value 

of Canadian apples compared to 2018 (Anonymous, 2020). Loss of crop productivity, including 

apple, is expected to increase in the next decades because of global warming and climate changes. 

Many apple rootstocks originated by different breeding programs are used to compete for several 

abiotic stresses such as drought, salinity, clod, heat, and osmotic stress (OS) which accompanies 

all water-related stressors.  
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2.1.1  Rootstock-scion interaction 

Grafted composite plants are produced by combining parts from two plants to fuse various 

agriculture traits from different plants in one plant. The upper part, which produces the vegetative 

growth, is termed the scion, whereas the lower part, which produces the root system and fixes the 

plant in the soil, is termed the rootstock. During the past decades, considerable research has 

demonstrated several obvious imparted traits between the scion and the rootstock (Van-Hooijdonk 

et al., 2010; Marini et al., 2012; Denardi et al., 2016; Foster et al., 2016; Reig et al., 2018). It was 

also found that the rootstock has the greatest effect on the scion performance and growth in 

composite plants. In addition, the effect of the rootstock on the scion might differ dependent on 

the scion cultivar (Drake et al., 1991; Reig et al., 2019). It is well known that apple rootstock can 

modulate tree size, productivity, and scion tolerance to many biotic and abiotic stresses.  

2.1.1.1 The effect of rootstock on tree size 

There are various scion traits that are managed by the rootstock. Tree vigor is one of the 

earliest desired traits that composite plants have introduced. The size of the tree can be mediated 

by using dwarf, semi-dwarf or vigorous rootstocks. Foster et al. (2016) examined the growth of 

composite ‘Royal Gala’ apple trees grafted onto M27 (extremely dwarf), M9 (dwarf) and M793 

(vigorous) rootstocks. They found that primary axis length, node number, trunk cross-sectional 

area (TCSA), number of shoots and final tree dry weight were significantly affected by the 

rootstock. Those characteristics were the greatest in M973, the vigorous rootstocks, and the 

smallest in M27, the most dwarfing rootstock. Grafting of ‘Honeycrisp’ scion onto several apple 

rootstocks significantly varied tree architecture (Lordan et al., 2017). ‘Honeycrisp’ grown to 

B72020 showed more upright branches while B10 and G11 rootstocks produced scion with more 



 

8 

 

flat branches. Tree height and growth diameter are also affected by the rootstock. For example 

‘Fuji’ cultivar grown on G935 and G41 rootstocks showed more considerable height and diameter 

growth than trees with M27 rootstocks (Tworkoski and Fazio, 2015). Although dwarfing and 

vigorous rootstocks have been used in commercial apple production for decades, the underlying 

mechanisms of controlling tree growth are still being studied. 

2.1.1.2 The effect of rootstock on tree production 

The amount of tree flowering, bearing and yield can be diverse depending on the rootstock, 

which are all connected to the grafted plant’s vigor (Kosina, 2010; Foster et al., 2016). 

‘Honeycrisp’ grafted on B9, B10, G41 and G214 demonstrated a slightly higher cumulative yield 

than M9T337 and G935 (Lordan et al., 2017). The same authors also found that M9T337 and G814 

showed higher return bloom than B72020. Furthermore, fruit size, biennial bearing, yield 

efficiency and crop load of ‘Honeycrisp’ were controlled by the rootstock and those changes were 

associated with hormone levels in the rootstocks (Lordan et al., 2017). Likewise, cumulative yield, 

cumulative yield efficiency and fruit weight of ‘Gala’ cultivar were changed by the rootstock 

(Denardi et al., 2016). In a study to evaluate 48 apple rootstocks grafted onto ‘Fuji’ apple cultivar, 

among the tested rootstocks, ‘Fuji’ cultivars grafted to very dwarfing rootstocks such as G2034, 

M27 showed the lowest cumulative yield (kg/tree) and lowest cumulative number of fruits, but 

highest cumulative yield efficiency (kg/cm2). Whereas ‘Gala’ cultivar grafted to rootstocks with 

medium vigor such as G6001, G6253, G6976, and G189 revealed high cumulative yield and high 

cumulative fruit number, and medium to high yield efficiency (Reig et al., 2018). Further, nutrient 

concentrations in ‘Gala’ and ‘Golden Delicious’ fruits were manipulated by the rootstock and some 

nutrients like fruit magnesium (Mg), and leaf carbon (C) had a weak but positive significant 
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correlation with fruit size (Robinson, 2013; Reig et al., 2018). However, the influence of the 

rootstock on fresh fruit weight has been inconsistent (Marini and Fazio, 2018). Elfving and 

Schechter (1993) demonstrated that fruit weight was not affected by rootstock, although it was 

negatively and linearly associated with the number of fruits per tree. A delay in fruit maturity was 

found in the fruits grafted to MM111 compared to fruits from trees grafted to M26 (Drake et al., 

1991). In addition, fruit climacteric, flesh firmness, soluble solids and fruit color were found to be 

more affected by crop load, canopy size than the effect of the rootstock (Marini and Fazio, 2018).  

2.1.1.3 The effect of rootstock on tree tolerance to abiotic stresses 

Climate changes and their potential adverse effects on apple crop production and 

sustainability highlight the particular interest in developing stress-resilient apple rootstocks. Water 

availability will likely decrease due to the adverse effect of climate changes and the increasing 

competition between human needs of water and water agriculture requirements. Using drought 

tolerance rootstocks is necessary to decrease water consumption and conserve water, whereas 

keeping apple production under limited water resources. Apple rootstocks and cultivars have 

different abilities to tolerate drought stress. Therefore, using tolerant rootstock is an efficient tool 

for sustainable apple tree production. It was reported that M9 and B9 rootstocks induced drought 

tolerance of ‘Ambrosia’ scion by showing better water use efficiency (WUE) and net 

photosynthesis (PN) than G202, M26, or G935 (Xu and Ediger, 2021). Similarly, using the 

rootstock Malus sieversii improved ‘Gale Gala’ apple scion growth, total biomass, PN and relative 

water content (RWC) under drought stress compared to grafted ‘Gale Gala’ to Malus hupehensis 

(Liu et al., 2012). G202, G214, and G935 rootstocks also improved the tolerance of ‘Fuji’ to 

drought stress than M26 and CG5087 rootstocks by maintaining leaf water potential and showing 
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a better vertical growth rate, higher fine root dry weight and higher root to shoot biomass ratio 

(Choi et al., 2020). 

 Apple trees also suffer from flooding in soils with inadequate drainage. Hampson et al. 

(2012) showed that V1, V2, V3 and V4 had better root and shoot growth than MM106 grown 

under flooding conditions. Rootstocks G202, G814 and Marubakaido/M9 also conferred the 

tolerance to ‘Maxi Gala’ cultivar in composite trees when exposed to short-term waterlogging and 

enhanced new adventitious roots formation (Marchioretto et al., 2018).  

Apple production in northern areas or cold regions is significantly affected by low-

temperature injury. Therefore, tolerant rootstocks that can survive under extreme temperatures are 

required especially if these tolerant rootstocks can confer tolerant traits to the scion. Different apple 

rootstocks demonstrated different tolerance responses to cold stress, McArtney and Obermiller 

(2011) illustrated that ‘Golden Delicious’ scions grafted to M9 and M26 were more affected by 

severe freeze-thaw cycle and revealed greater trunk injury and higher decline in scion growth than 

trees grafted to G935 and G16. Moran et al. (2018) showed that apple trees suffer from cold stress 

during the acclimation in the fall or during deacclimation in the spring. B9, M9, G30, and G41 

developed considerable phloem hardiness among the tested rootstocks by late October. While M9 

and G3902 appeared to be the most susceptible to injury in April, G30, G41, G814, G4292 and 

G5257 were more affected by low-temperature injury in spring.  

Tolerant rootstocks can indeed be used to improve the tolerance of grafted plants to biotic 

stress e.g., fire blight in pears, fusarium wilt, Phytophthora blight and root-knot nematodes in 

tomato (Louws et al., 2010; Koepke and Dhingra, 2013) and abiotic stresses e.g., heat, cold, 

salinity and drought stresses in herbaceous and woody plants (Schwarz et al., 2010; Koepke and 
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Dhingra, 2013; Sánchez-Rodríguez et al., 2013) through modulating several traits in the scion. 

However, the mechanisms behind the conferred tolerance are still not clear. 

2.2 Mechanisms behind rootstock-scion interaction in composite plants 

Previous research illustrated the widespread effect of the rootstocks on various scion aspects. 

Those aspects might be regulated through various physical (hydraulic signals, propagating Ca2+ 

and ROS waves), biochemical (assimilates, hormones and nutrients) and molecular (RNA and 

protein) long-distance signals that move through the graft union (Anjan et al., 2006; Jaeger et al., 

2007; Notaguchi et al., 2012; Gaupels and Vlot, 2013; Spiegelman et al., 2013; Zhao and Song, 

2014; Shabala et al., 2016). These signals move from the generated tissue to the rest of the plant 

to act independently or activate other signals in the target tissues, thereby regulating plant growth 

and development to adapt to the surrounding conditions. The signal produced in a specific organ, 

then transported over long distances to promote action through the induction of various responses 

in distant tissues, is called a systemic signal (Gaupels and Vlot, 2013). Vascular tissues (xylem 

and phloem) extend all over the plant to produce a wide communication system in plants where 

plasmodesmata provide a trafficking pathway to translocate proteins, RNA and RNA-protein 

complexes and some of these molecules provide the molecular basis for the long-distance signals 

(Notaguchi and Okamoto, 2015). 

2.2.1 Plant hormones 

Sorce et al. (2002) found a balance between the plant hormones zeatin riboside, IAA, and 

ABA in the non-grafted Prunus species. Interestingly, that balance was interrupted in grafted 

plants, indicating the role of grafting in altering hormonal crosstalk in grafted plants. 



 

12 

 

Understanding the hormonal signals among the rootstock and scion is essential to improve the 

knowledge of the rootstock-scion interaction. The phytohormone gibberellic acid (GA) control 

major traits in plants such as plant growth, development, flowering and fruit development (Taiz 

and Zeiger, 2003). GA is transported over long distances in plants from the site of production 

through the vascular system to its final recipient tissues (Regnault et al., 2016). Cytokinins can 

also be transported locally from cell to cell and over long distances via the vascular tissues to 

coordinate plant development (Kudo et al., 2010). ABA is translocated from the roots, where it is 

synthesized, to the upper parts of the plants through the xylem sap (Dong et al., 2008) to act as a 

long-distance signal and manage various physiological processes, including, stomatal conductance 

and leaf elongation (Dodd, 2005). In general, phytohormones, including ABA, auxins, cytokinins 

and gibberellin, have been reported to act as long-distance signals in plants and move through the 

vascular tissues (Kudo et al., 2010; Regnault et al., 2016; Shabala et al., 2016; Tsutsui and 

Notaguchi, 2017). 

It was found that ‘Gala’ and ‘Fuji’ scions grafted on M9 rootstock and growing under short-

term drought stress had higher ABA content and higher ABA metabolites (dihydrophaseic acid, 

abscisic acid glucose ester, and phaseic acid) than the scions on MM111 (Tworkoski et al., 2016). 

The scions on M9 showed lower stomatal conductance, carbon assimilation and consequently, less 

dry weight. M9, a dwarfing rootstock, has higher ABA content than MM111, a vigorous rootstock, 

that regulated stomatal opening in the scion and improved drought tolerance indicating the role of 

the rootstock in manipulating ABA content in the scion (Tworkoski et al., 2016). Tworkoski and 

Fazio (2016) also showed that gibberellin (GA19) was higher in ‘Gala’ scion grafted to MM111 

than the scions on M9. ‘Gala’, ‘Fuji’ scions grafted to MM111 showed greater heights than those 
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grafted on M9. These results indicate that hormonal signals can translocate from the rootstock and 

control tree size and growth.  

Similarly, Lordan et al. (2017) illustrated that the rootstock controls hormone profile in 

‘Honeycrisp’ scion grafted to different apple rootstocks. They showed that the endogenous ABA 

levels in ‘Honeycrisp’ grafted on B9 and G11 were the highest among all the tested rootstocks. 

Interestingly, they also found that plant hormone levels differed among the different rootstocks. 

For instance, B.72020 and B.9 had the highest Indole-3-acetic acid (IAA) content in the xylem and 

G935 showed the lowest level. G11 showed the highest cytokinins (CK) and G814 and G214 had 

the lowest. ABA/CK ratio was the highest in B9 and the least in B72020 and the highest AUX/CK 

ratio was observed in B72020. Furthermore, they found that fruit size was correlated with the 

increase in ABA/CK ratio. Besides, trunk cross-sectional area, branch angle, gas exchange and 

biennial bearing were associated with auxins and AUX/CK content in xylem. Yield efficiency, 

crop load, leaf temperature, return bloom and bud break were also correlated with ABA, CK, and 

ABA/CK in xylem. These results combined showed that the rootstocks manage different growth 

and development aspects in the scion via regulating the scion content of plant hormones. 

2.2.2 mRNA transport 

Different types of RNA (mRNAs, miRNAs, and siRNAs) can be transported over long 

distances through the graft union, and these mobile RNAs may have essential functions in the 

distant target tissue (Kudo and Harada, 2007; Kanehira et al., 2010; Zhao and Song, 2014; Yang 

et al., 2015; Duan et al., 2016). Recently, more than 3000 genes producing mobile mRNA were 

identified in grapes which are involved in various biological processes such as metabolic activities, 

responses to stress and signal transduction (Yang et al., 2015). Moreover, these mobile mRNA can 
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move from the rootstock to the scion and vice versa (Yang et al., 2015). Likewise, in a heterograft 

composed of two different Arabidopsis thaliana ecotypes, 2006 genes with mobile mRNA were 

detected under normal and nutrient-limiting conditions (Thieme et al., 2015). The function of some 

mobile transcripts was confirmed in different plants species.  

2.2.2.1 Mobile mRNA signals in plants 

Various studies have demonstrated that the long-distance movement of mRNAs may be 

associated with important physiological processes, such as root development, flowering, 

tuberization and leaf development. The Translationally Controlled Tumor Protein, or TCTP, is an 

essential protein for regulating proliferation and general growth. The Arabidopsis AtTCTP2 

protein and its transcripts were found in the phloem stream, moving over long distances through 

the graft union in both directions. The long-distance movement of both AtTCTP2 protein and 

mRNA induced adventitious roots growth in Arabidopsis and tobacco (Toscano-Morales et al., 

2015). In contrast, the movement of IAA18 and IAA28 transcripts from vascular tissues of mature 

leaves, where they originated, to the root system, where they function as negative regulators of 

lateral root formation, was confirmed in a heterograft of Arabidopsis thaliana (Notaguchi et al., 

2012). Additionally, the transport of NACP mRNA, involved in apical meristem development, has 

been detected in both pear and tobacco heterografted plants (Zhang et al., 2013). One of the 

important long-distance signals discovered in plants is the movement of Gibberellic Acid 

Insensitive (gai) transcripts which was confirmed in apple, pear, tomato, and tobacco. GAI is a 

repressor in gibberellic acid (GA) signaling pathway and it has mobile transcripts from the 

rootstock to the scion that can reduce the sensitivity to gibberellic acid (GA), reduce plant height 

and change leaf morphology (Haywood et al., 2005; Xu et al., 2010, 2013; Zhang et al., 2012). 
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Kudo and Harada (2007) investigated the translocation of a tomato leaf mutant called Mouse ears 

(Me). The morphology of potato leaves was changed when grafted on Me tomato rootstock and 

Me transcripts were detected in the scion apex. These findings revealed the essential role of long-

distance transport of regulatory mRNAs in plants regulating plant morphology. 

In potato, the BEL1-like transcription factor (BEL5) mRNA, a regulator of tuber formation 

in the potato, could be transported over a long distance from the scion leaves to the stolon tips in 

the rootstock leading to enhance tuberization, regulate vegetative development and increase 

growth (Anjan et al., 2006; Hannapel, 2010; Hannapel and Banerjee, 2017). Prosystemin is the 

precursor of systemin protein, and both are involved in the wound-induced signaling pathway. In 

tomato and tobacco plants, it has been confirmed that the transcripts of prosystemin are movable 

over long distances, prosystemin protein was also detected in the vascular bundle of the distant 

leaves of the scion, suggesting its role in modulating systemic defense responses (Zhang and Hu, 

2017). The above studies illustrate that mRNA molecules can be transported long-distance through 

the graft junction to specific organs, where these signals regulate plant development. Notaguchi et 

al. (2015) have used a heterograft of Nicotiana benthamiana as a scion and Arabidopsis as a 

rootstock to study mRNA movement over long distances across the graft union, they have shown 

that some, but not all, RNAs that participate in different physiological processes such as cell 

modification, transcription, protein synthesis, metabolism, stress, and defense can be transported 

over long distances. Some transcripts can also be translated to proteins at their final destination 

after being transported away from the tissue responsible for gene expression suggesting that plants 

can use mobile mRNAs as signaling molecules to coordinate growth processes in addition to 

adaptation to environmental stresses in distant tissues in grafted plants (Thieme et al., 2015). 
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2.2.2.2 Factors affecting mRNA transport 

Although large-scale mRNA movement over long distances has been demonstrated, the 

number of mobile transcripts varied widely between heterograft systems. It was reported to be 

2006 mobile transcripts in Arabidopsis thaliana (Thieme et al., 2015) to 3000 mobile transcripts 

in grapes (Yang et al., 2015). While the understanding of the mechanisms underlying mRNA 

transport remains limited, there are some reported factors that might affect mRNA movement over 

long distances. The number of genes with mobile transcripts varies among different grafted 

materials and by growth conditions (Yang et al., 2015). In grapes heterograft, it was found that 

2679 genes with mobile mRNA were detected when growing the heterograft in vitro, in contrast, 

987 genes with mobile mRNA were detected in the field grafts (Yang et al., 2015). Additionally, 

some mobile transcripts were detected in the field grafts and not in the in Vitro grafts (Yang et al., 

2015). However, the physiological significances of these mobile genes were not studied. There are 

also genes whose mobile transcripts showed a high abundance that was independent of their 

expression in the generated tissues (Yang et al., 2015). Likewise, in Arabidopsis heterograft 

composed of two different ecotypes growing under full nutation, phosphorus and nitrogen 

limitation, it was found that mRNA movement was dependent on growth conditions (Thieme et 

al., 2015). Notably, transcripts mobility was also directional as some mobile transcripts were 

transported to specific tissues in the scion, including flowers, and showed higher abundance in 

flowers than the upper stem (Thieme et al., 2015). These findings indicate a selective transport of 

these transcripts 

In contrast, many genes with a high mobile transcripts rate showed a low abundance in the 

final tissue destination. Despite the high number of genes with mobile transcripts, their transport 
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rate in grafted grapevines was very low, suggesting passive random movement of these transcripts 

via the phloem flow (Yang et al., 2015). Xia et al. (2018) used Nicotiana benthamiana/Solanum 

lycopersicum (tomato) heterograft system to study involved factors in mRNA mobility through the 

graft junction. They compared transcripts abundance in the leaves and their mobility into the root, 

and the results showed that out of 183 mobile mRNA tested, the 100 most abundant mRNAs were 

not transportable from shoot to root. Besides, only three genes among the 183 most abundant 

transcripts showed movement ability from the leaves to the roots indicating that the abundance of 

mRNA is not correlated with the movement. However, Yang et al. (2015) found that among the 

most abundant 33 leaf mRNAs identified from the grapevine grafting system, approximately half 

of them moved over a long distance. This finding implied that the abundance of mRNAs in leaves 

has a high correlation with movement. Xia et al. (2018) also found that some mobile transcripts 

from the scion into the rootstock moved back to the scion, suggesting that not all mobile transcripts 

have a regulating movement component and might not function in plants. These results together 

indicate both passive and selective mechanisms underlying mRNA long-distances transport. 

2.2.2.3 Untranslated regions and mRNA Binding proteins 

The movement of RNAs might be facilitated by RNA-binding proteins (RBPs) and specific 

motifs (Ham et al., 2009; Li et al., 2009; Mahajan et al., 2012; Pallas and Gómez, 2013; Cho et al., 

2015; Duan et al., 2015, 2016). Banerjee et al. (2009) demonstrated that the 5’ and 3’ untranslated 

regions (UTR) of the mRNA of StBEL5 contributed to facilitating StBEL5 mRNA transport over 

long distances with preference to 3’ UTR in tobacco. When 3’ UTR of StBEL5 was fused to b-

glucuronidase marker in tobacco plants, the translation was repressed, indicating that UTR is also 

involved in controlling translation (Banerjee et al., 2009). mRNA molecules are translocated over 
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long distances as ribonucleoprotein (RNP) complexes and not as naked molecules (Turgeon and 

Wolf, 2009). In potato, the 3’ UTR of StBEL5 contains a poly-pyrimidine sequence element that 

specifically interacts with polypyrimidine tract-binding proteins (PTBs). That mRNA-RBP 

complex facilitated movement and protected the StBEL5 mRNA from degradation. Cucurbita 

maxima RNA-binding protein50 (CmRBP50) is an important characterized RBP that produces 

RNP complex when binds with a conserved motif in 3’ UTR of maxima gibberellic acid–

insensitive phloem (CmGAIP) mRNA to mediate its translocation through the plasmodesmata 

(Zhang et al., 2012). KNOTTED1 (KN1)-like homologous box is a homeodomain transcription 

factor transported over long distances via phloem in both directions. PbKN1 mRNA interacts with 

Pyrus betulaefolia MPB2C (PbMPB2C), an RNA binding protein, during the movement in the 

phloem to produce RNP that protect mRNA from degradation and mediate mRNA transport (Duan 

et al., 2015). Taken together, these findings indicate that the long-distance transport of mRNAs is 

a complex process and that the physiological roles related to this movement are challenging and 

future research is needed for further investigation. 

2.3 Transgrafting  

Transgrafting combines traditional grafting practices with the genetic modification of crop 

plants, where genetically modified rootstock can be fused to wild type (WT) scion, vice versa, or 

grafting two genetically modified plants together. While transgrafting can be used as a breeding 

approach to produce composite plants with specific agricultural traits required to improve scion 

growth and production without transferring the genetic modification to the harvested products 

(Haroldsen et al., 2012; Albacete et al., 2015; Shabala et al., 2016). Transgrafting is also a 

promising tool for studying the movement of long-distance signals and investigating the 
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underlying mechanisms of the rootstock-scion interaction (Jeannine et al., 2007; Smolka et al., 

2010; Xu et al., 2010, 2013; Notaguchi et al., 2012; Goldschmidt, 2014; Notaguchi and Okamoto, 

2015; Tsutsui and Notaguchi, 2017).  

Indeed, transgrafting has been used to study the underlying mechanisms of the signals 

involved in inducing dwarfism in tobacco, tomato, and apple plants (Jeannine et al., 2007; Xu et 

al., 2010; 2013). For example, a wild-tobacco scion grafted onto a transgenic rootstock expressing 

the gai gene, gai transcripts  and its translated product of the gai mRNA  were found in the scion, 

causing a semi-dwarfism phenotype, which explains, at least partially, how the dwarfing rootstock 

can decrease the size of the scion (Xu et al., 2013). The effect of genetically mutant rolb (rooting 

locus B) apple rootstocks on wild-type scion was confirmed. Smolka et al. (2010) have found that 

the wild-type apple scion grafted on transgenic rolB apple rootstock has shown reduced growth 

and flowering with no effect on fruit quality. However, neither rolB transcripts nor its translated 

products were detected in non-transgenic apple scion, suggesting long-distance signals 

downstream rolB might be involved in modulating scion aspects. 

Transgrafting procedure has been used to confirm the movement of flowering long-distance 

signal Flowering locus T (FT) mRNA and protein. Notaguchi et al. (2009) demonstrated that 

transcripts of FT gene can be transported over long distances from the transgenic rootstock to wild-

type scion in Arabidopsis. Overexpressing blueberry VcFT gene resulted in early flowering in 

wild-type scion of blueberry, which was associated with regulation in the expression profile of 

flowering and phytohormone-responsive genes, suggesting plant hormones as important signaling 

molecules in the phenotypic changes driven by VcFT (Gao et al., 2016; Song et al., 2019). BEL5 

mRNA is another long-distance signal that has been confirmed through transgrafting to induce 
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tuber formation in potato (Anjan et al., 2006; Hannapel, 2010; Hannapel and Banerjee, 2017). 

Furthermore, overexpression of a peach PpCBF gene in M26 apple rootstock reduced scion growth 

and delayed flowering of ‘Royal Gala’ wild-type scion (Artlip et al., 2016). Although PpCBF1 

mRNA was not translocated from the transgenic rootstock to the wild-type scion (Artlip et al., 

2016). Overall, transgrafting provides an alternative option for agricultural industries to expand 

biotechnological approaches to improve plant growth and understand the underlying mediated 

signals. 

2.4 Osmotic stress 

Drought, salinity, cold, freezing, and heat stresses adversely affect crop growth and 

production, which threaten global agricultural sustainability. Such stressors have a negative effect 

on plant water potential, which imposes osmotic stress (OS). OS can disrupt regular cellular 

activities and cause series of changes in plants that may lead to plant death. Plants undergo several 

biochemical and physiological changes in response to OS, including reduced stomatal conductance 

(gs) and photosynthetic activity, elevated abscisic acid (ABA) content, osmolytes accumulation 

and antioxidant activity, besides transcriptional regulation of the osmotic-related genes (ORGs) 

(Schachtman and Goodger, 2008; Yin et al., 2010; Jiménez et al., 2013; Marcińska et al., 2013; 

Kautz et al., 2015).  

Transpiration is an essential process in the plant to maintain plant water potential, uptake 

minerals from the soil and uptake CO2 required for photosynthesis. The relationship between 

transpiration and CO2 uptake is termed water use efficiency (WUE). Increasing carbon 

assimilation relative to transpiration or reducing transpiration relative to carbon assimilation 

results in improved WUE. Under OS conditions, plants close stomata to maintain water status and 
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minimize water loss, increasing WUE (Schachtman and Goodger, 2008; Marcińska et al., 2013). 

However, exposure to OS for a long time may decrease carbon assimilation, reduce dry weight, 

and may result in defoliation and plant death (Robinson and Barritt, 1990; Hasanuzzaman et al., 

2019). 

Reactive oxygen species (ROS) are produced naturally in plants under normal growth 

conditions. ROS include, for example, hydrogen peroxide (H2O2), hydroxyl radicals (OH-) and 

superoxide anions (O-). However, their production is accelerated many folds during different 

abiotic and biotic stresses (Apel and Hirt 2004; Breusegem and Dat 2006). ROS are very active 

and may cause oxidative injury to membranes, lipids, proteins and nucleic acids (Anjum et al., 

2010). Therefore, a rapid and efficient detoxification system is essential to avoid any damage at 

the cellular level which can be achieved by a well-defined antioxidant defense system. The 

antioxidant system can be an enzymatic defense system that includes antioxidant scavenging 

enzymes such as dismutase (SOD), catalase (CAT), guaiacol peroxidase (GPX), ascorbate 

peroxidase (APX) and glutathione reductase (GR) and a non-enzymatic antioxidant system that 

include antioxidant compounds such as proline, betaine, ascorbic acid, carotenoids and cysteine 

(Anjum et al., 2010). In addition to the important role of antioxidant compounds in mediating 

osmotic adjustment and maintaining cell turgor pressure under OS, these compounds act as natural 

scavengers that help in metabolic detoxification and protect from protein denaturation (Taiz and 

Zeiger, 2003; Anjum et al., 2010; Hasanuzzaman et al., 2019). For instance, the drought tolerance 

response in apple plants was associated with a reduction in reactive oxygen species (ROS) 

accumulation and an increase in antioxidant enzyme activity like superoxide dismutase, catalase, 

ascorbate peroxidase and glutathione reductase (Liu et al., 2012). 
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2.4.1 The role of ABA 

The phytohormone ABA plays a fundamental role in plant growth and development. ABA 

is also a well-known stress hormone that reveals a significant increase after exposure to different 

abiotic stresses (Robinson and Barritt, 1990; Taiz and Zeiger, 2003; Mahouachi et al., 2007; 

Tworkoski et al., 2016). ABA fulfills a critical role as a long-distance stress signal between root 

and shoot that regulates stomatal opening during dehydration stress to reduce water loss and 

maintain water status in plant (Schachtman and Goodger, 2008; Aloni et al., 2010; Marcińska et 

al., 2013; Tworkoski et al., 2016). ABA is involved in stomatal movement regulation by 

modulating the turgor pressure of the guard cell and alterations in the fluxes of ions across 

membranes (Taiz and Zeiger, 2003). ABA is also involved in reducing shoot growth, leaf 

expansion under water stress (Robinson and Barritt, 1990). PEG treatment decreased osmotic 

potential, gas exchange parameters in wheat plants and conversely, increased lipid peroxidation 

(Marcińska et al., 2013). Whereas the exogenous application of ABA to osmotically stressed wheat 

plants did not change any of these parameters. Furthermore, exogenous ABA treatment improved 

wheat tolerance to OS induced by PEG through better osmotic adjustment achieved by an increase 

in proline and carbohydrate content as well as by an increase in antioxidant activity (Marcińska et 

al., 2013). Similarly, Tworkoski et al. (2011) showed that external ABA treatment improved 

drought tolerance of ‘Royal Gala’ apple trees and maintained higher leaf water potential than 

unwatered controls. Pre-treatment with the ABA biosynthetic inhibitors aggravated the oxidative 

damage induced by PEG treatment in maize and decreased leaf water potential of apple leaves 

grown under drought stress compared to stressed plants without ABA-inhibitor treatments (Zhang 

et al., 2011; Kondo et al., 2012)  



 

23 

 

Moreover, ABA plays a vital role in abiotic stress tolerance by triggering specific signaling 

pathways that control molecular osmotic responses, such as regulating the expression of several 

osmotic-responsive genes (ORGs) involved in enhancing plant tolerance to osmotic stress (Ishitani 

et al., 1997). These genes are mainly involved in plant hormone synthesis, plant hormones signal 

transduction pathways, osmoprotectants accumulation, antioxidant enzymes and root growth 

control (Ishitani et al., 1997; Park et al., 2008; Yin et al., 2010; Aroca, 2013; Jiménez et al., 2013; 

Osakabe et al., 2013; Kautz et al., 2015). 

2.4.2 Osmotic responsive genes (ORGs) 

The stress-related genes induced by osmotic stress can be classified into two major groups. 

The first group is the genes that encode enzymes for the biosynthesis of osmolytes, metabolism, 

and cell detoxification and membrane transporters (Pareek et al., 2010; Lee and Luan, 2012; 

Zhang, 2014). The second group includes genes encoding regulatory proteins for modulating 

downstream gene expression in response to stressful conditions, such as protein kinases, protein 

phosphatases and transcription factors (Kasuga et al., 1999; F. Li et al., 2013; Zhang, 2014). The 

increase in endogenous ABA levels in Arabidopsis plants regulates nearly 10% of the protein-

coding stress-responsive genes, a much higher percentage than other plant hormones (Fujita et al., 

2011). Osmotic-responsive gene expression is directly regulated by transcription factors (TFs) that 

are involved in ABA-dependent or ABA-independent signaling pathways (Fujita et al., 2011; 

Yoshida and Mogami, 2014). The SnRK2- AREB/ABF pathway controls most ABA-mediated 

ABRE-dependent gene expression in response to OS during osmotic stress (Fujita et al., 2013). 

Moreover, many other transcription factors belonging to several classes, including AP2/ERF, 
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MYC, MYB and NAC, have been reported to engage in ABA-dependent gene expression (Verma 

et al., 2016). 

 Overexpression of AtMYC2 and AtMYB2 transcription factors improved osmotic stress 

tolerance of transgenic plants (Lippold et al., 2009; Segarra et al., 2009; Yang et al., 2012). 

Overexpression of apple MdMYB121 in tomato and apple enhanced the tolerance to salinity, 

drought, and cold stresses (Dombrecht et al., 2007; Cao et al., 2013; Wang et al., 2014). Various 

members of the MYB family play an essential role in stomatal responses by regulating stomatal 

numbers and sizes (Saibo et al., 2009). In addition, MYB transcription factors are involved in plant 

responses to abiotic stress via the regulation of the phenylpropanoid pathway, which produces 

various secondary metabolic compounds involved in abiotic stress response in the plant (Jin et al., 

2000), besides their role in the crosstalk between different plant hormones (Baldoni et al., 2015). 

Likewise, transgenic plants overexpressing RD26 (a stress-inducible NAC transcription factor) 

showed upregulation of ABA- and stress-responsive genes (Verma et al., 2016). MYC2 is another 

transcription factor that is known to regulate jasmonic acid (JA)-mediated resistance and induce 

tolerance to pathogen infection (Boter et al., 2004; Dombrecht et al., 2007). MYC2 also acts as a 

positive regulator of ABA signaling pathway in addition to its role in improving tolerance to 

drought and osmotic stresses (Kazan and Manners, 2013; K. Li et al., 2017).  

2.4.2.1 DREB 

Various studies showed that dehydration-responsive element (DRE)-binding protein 

(DREB) transcription factors can be regulated through ABA-dependent and ABA-independent 

pathways under OS conditions. DREB is a transcription factor that binds to the dehydration-

responsive element (DRE)/C repeat (CRT), a cis-acting element that is involved in the 
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upregulation of several stress-inducible genes (Jia et al., 2012), thereby leading to an increase in 

plant tolerance to drought, and high-salinity stresses (Kasuga et al., 1999; Maruyama et al., 2004; 

Rehman and Mahmood, 2015; Chen et al., 2016; Sharma et al., 2019). Transgenic Arabidopsis 

plants overexpressing Camellia sinensis DREB (CsDREB) showed upregulation in the expression 

of ABA-dependent stress-related genes (i.e., AtRD29B, AtRAB18, AtABI1, and AtABI2) and ABA-

independent stress-related genes (i.e., AtCOR15a and AtRD29A) and thereby improved 

Arabidopsis plants tolerance to salt and drought stress (Wang et al., 2017). Compared to wild-type 

tobacco plants, overexpression of MdDREB76 in tobacco enhanced osmotic stress tolerance by 

upregulating downstream ORGs related to ROS detoxification, signaling components, stress-

responsive proteins, heat-shock proteins, transcription factor and lipid transfer protein (Sharma et 

al., 2019). In addition, overexpression of Syntrichia caninervis (DREB8) ScDREB8 significantly 

increased the germination rate of Arabidopsis under salt stress and enhanced salt tolerance of 

Arabidopsis seedlings (Liang et al., 2017). Transgenic rice overexpressing OsDREB1A also 

exhibited increased sugars and amino acids accumulation, increased expression of stress-related 

genes downstream DREB1A and improved drought tolerance (Kudo et al., 2017). Furthermore, 

the overexpression of MpDREB2A enhanced drought tolerance in Arabidopsis by promoting root 

system development (X. Li et al., 2019).  

2.4.2.2 NPR1 

The non-expressor of pathogenesis-related (PR) gene 1 (NPR1) is a key regulator involved 

in plant response to biotic stress. However, information about the role and the function of NPR1 

in plant response to abiotic stress is largely unknown. Numerous studies have revealed that NPR1 

is a key regulator of the systemic acquired resistance (SAR), as NPR1 works as a regulatory 
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component that functions downstream of SA in the signal transduction cascade that mediates SAR 

induction (Yasuda et al., 2008). The overexpression of NPR1 resulted in various degrees of 

resistance to different biotic and abiotic stresses (Cao et al., 1997; Jayakannan et al., 2015; Silva 

et al., 2018) A study using the npr1 mutant plants found that the mutant plants were sensitive to 

salt and oxidative stress. Moreover, NPR1-dependent SA signaling was important to control Na+ 

flux in the roots and consequently its long-distance transport into the shoot under stress conditions 

(Jayakannan et al., 2015). slnpr1 mutant tomato plants revealed increased stomatal opening, 

electrolytic leakage, malondialdehyde and hydrogen peroxide levels, lower activity levels of 

antioxidant enzymes and down-regulation of drought-related gene expression, including SlDREB 

and thereby reduced drought tolerance compared to wild type (WT) plants (R. Li et al., 2019).  

Moreover, NPR1 is a master regulator of the salicylic acid (SA) signaling pathway as it works 

as a receptor for SA (Wu et al. 2012; Pajerowska-Mukhtar et al. 2013; Ding et al. 2018). SA plays 

an important role in response to various abiotic stresses, including cold stress, drought, oxidative 

stress, osmotic stress and salinity (Marcińska et al., 2013; Miura and Tada, 2014). It was shown 

that SA can improve abiotic stress tolerance through the regulation of various stress-related genes 

and transcription factors. For instance, SA is involved in the induction of various genes encoding 

heat shock proteins (HSPs) and chaperones (Jumali et al., 2011), the regulation of mitogen-

activated protein kinase (MAPK) and NPR1 (Chai et al., 2014; Herrera-vásquez et al., 2015). SA 

has also been reported to upregulate the pathogenesis-related (PR) proteins (PR-1, PR-2, and PR-

5) in transgenic A. thaliana plants (Surplus et al., 1998). Additionally, it was reported that SA is 

involved particularly in alleviating the harmful effect of osmotic stress induced by PEG in wheat 

by increasing proline and carbohydrate content in addition to increasing antioxidant activity 

(Marcińska et al., 2013). SA has also been shown to improve salinity tolerance via increasing 
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chlorophyll content, net CO2 assimilation rate (Li et al. 2014) and activity of rubisco and rubisco 

activase (Lee et al., 2014) which in turn increase net photosynthesis and plant dry mass (Khan et 

al., 2014). In addition, SA plays an important role in increasing antioxidant enzymes activity, 

decreasing membrane injury and thereby causing oxidative stress alleviation (Li et al., 2014). 

Moreover, SA was shown to improve osmotic adaptation through enhancing the accumulation of 

ABA in plants under salinity stress conditions in tomato (Szepesi et al., 2009) and wheat 

(Shakirova et al., 2003). All these effects are associated with improving plant tolerance to biotic 

and abiotic stresses.  

In this thesis, six commercial apple rootstocks (M26, V3, G41, G935, B9 and B118) were 

evaluated for their potential osmotic stress tolerance. Some physiological and molecular basis 

underlying those differences in OS tolerance and their correlation with ABA content in the tested 

rootstocks were also addressed in Chapter 3. As a potential mechanism by which the rootstock can 

modulate the scion performance under OS, mRNA long-distance movement from the rootstock to 

the scion was investigated using highly regulated ORGs tested in Chapter 3, besides some other 

ORGs involved in different physiological processes using tomato/potato heterograft model system 

as shown in Chapter 4. To further understand how the rootstock can confer OS tolerance to the 

scion, StNPR1 and StDREB1 genes, with potential mobile and non-mobile transcripts, respectively, 

were transformed into tobacco plants. Transgrafts composed of tobacco plants overexpressing 

StNPR1 and StDREB1 as rootstocks and WT tobacco as scions were then used to explore the effects 

of tolerant transgenic rootstocks on physiological responses, ABA content and gene expression in 

WT scion under normal and OS conditions. 

The hypotheses tested in this thesis were:  
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• The physiological, biochemical, and molecular changes of apple rootstock growing under 

osmotic stress might be affected by its tolerance potential to osmotic stress. 

• Some ORGs might be transported over a long distance from the scion to the rootstock under 

OS in tomato/potato heterograft model system. 

• Tolerant transgenic tobacco rootstocks would impart OS tolerance to WT scion when 

transgrafted tobacco plants are exposed to OS.  

This thesis research aimed to:  

1 Explore the differences between six apple genotypes (M26, V3, G41, G935, B9 and B118) to 

determine their possible tolerance to osmotic stress.  

2 Evaluate the physiological and molecular responses of apple rootstocks subjected to osmotic 

stress and investigate their correlation with ABA content.  

3 Identify highly regulated ORGs that are involved in promoting OS tolerance in plants. 

4 Identify ORGs with mobile mRNA in tomato/potato heterograft model system.  

5 Investigate the physiological, biochemical, and molecular mechanisms underlying the 

imparted tolerance from transgenic rootstocks to WT scions under OS in transgrafted tobacco 

plants as a model system. 
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Chapter 3: Physiological and Molecular Responses of Six Apple 

Rootstocks to Osmotic Stress 

This chapter is modified from the following published paper: 

Hezema YS, Shukla MR, Ayyanath MM, Sherif SM, Saxena PK. Physiological and Molecular 

Responses of Six Apple Rootstocks to Osmotic Stress. International Journal of Molecular 

Sciences. 2021; 22(15):8263. https://doi.org/10.3390/ijms22158263   

 

Author Contributions:  

Y.S.H., S.M.S., M.R.S., P.K.S.; conceived and designed the experiments; Y.S.H.; performed the 

laboratory experiments, data analysis, and wrote the manuscript; M.R.S.; provided the plant 

materials and helped with methodology; M.M.A. performed ABA quantification; P.K.S., S.M.S.; 

supervised the study. All authors have read and agreed to the published version of the manuscript. 

3.1  Abstract 

The growth and productivity of several apple rootstocks have been evaluated in various 

previous studies. However, limited information is available on their tolerance to osmotic stress. In 

the present study, the physiological and molecular responses as well as abscisic acid (ABA) levels 

were assessed in six apple rootstocks (M26, V3, G41, G935, B9 and B118) osmotically stressed 

with polyethylene glycol (PEG, 30%) application under greenhouse conditions. Our results 

showed that V3, G41, G935 and B9 had higher relative water content (RWC), and lower electrolyte 

leakage (EL) under stress conditions compared to M26 and B118. Additionally, water use 

https://doi.org/10.3390/ijms22158263
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efficiency (WUE) was higher in V3, G41 and B9 than M26, which might be partially due to the 

lower transpiration rate in these tolerant rootstocks. V3, G41 and B9 rootstocks also displayed 

high endogenous ABA levels which was combined with a reduction in stomatal conductance and 

decreased water loss. At the transcriptional level, genes involved in ABA-dependent and ABA-

independent pathways, e.g., SnRK2, DREB2, ERD15 and MYC2, showed higher expression in V3, 

G41, G935 and B9 rootstocks compared to M26 in response to stress. In contrast, WRKY29 was 

down-regulated in response to stress in the tolerant rootstocks, and its expression was negatively 

correlated with ABA content and stomatal closure. Overall, the findings of this study showed that 

B9, V3 and G41 displayed better osmotic stress tolerance followed by G935 then M26 and B118 

rootstocks. 

3.2  Introduction  

Apple is one of the most important cultivated fruit trees all over the world. Climate changes 

and their potential negative effects on apple crop production and sustainability highlight the urgent 

need for developing stress-resilient cultivars of apple varieties and rootstocks. The effects of 

several commercial apple rootstocks on the growth and yield parameters of scion varieties have 

been intensively investigated in several locations in the US and Canada (Marini et al., 2012; Fazio 

et al., 2013; Tworkoski and Fazio, 2015; Lordan et al., 2017; Reig et al., 2018), yet only a few 

reports have focused on the tolerance of apple rootstocks to abiotic stress (Liu et al., 2012; Kautz 

et al., 2015; Tworkoski et al., 2016; Choi et al., 2020). In the present study, six apple rootstock 

genotypes (M.26, V.3, G.41, G.935, B.9 and B.118) were evaluated for their responses to osmotic 

stress. Geneva rootstocks including G41 and G935, have been developed by the Geneva apple 

rootstock breeding program and are distributed by several tree fruit nurseries worldwide. G41 has 
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a similar size to M9 and a smaller size than M26, while G935 has vigor similar to M26. The size 

of the tree may differ depending on the scion’s cultivar (Fazio et al., 2013; Tworkoski and Fazio, 

2015). Both G41 and G935 are resistant to fireblight and tolerant to crown rot (Marini and Fazio, 

2018) and both appear to be very winter hardy (Fazio et al., 2013; Moran et al., 2018). The 

Budagovsky rootstocks including B9 and B118 were generated in Russia. These rootstocks show 

a fair degree of cold hardiness, moderate resistance to fireblight, and resistance to crown rot (Fazio 

et al., 2013; Liu et al., 2012). B9 shows less vigor than M26, while B118 is more vigorous than 

B9 (Lordan et al., 2017). V3 is one of the Vineland rootstocks series that originated in Canada. V3 

is slightly similar to M9, smaller than M26 but more resistant to fire blight than M26 (Cline et al., 

2001; Marini and Fazio, 2018). M26 is among Malling rootstocks that were selected at the East 

Malling Research Station at Kent, England. M26 is known to be very susceptible to fireblight and 

moderately susceptible to crown rot (Marini and Fazio, 2018).  

The reduction in water potential is the primary symptom of osmotic stress induced by 

drought, salinity, cold and heat stresses. Under osmotic stress, rootstocks may affect several 

physiological, biochemical and molecular aspects of the scion including stomatal conductance (gs), 

transpiration rate (E), net photosynthesis (PN), abscisic acid (ABA) content, osmolytes 

accumulation, antioxidant activity, root architecture and transcriptional regulation of the osmotic-

related genes (ORGs) (Yin et al., 2010; Jiménez et al., 2013; Kautz et al., 2015). For instance, both 

M9 and B9 rootstocks were found to improve the drought tolerance of ‘Ambrosia’ scion by 

showing better water use efficiency (WUE) and PN than G202, M26, or G935 (Xu and Ediger, 

2021). Also, ‘Gale Gala’ apple cultivar showed better drought tolerance when grafted to Malus 

sieversii than Malus hupehensis, as the former promoted better growth, PN, total biomass, 

chlorophyll content and relative water content (RWC) (Liu et al., 2012). The tolerance response 
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caused by M. sieversii was also associated with reduction in reactive oxygen species (ROS) 

accumulation in the scion leaves and the rootstock roots and increase in antioxidant enzyme 

activity like superoxide dismutase, catalase, ascorbate peroxidase and glutathione reductase (Liu 

et al., 2012). G202, G214, and G935 rootstocks also improved the tolerance of ‘Fuji’ to drought 

stress than M26 and CG5087 rootstocks through maintaining leaf water potential, showing a better 

vertical growth rate, higher fine root dry weight and higher root to shoot biomass ratio (Choi et al., 

2020). Rootstocks G202, G814 and Marubakaido/M9 also improved the tolerance of ‘Maxi Gala’ 

grafted tree when exposed to short-term waterlogging by producing new adventitious roots 

(Marchioretto et al., 2018). 

ABA content is elevated in response to osmotic stress elicited by drought, salinity, cold and 

heat stresses (Robinson and Barritt, 1990; Taiz and Zeiger, 2003; Tworkoski et al., 2016). The 

phytohormone ABA is a vital root-produced signal (Aloni et al., 2010) that regulates leaf water 

status under different abiotic stresses through coordinating stomatal movement (Tworkoski et al., 

2016). Moreover, the reduction of shoot growth rate, leaf expansion rate, and leaf emergence rate 

correlates negatively with the initial increase in ABA in apple seedlings under water stress 

(Robinson and Barritt, 1990). The reduction of stomatal conductance (gs) and transpiration rate 

(E) in M9, the dwarfing apple rootstock, resulted in better drought tolerance than MM.111, the 

vigorous rootstock, and the tolerance was associated with higher ABA content in M9 than MM.111 

under short-term drought stress (Tworkoski et al., 2016; Lordan et al., 2017). ABA also induces 

the expression of several ORGs that are involved in enhancing plant tolerance to osmotic stress 

(Ishitani et al., 1997). These genes are mainly involved in plant hormone synthesis, plant hormones 

signal transduction pathways, osmolytes accumulation, antioxidant activity or root growth control 

(Ishitani et al., 1997; Aroca, 2013; Jiménez et al., 2013).  



 

33 

 

The increase in ABA in response to stress activates the transcription of several stress-related 

genes that have ABA-responsive elements (ABREs) in their promoter regions. Sucrose non-

fermenting-1 related protein kinase 2 (SnRK2) is a key regulator of the ABA signaling pathway 

(Fujita et al., 2013). The role of SnRK2 in many developmental processes, including seed 

maturation, dormancy, and germination and stomatal movement during drought periods, has been 

demonstrated (Lee and Luan, 2012; Shao et al., 2014). Dehydration responsive element binding 

(DREB) proteins play a critical role in plant tolerance to several abiotic stresses (Bassett, 2013; 

Zhao et al., 2013; H. Li et al., 2017). There are 68 MdDREB members identified in apple (Zhao et 

al., 2012), many of them are up-regulated in response to drought, salt, cold and heat stress (Zhao 

et al., 2012). Furthermore, the overexpression of MpDREB2A enhanced drought tolerance in 

Arabidopsis by promoting root system development (X. Li et al., 2019). The early responsive to 

dehydration (ERD) was also shown to be involved in ABA-dependent and ABA-independent 

signaling transduction pathways in response to abiotic stresses (Kiyosue et al., 1994; Kimura et 

al., 2003; Agarwal et al., 2006; Alves et al., 2011). WRKY is a large regulatory protein family 

with a vital role in plant abiotic and biotic defense via regulation of the transcriptional level of 

genes involved in salicylic acid (SA) biosynthesis and signaling pathways (Dong et al., 2020; J. Li 

et al., 2013; Meng et al., 2016). Overexpression of apple MdWRKY30 has been proven to improve 

osmotic and salt stress tolerance in apple callus through transcriptional regulation of stress-

responsive genes (Dong et al., 2020). MYB is another large family that has been widely studied in 

several plant species. Many MYB members play important roles in abiotic tolerance in plants 

through hormone signaling pathways including that of ABA and the regulation of secondary 

metabolism and the cell cycle  (Ambawat et al., 2013; Cao et al., 2013). Overexpression of apple 

MdMYB121 in tomato and apple enhanced the tolerance to salinity, drought, and cold stresses 
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(Dombrecht et al., 2007; Cao et al., 2013; Wang et al., 2014). MYC2 is another transcription factor 

that is known to regulate jasmonic acid (JA)-mediated resistance and induce tolerance to pathogen 

infection (Boter et al., 2004; Dombrecht et al., 2007). MYC2 also acts as a positive regulator of 

ABA signaling pathway in addition to its role in improving tolerance to drought and osmotic 

stresses (Kazan and Manners, 2013; K. Li et al., 2017). Nonexpressor of pathogenesis-related 

genes (NPR1) is associated with SA and systemic acquired resistance (Bassett et al., 2014; Silva 

et al., 2018). NPR1 is up-regulated in apple roots subjected to drought stress (Bassett et al., 2014). 

NPR1 enhances plant tolerance to drought stress by decreasing stomatal conductance, oxidative 

stress and elevating activity levels of antioxidant enzymes (Bassett et al., 2014; R. Li et al., 2019). 

The role of the plant proton pumps Vacuole H+-ATPASE (MdVHAs) in improving apple plants 

tolerance to PEG and sodium chloride (NaCl)-induced osmotic stresses has also confirmed. 

Indeed, the overexpression of apple MdVHAs in tobacco and tomato improved lateral root growth, 

showed better stomatal closing, and led to better osmotic adjustment under osmotic stress 

conditions compared to wild-type plant responses (Hu et al., 2012; Dong et al., 2013; C. Li et al., 

2013).  

Rootstocks perform differently under stress depending on their tolerance (Jiménez et al., 

2013; Choi et al., 2020). Therefore, suitable rootstock selection is a limiting factor that affects 

orchard’s productivity and economics. We hypothesized that the physiological, biochemical and 

molecular changes of rootstocks subjected to osmotic stress would be affected by their tolerance 

potential to osmotic stress. The aim of the present work was to explore the differences among six 

apple rootstock genotypes (M26, V3, G41, G935, B9 and B118) to determine their possible 

tolerance to osmotic stress and the relationship between the stress-mediated physiological changes 
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and the ABA levels. The study was complemented at the molecular level with monitoring the 

expression of some vital ORG genes in the tested rootstocks under osmotic stress. 

3.3  Materials and methods 

3.3.1  Plant materials and samples collection 

Six apple rootstocks, including M26, Vineland 3 (V3), Geneva 935 (G935), Geneva 41 

(G41), Budagovsky 9 (B9) and Budagovsky 118 (B118), were evaluated under mild osmotic stress. 

One-year-old dormant plants were grown until bud break in the greenhouse of the University of 

Guelph, Guelph, Ontario, Canada. The greenhouse growth conditions were 300 μmol m−2 s−1 

light intensity, 24 ± 2 °C day and night temperature and diurnal cycle 16 h light/8 h darkness. Two 

months after bud break, apple rootstocks grown in pots (4 gallons) were characterized under 

osmotic stress induced by 30% of polyethylene glycol 6000 (PEG) (Sigma-Aldrich, St. Louis, MO, 

USA), while water was used as a control. Each plant was drenched with 700 ml of 30% PEG every 

day and for three days to induce the stress, while water was used to drench the control plants in 

the same manner. All leaf samples were collected three days after the PEG treatment for molecular, 

biochemical and physiological analyses, immediately frozen in liquid nitrogen, then stored in −80 

°C until further use. The third and the fourth leaves from the apical meristem were used to measure 

photosynthesis-related parameters. The fourth leaf was used for ABA quantification and molecular 

analyses. The fifth and the sixth leaves were used to measure electrolyte leakage and relative water 

content.  

3.3.2 Measurement of physiological changes  

Electrolyte leakage (EL) was modified from an earlier method by Bajji et al. (2002). A total 

of nine leaf discs (0.5 cm) were collected from the fifth and sixth leaves from the apical meristem 
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using a cork borer. The leaf discs were washed in deionized water (40 ml) and kept on the shaker 

at 100 rpm at room temperature for 24 h. Initial electrical conductivity (IEC) was measured after 

24 h using an electrolyte conductivity meter (Eutech Instruments, PCSTester 35). Later, the 

samples were autoclaved at 121 °C for 20 min to destroy all membranes and release all electrolytes. 

The final electrical conductivity (FEC) was measured when the samples reached room 

temperature. Electrolyte leakage was calculated by the formula: EL = (IEC/FEC) × 100. The 

relative water content (RWC) was recorded according to Aneja et al. (2015). Briefly, the fresh 

weight (FW) of 2 cm leaf segments (from the fifth and sixth leaves) was measured immediately 

after separation from the plant. The leaves were then immersed in distilled water at room 

temperature for 24 h, and the turgid weight (TW) was recorded. The leaves were dried in the oven 

for 24 h at 70 °C; finally, the dry weight (DW) was recorded. The RWC was calculated using the 

formula: RWC (%) = (FW − DW) / (TW − DW) × 100.  

Net photosynthesis rate (PN), stomatal conductance (gs), transpiration rate (E) and inner CO2 

(Ci) were measured three days after PEG treatment using LICOR photosynthesis system LI-6400 

XT (Li-Cor, Inc., Lincoln, NE, USA). In addition, water use efficiency (WUE) was calculated by 

dividing the photosynthesis rate by the transpiration rate (WUE = PN /E). Measurements were 

conducted between 10:00 am and 12:00 pm local time (GMT -4 h) in the third and fourth leaves 

from the apical meristem. Parameters were measured at a light intensity of 1000 µmol m−2 s−1 

provided by an external light source, 400 µmol CO2 mol−1 and leaf temperature of 25 °C.  

3.3.3  Extraction and analysis of ABA 

The fourth leaf from the apical meristem was collected three days after the PEG treatment, 

ground in liquid nitrogen to fine powder, then freeze-dried. Around 100 mg of freeze-dried tissues 
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were treated with 1 ml extraction buffer consisted of 50% methanol (MS Grade, Fisher Scientific, 

Canada; MeOH) and 4% acetic acid (Fisher Scientific, USA) in Milli-Q water. The samples were 

then sonicated on ice for 30 min and centrifuged for 2 min at 13,000 rpm. After that, the 

supernatant was removed to a new tube and diluted 5x in 10 mM ammonium acetate (Fisher 

Chemical, USA), pH 9 adjusted with ammonium hydroxide. Then 500 µL of samples were filtered-

centrifuged using 0.45 µm Millipore centrifuge filter at 13,000 rpm for 1 min. Finally, the 

supernatant was used for quantification using ultra-performance liquid chromatography (UPLC) – 

mass spectrometry. As described by Erland et al. (2017), 3 µL of sample were injected onto a 

Waters Acquity BEH Column (2.1 × 50 mm, i.d. 2.1 mm, 1.7 µm) on a Waters Acquity Classic 

UPLC system with detection using an Aquity QD a single quadrupole mass spectrometer (MS) 

controlled by Empower 3 (Waters, Canada). Samples were run on a gradient with A-10 mM 

ammonium acetate pH 9, adjusted with ammonium hydroxide; B-100 % MeOH with initial 

conditions of 95 % A 5 % B increased to 5 % A 95 % B over 4.5 min using Empower curve of 8. 

Column temperature was 40 °C and flow rate was 0.5 mL/min. Capillary voltage was 0.8 kV, and 

probe temperature was 500 °C with a gain of five. ABA was monitored in single ion recording 

mode and quantified ng/g dry weight (DW) using a standard curve.  

3.3.4  RNA extraction and gene expression analyses 

Tissue samples were ground to a fine powder in the presence of liquid nitrogen, after which 

total RNA was extracted using CTAB as previously described by Gasic et al. (2004). cDNA 

synthesis was carried out using 2500 ng of purified and DNase-treated RNA in a 20 µL reverse 

transcription reaction mixture using a High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, Lithuania) following the manufacturer’s instructions. The cDNA was diluted 1/10 
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with ultrapure water. The expression analysis of the selected osmotic-related genes (ORGs) was 

quantified for three biological and three technical replicates for each sample using a CFX Connect 

Real-Time System (Bio-Rad, Hercules, CA, USA), the EvaGreen Supermix (Bio-Rad), and gene-

specific primers (Table 1). The expression of each gene was normalized to that of elongation factor 

1A (EF1A) and was calculated relative to M26 under control (unstressed) condition. Relative 

normalized expression was calculated using Bio-Rad CFX Manager 3.1 software and according to 

the 2-∆∆CT method (Livak and Schmittgen, 2001). 

 

 

Accession # 

Gene 

Name 

Forward primer Reverse primer 

DQ341381.1 EF1A ATTCAAGTATGCCTGGGTGC CAGTCAGCCTGTGATGTTCC 

NM_001294018.1 DREB2 GCAATTACAGGGGAGTGCG ATAGGCAAGGGCAGCATCA 

JX569851.1 SnRK2 AGCCAAAATTCCTCCTCCA TTCTTCCTCCTCGCCTTCT 

XM_029092593.1 ERD15 TTTATCCCTGCGGCTCTCC CTGAGCCAGTAGTCGTGGT 

EF128033.1 ATPASE TTGAGGATCCAGCTGAAGG CAAGAGCACGGAAACCACT 

XM_008377742.2 WRKY29 AGCTGTGGTAAGAGGGTGC GGCTTCAAAGGCCTGAGGA 

NM_001328944.1 MYC2 GCAACGAGGAGGGGATATT GTCCGAGTGGTCTGAATCG 

>DQ074459.1 MYB2 AGCCACCGAACAGCCTAAT TGGAATCGGCCTTGGGAAT 

XM_008392806.2 NPR1 CGTGGTGAGGTCTAATGGTG TTGGGTGCCAATGTTCTCTC 

Table 3. 1: List of primers of osmotic responsive genes in apple (Mulas domestica) 
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3.3.5  Statistical analysis 

The experiment was arranged as a two-factorial in a randomized complete block design with 

three blocks and three plants per treatment in each block. The results were confirmed by repeating 

the experiment twice. Mixed models including rootstock and osmotic stress as fixed factors and 

block as a random factor were performed to distinguish treatment effects for all tested parameters. 

Statistical analyses were performed using SAS Institute Inc., Cary, NC, USA. Means were 

subjected to analysis of variance (ANOVA) at p < 0.05, and the significant differences were 

compared by Tukey-Kramer multiple means comparison. The log model was used to transfer the 

data to follow normal distribution when required. Pearson correlation test was performed using 

GraphPad Prism v9 to correlate the physiological, molecular changes and ABA content in apple 

leaves. 

3.4  Results 

3.4.1 physiological changes in response to osmotic stress 

The current study compared the effect of osmotic stress induced by 30 % polyethylene glycol 

(PEG) on M26, V3, G41, G935, B9 and B118 apple rootstocks. When exposed to osmotic stress 

for 3 consecutive days, the leaf relative water content (RWC) decreased in all tested rootstocks, 

with a significant reduction of 25%, 12%, 19% and 26% in M26, G41, G935 and B118, 

respectively, compared to the control (unstressed) plants (Figure 3.1a). V3 and B9 plants Showed 

insignificant reduction in their water content under stress conditions. Also, no significant 

differences in RWC were found among different rootstocks under control conditions. RWC was 

significantly higher in B9, V3 and G41 compared to M26 and B118 under osmotic stress (Figure 
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3.1a). The electrolyte leakage (EL) also showed a significant increase of 37% and 24.3% in M26 

and B118, respectively, after the PEG treatment as compared to the control (Figure 3.1b). No 

significant differences in EL were found among V3, G41, G935 and B9 after stress. Similarly, no 

differences in EL were observed among all rootstocks under normal conditions (Figure 3.1b).  
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Figure 3. 1: Physiological changes in six apple rootstocks in response to osmotic stress. 

Relative water content (RWC) (a) and electrolyte leakage (EL) (b) in six apple rootstocks (M26, 

V3, G41, G935, B9 and B118) were assessed three days after treatment with 30 % PEG. Means 

from all the treatments were compared with each other using Tukey’s test. Vertical bars represent 
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the mean  SEM of three biological replicates (three plants each). Bars with no common letters 

are significantly different (p < 0.05). 

The net photosynthetic rates (PN), stomatal conductance (gs), transpiration rate (E), inner CO2 

(Ci) and water use efficiency (WUE) were measured three days after the PEG (30%) treatment. 

All rootstocks showed a reduction in PN under osmotic stress with a significant decrease of 39% 

and 34.4% observed in V3 and G935, respectively, compared to V3 and G935 control plants 

(Figure 3.2a). V3 and B9 revealed a significant decline in PN compared to M26 under osmotic 

stress conditions (Figure 3.2a). Stomatal conductance (gs) showed a significant reduction of 38%, 

72%, 52 and 61% under osmotic stress in M26, V3, G935 and B9 rootstocks, respectively, and a 

nonsignificant decrease of 47%, 46% in G41 and B118, respectively, compared to control plants 

(Figure 3.2b). Among genotypes, M26 showed the highest gs under control and stress conditions 

with a nonsignificant difference compared to G935 under control and to B118 under stress 

conditions (Figure 3.2b). In a similar fashion, the transpiration rate exhibited a significant decline 

of 42%, 60%, 56% and 66% in M26, V3, G935 and B9, respectively, and a nonsignificant decline 

of 47 and 41% in G41 and B118, respectively, compared to rootstocks growing under control 

conditions (Figure 3.2c). Among all rootstocks, M26 showed the highest transpiration rate under 

control and osmotic stress conditions, and was significantly different than V3, G41 and B9 under 

control conditions and V3 and B9 under osmotic stress (Figure 3.2c). WUE increased significantly 

by 41%, 31.5%, 34.8%, and 45% under osmotic stress conditions in V3, G41, G935 and B9, 

respectively (Figure 3.2d). The same rootstocks also showed higher WUE compared to M26 under 

osmotic stress conditions (Figure 3.2d). The lowest reduction in Ci content after osmotic stress 

treatment was detected by 40% in B9 followed by 34.3% in V3 and 29.8% in G935 compared to 

the same rootstocks under control conditions (Figure 3.2e). Although no significant differences in 
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Ci content were noticed among the rootstocks under control or osmotic stress conditions except for 

B118 that had lower Ci compared to B9 under stress conditions. 

 

Figure 3. 2: Changes in photosynthesis-related parameters in six apple rootstocks under 

osmotic stress conditions. Photosynthesis rate (PN) (a), stomatal conductance (gs) (b), 

transpiration rate (E) (c), WUE (PN/E) (d) and intercellular CO2 concentration (Ci) (e) observed in 

control and osmotic-stressed apple rootstocks (M26, V3, G41, G935, B9 and B118) three days 

after treatment with 30 % PEG. Means from all the treatments were compared with each other 
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using Tukey’s test. Vertical bars represent the mean  SEM of three biological replicates (three 

plants each). Bars with no common letters are significantly different (p < 0.05). 

3.4.2 Changes in ABA levels under osmotic stress  

The PEG-induced osmotic stress increased ABA levels in all tested rootstocks with a 

significant increase in M26, V3, G935 and B9 by 61.5%, 45%, 40% and 20.6%, respectively 

(Figure 3.3). The concentration of ABA differed among the rootstocks under control and osmotic 

stress conditions, although it was not always statistically significant. In general, B9 had the highest 

ABA content under both control and stress conditions. In contrast, M26 had the lowest ABA level 

under control and stress conditions. Besides, V3, G41, G935 and B9 showed significantly higher 

ABA levels than M26 under osmotic stress.  
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Figure 3. 3: Evaluation of ABA levels in six apple rootstocks (M26, V3, G41, G935, B9 and 

B118) in control and PEG (30%) treatment. Means from all the treatments were compared with 

each other using Tukey’s test. Vertical bars represent the mean  SEM of three biological replicates 

(three plants each) Bars with no common letters are significantly different (p < 0.05). 

3.4.3 Changes in ORGs gene expression under osmotic stress 

To evaluate the molecular response to osmotic stress in the selected apple rootstocks, the 

expression of eight osmotic responsive genes (ORGs) was determined after three days of stress. 

All the tested ORGs showed significant regulation under osmotic stress except for MYB2 which 

remained stable under stress in all tested rootstocks (Figure 3.4f). The expression of SnRK2 

showed significant differences among the six rootstocks under control and osmotic stress 

conditions. Transcript levels of SnRK2 in B9 were significantly higher compared to M26, G935 

and B118 under control and osmotic stress conditions (Figure 3.4a). However, within the same 
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rootstock, only V3, G935 and B9 showed a significant upregulation in response to osmotic stress. 

The expression level of DREB2, ERD15, MYC2, WRKY29, NPR1 and ATPASE among rootstocks 

was statistically similar under control conditions, but significantly different under stress. Osmotic 

stress-induced marked upregulation in the expression level of DREB2 in all rootstocks with the 

highest upregulation of 5.3- and 4.6-fold change in B9 and G41, respectively (Figure 3.4b). 

Similarly, ERD15 showed significant upregulation of 4, 10, 6 and 8.5-fold in V3, G41, G935 and 

B9, respectively, in response to the PEG treatment (Figure 3.4c). Transcripts of MYC2 also 

increased significantly in all rootstocks after the stress treatment, with the highest upregulation 

being observed in B9 and G935 followed by V3, G41 and B118 and the lowest upregulation being 

observed in M26 (Figure 3.4d). As for WRKY29 expression, significant down-regulation was 

detected in all rootstocks after osmotic stress. Moreover, V3, G41 and B9 showed the lowest 

WRKY29 expression under osmotic stress, followed by G935 and B118 then M26. A significant 

increase of 2 and 2.3-fold in gene expression was detected for NPR1 in V3 and G4 plants, 

respectively, after the stress treatment (Figure 3.4g). ATPASE expression level also showed 

significant upregulation in G935 and B118 in response to osmotic stress (Figure 3.4g). 
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Figure 3. 4: Expression profiles of eight ORGs in six apple rootstocks (M26, V3, G41, G935, 

B9 and B118) exposed to 30 % PEG treatment for 3 days. Genes differentially expressed in 

plants under stress conditions were normalized with MdEF1A. Means from all the treatments were 
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compared with each other using Tukey’s test. Vertical bars represent the mean  SEM of three 

biological replicates (three plants each). Bars with no common letters are significantly different (p 

< 0.05). 

3.4.4 Correlation between physiological, molecular changes and ABA  

Strong negative correlations were recorded between ABA on one side and the physiological 

variables PN, gs, E and Ci on the other side.  Meanwhile, ABA showed a positive, yet insignificant, 

correlation with WUE. Moreover, ABA was positively correlated with SnRK2 and negatively 

correlated with WRKY29 (Figure 3.5). There was also a strong positive correlation between WUE 

on one side and transcript levels of SnRK2, DREB2, ERD15, MYC2, NPR1 on the other side. 

WRKY29 also showed a highly negative correlation with the WUE and a highly positive 

association with PN, gs, E and Ci (Figure 3.5).   
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Figure 3. 5: Correlation matrix to investigate the dependence between ABA concentration, 

physiological parameters (PN, gs, E, WUE, Ci, EL and RWC) and transcript levels of ORGs 

(SnRK2, DREB2, MYC2, ERD15, WRKY29, MYB2, NPR1 and ATPASE) in all apple rootstocks 

after treatment with 30 % PEG. Asterisk(s) show(s) the significant differences at *p< 0.05, **p < 

0.01 according to Pearson correlation test. 

3.5  Discussion 

3.5.1 The physiological changes under osmotic stress in apple rootstocks 

Understanding the adaptive mechanisms underlying osmotic stress tolerance in apple 

rootstocks has become increasingly important, especially in the context of climate change where 

abiotic stresses are expected to exacerbate. In general, plants exposed to osmotic stress undergo 

several physiological, biochemical and molecular changes to mitigate and diminish stress 

influences (Chaves et al., 2003). In the current study, we studied the effect of PEG-induced osmotic 

stress on six apple rootstocks. Apple rootstocks subjected to osmotic stress for three days showed 
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low RWC and high EL than rootstocks growing under control conditions (Figure 3.1). These 

results agree with Kautz et al. (2015) who reported a reduction in RWC in apple plants exposed to 

PEG and drought stresses. Leaf water potential drives several physiological, biochemical and 

molecular changes in stressed plants (Chaves et al., 2003; Aroca, 2013; Wright et al., 2019; Zhu 

et al., 2019). Therefore, RWC is an important indicator of plant water status and plant tolerance 

potential. With B9 and V3 showing insignificant change in RWC between PEG-treated and 

untreated trees, it could thus be concluded that both rootstocks are relatively more tolerant to 

osmotic stress than the rest of the tested rootstocks, especially M26 and B118. The increase in EL 

reflects the damage to cellular membranes caused by oxidative stress and consequently the increase 

in cell permeability (Yin et al., 2010; Aroca, 2013), which again confirms the relative sensitivity 

of M26 and B118 to osmotic stress. The EL of these two rootstocks significantly increased with 

exposure to PEG. An earlier study reported that M26 is very susceptible to drought stress 

(Sakalauskaite et al., 2006). Also, Choi et al. (2020) reported that ‘Fuji’ variety showed better 

drought tolerance when grafted on G935 than M26.  

As an adaptation mechanism to alleviate water loss, plants reduce stomatal conductance (gs) 

which in turn results in a reduction in transpiration rate (E) and intercellular CO2 (Ci) content (Sun 

et al., 2013; Zhu et al., 2019; Choi et al., 2020). In addition, the lower diffusion of CO2 through 

the leaf causes a decline in photosynthesis in stressed rootstocks compared to control rootstocks 

(Kautz et al., 2015; Choi et al., 2020). Our study showed a significant reduction in all these 

physiological parameters, except WUE, in the relatively tolerant B9 and V3, compared to the 

relatively sensitive, M26 and B118, rootstocks. Thus, it could be inferred that under short-term 

osmotic stress, the decrease in stomatal conductance in tolerant apple genotypes would have a 

negative effect on transpiration rate and in turn a positive effect on the RWC. However, it was also 
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apparent that the effect of osmotic stress on carbon assimilation was slightly lower than its effect 

on transpiration rate, which could explain the increase in WUE under osmotic stress in tolerant 

rootstocks, B9 and V3. Additionally, the highest content of ABA under stress conditions was 

shown in B9 followed by V3 and G41 and G935; and the lowest ABA was in M26 and B118. M26 

and B118, with low ABA levels, demonstrated the highest stomatal conductance and evaporation 

among the six rootstocks, suggesting the important role of ABA in improving the tolerance in these 

rootstocks in the short term.  

3.5.2 Changes in ABA content under osmotic stress 

ABA is a phytohormone that plays a pivotal role in mitigating the adverse effects of the 

decreased water potential in plants under osmotic stress by regulating the expression of many 

osmotic-related genes (ORGs) and regulating several physiological processes (Robinson and 

Barritt, 1990; Ishitani et al., 1997; Chaves et al., 2003; Tworkoski et al., 2016; Zhu et al., 2019). 

In the current study, ABA concentration increased significantly in most apple rootstocks in 

response to the PEG (30%) treatment (Figure 3.3). Under stress conditions, ABA accumulates in 

the roots and translocates to the leaves to induce stomatal closure, hence reducing evaporation 

from the leaves and maintaining water status (Davies et al., 2005). In general, ABA increase is 

negatively correlated with the changes in gs, E and Ci and positively correlated with WUE 

(Tworkoski et al., 2016; Zhu et al., 2019). In the present study, the photosynthesis-related variables 

were negatively correlated with ABA changes in apple rootstocks growing under osmotic stress. 

The decrease in water potential has been associated with the accumulation of leaf ABA, while the 

increase in WUE was correlated with reduced leaf transpiration and stomatal conductance, 

pointing to the vital role of ABA (Davies et al., 2005). Moreover, several ORGs were regulated 
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under osmotic stress conditions (Figure 3.4). For instance, the gene expression of SnRK2, DREB2, 

ERD15, MYC2 and NPR1 were up-regulated in response to osmotic stress. The same genes also 

showed a strong positive correlation with WUE. The differential expression of these genes 

highlighted their important role in osmotic stress tolerance in apple rootstocks.  

The six rootstocks showed an increase in ABA concentration in response to osmotic stress. 

Further, the rate of increase in ABA levels varied from 20% in B9, which showed the lowest 

increase rate to 61.5% in M26, which showed the highest increase. Despite the high increase rate 

of ABA levels in M26, it had the lowest ABA content under stress. These results suggest that the 

basal, rather than inducible, level of ABA has more impact on osmotic stress tolerance in apple 

rootstocks. Indeed, Kamboj et al. (1999) found that dwarfing rootstocks generally have more ABA 

content under normal conditions than vigorous rootstocks. Similarly, we found that B9, V3 and 

G41, which were previously reported to be more dwarfing than M26, had higher ABA content than 

M26 under normal conditions, and these rootstocks demonstrated better responses under osmotic 

stress conditions than M26. In similar studies, dwarfing rootstocks showed more drought tolerance 

than their vigorous counterparts, e.g. MM111 and  M26 (Wright et al., 2019). However, Jiménez 

et al. (2013) found that peach dwarfing rootstock presented a lower tolerance capacity than 

vigorous rootstock, suggesting that tree size is not always correlated with plant tolerance. 

Furthermore, ABA-mediated stress tolerance could also be associated with negative effects on tree 

productivity, especially under long-term drought conditions, where ABA could induce leaf 

senescing and abscission to reduce water loss through transpiration. 
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3.5.3 Differential expression of ORGs in apple rootstocks 

The transcripts of ORGs in the six apple rootstocks tested in this study showed differential 

abundance in response to osmotic stress (Figure 3.4). SnRK2 expression showed higher abundance 

in V3 and B9 than other rootstocks. SnRK2 is a positive regulator of the ABA signaling pathway 

and its activation induces downstream ABRE-binding protein/ABRE-binding (AREB/ABF) 

transcription factors that in turn activate ABA-responsive genes (Fujita et al., 2011). The highest 

expression of DREB2 under stress was noticed in B9 and G41. At the same time, MYC2 expression 

had the lowest transcript levels in M26 compared to the other rootstocks under osmotic stress. 

Given the known role of MYC2 proteins in abiotic stress tolerance (Kazan and Manners, 2013) 

and ABA signaling (Fujita et al., 2011), its low expression in M26 could, at least partially, explain 

the demonstrated sensitivity of M26 to osmotic stress. ERD15 is also reported to be highly 

regulated under drought and salinity before the onset of ABA, suggesting it could work 

independently of ABA (Kiyosue et al., 1994; Nakashima and Yamaguchi-Shinozaki, 2006; Tuteja, 

2007). However, our data showed that ERD15 is highly expressed in the rootstocks with high ABA 

content, e.g., G41, B9 and G935. In fact, SnRK2, DREB2, ERD15 and MYC2 showed higher up-

regulation in the rootstocks with higher ABA levels and higher WUE, indicating not only the 

positive roles of these genes in improving apple rootstock tolerance, but also the crucial role of 

ABA as a potential master regulator of these proteins under stress. With regarding to WRKY29, it 

was down-regulated in all tested apple rootstocks. However, the reduction in WRKY29 gene 

expression observed in V3, G41, and B9 was greater than M26, G935 and B118. Some WRKY 

members function as a positive regulator of stomatal conductance (J. Li et al., 2013). WRKY29 

was also reported to act as a negative regulator of ABA signaling in dormant rice seeds (Zhou et 

al., 2020). Therefore, it was not surprising to find that WRKY29 downregulation in B9 and V3 was 
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correlated with lower stomatal opening and more tolerance to osmotic stress. Indeed, our data 

showed a strong negative correlation (r = - 0.82) between the expression of the WRKY29 gene and 

WUE. NPR1 was highly up-regulated in V3 and G41. The importance of NPR1 stems from its role 

in enhancing antioxidant activity, reducing oxidative stress and inducing plant stress tolerance to 

abiotic stress (Srinivasan et al., 2009; Jayakannan et al., 2015; Seo et al., 2020). Vacuolar 

H+ATPASE is another important protein that plays a vital role in ion and proton transport and its 

role in improving plant tolerance to salt and drought stresses has been reported (Dong et al., 2013; 

Zhang et al., 2014). H+ATPASE controls membrane proton pump involved in moderating cell 

turgor pressure and regulating stomatal movement (Zhang et al., 2014). Interestingly, our results 

showed that ATPASE displayed an increase in B118 and G935 only. Overall, the differential 

expression of some ORGs among the tested rootstocks suggested that other pathways, in addition 

to ABA, might also be involved in the observed response of these rootstocks to osmotic stress. 

3.6  Conclusion 

Apple rootstocks showed a decrease in RWC and an increase in EL when subjected to mild 

osmotic stress. Osmotic stress also resulted in the reduction of photosynthesis-related parameters 

PN, gs, E and Ci. The changes in the physiological parameters in response to osmotic stress were 

consistently associated with ABA accumulation and molecular changes known to mitigate and 

confer osmotic stress tolerance. We found that the genetic background could also be related to the 

different responses and performance of the tested rootstocks. In view of the current results, we 

concluded that B9, V3, G41 and G935 are more tolerant to osmotic stress than M26 and B118, 

which was demonstrated by their abilities to maintain up-regulation in some ORGs such as SnRK2, 

DREB2, ERD15, MYC2 and NPR1, higher water content, membrane integrity and WUE under 
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stress conditions. Additionally, the tolerant rootstocks showed have previously been reported to 

induce abiotic stress tolerance when overexpressed in transgenic plants. However, it should also 

be taken into account that rootstocks can modulate the size, yield, hormone content and even gene 

expression of the scion (Jensen et al., 2010), which could influence the behavior of the grafted 

plants under abiotic stress conditions (Marini and Fazio, 2018). Therefore, future research is 

required to understand the mechanisms underlying rootstock-scion interactions under stress 

conditions and how scion’s growth and yield characteristics would modulate the tolerance capacity 

of the tested rootstocks, e.g., B9 and V3. Our results also suggest that the basal level, rather than 

the induced accumulation, of ABA could determine the tolerance capacity of apple rootstocks. 

However, this would require further validation in a much broader study incorporating several apple 

rootstocks from different genetic backgrounds.  
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Chapter 4: Evaluation of mRNA Mobility in Potato/Tomato 

Heterografts Using Inducible Osmotic Stress-Related Genes 

This chapter is reformatted from the following published paper: 

Hezema YS, Shukla MR, Goel A, Ayyanath MM, Sherif SM, Saxena PK. Rootstocks 

Overexpressing StNPR1 and StDREB1 Improve Osmotic Stress Tolerance of Wild-Type Scion in 

Transgrafted Tobacco Plants. International Journal of Molecular Sciences. 2021; 22(16):8398. 

https://doi.org/10.3390/ijms22168398 

Author Contributions:  

Y.S.H., S.M.S. and P.K.S. conceived and designed the experiments; Y.S.H. performed the 

laboratory experiments, data analysis, and wrote the manuscript; M.R.S. provided the plant 

materials and guidance with grafting; S.M.S. and P.K.S. supervised the study. A.G. and M.M.A. 

performed ABA quantification. 

4.1  Abstract 

In plants, long-distance transport of mRNA through graft unions may have an important 

effect on the properties of the scion. However, the mechanisms by which the rootstock affects the 

properties of scion are largely unknown, especially under osmotic stress conditions. In the current 

study, we hypothesized that transcripts of some, but not all, osmotic-responsive genes (ORGs) 

could be transported across the graft union following osmotic stress, thereby improving the stress 

tolerance of scion tissues. To explore this, a tomato-potato heterograft system was used, in 

which Solanum tuberosum was used as the donor rootstock and Solanum lycopersicum as the 

recipient scion. The mobility of ORGs transcripts across the graft union was examined under 

https://doi.org/10.3390/ijms22168398
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normal and osmotic conditions using reverse transcription–PCR and quantitative real-time PCR. 

The results showed that ABA concentration in tomato scion of heterografts was higher compared 

to tomato homografts under osmotic stress revealing that ABA level in the scion is mainly 

dependent on the rootstock. In osmotically stressed homograft potatoes, we found changes in the 

gene expression levels of 13 out of the 21 ORGs tested. Of these 21 differentially expressed ORGs, 

only NPR1 transcripts were transported across the graft union under both normal and osmotic 

stress conditions. The abundance of StNPR1 transcripts in the scion increased as hetero-grafted 

plants were exposed to osmotic stress. Moreover, other potato NPR1 paralogs showed no gene 

expression in the scion of heterografted plants under any condition, indicating that not all gene 

family members follow the same pattern in their transport. As a salicylic acid receptor, NPR1 plays 

a key role in abiotic and biotic stress tolerance. The knowledge of StNPR1 transport over long-

distance is an essential step towards understanding the mechanisms underlying systemic acquired 

resistance (SAR) and other SA-mediated stress tolerance in plants.  

4.2  Introduction  

Vascular tissues (i.e., phloem and xylem) extend throughout the whole plant forming a 

continuous trafficking pathway that allows for long-distance communication. As part of this 

communication process, phloem and xylem are able to transport small molecules such as water, 

hormone, ions, amino acids, and photoassimilates (Gaupels and Vlot, 2013; Notaguchi and 

Okamoto, 2015; Shabala et al., 2016). Recently, it has been proven that large molecules like RNA 

and proteins can be transported not only from cell to cell but also over long distances, and some 

of these large molecules can work as systemic signals in plants (Banerjee et al., 2006; Jaeger et 

al., 2007; Kudo and Harada, 2007; Turgeon and Wolf, 2009; Notaguchi et al., 2012; Spiegelman 
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et al., 2013; Zhao and Song, 2014). For example, it has been confirmed that the mobile florigen 

protein encoded by the flowering locus t (FT) gene, which is a part of the signal that is involved in 

promoting flowering in plants, is produced in the rootstock leaves and moves through the graft 

union to the growing points of the scion to promote flowering (Jaeger et al., 2007). Research has 

also shown that different types of RNA (mRNAs, miRNAs, and siRNAs) can be transported over 

long distances through the graft union, and these mobile RNAs can have important functions in 

the distant target tissue (Kudo and Harada, 2007; Kanehira et al., 2010; Zhao and Song, 2014; 

Yang et al., 2015; Duan et al., 2016). For instance, it has been shown that BEL5 mRNA, a regulator 

of tuber formation in the potato, can be transported over a long distance from the scion leaves to 

the rootstock leading to enhance tuberization, regulate vegetative development and increase 

growth (Anjan et al., 2006; Hannapel, 2010; Hannapel and Banerjee, 2017).  

In a study by Xia et al. (2018) using a Nicotiana benthamiana/Solanum lycopersicum 

heterograft system to test the effect of mRNAs abundance in the leaf on mRNA mobility, it was 

found that overall mRNA abundance in the leaf is not a good indicator of mRNA mobility to the 

root, and high expression levels of mRNAs in companion cells do not appear to promote their 

mobility. It was also found that some mRNAs can undergo degradation during their movement. 

Notaguchi et al. (2015) have used a heterograft of Nicotiana benthamiana as a scion and 

Arabidopsis as a rootstock to study mRNA movement over long distances across the graft union, 

they have shown that some, but not all, RNAs that participate in different physiological processes 

such as cell modification, transcription, protein synthesis, metabolism, stress, and defense can be 

transported over long distances, they also found that the movement of mRNA is not random, as 

some transcripts can move against the phloem flow to a specific organ. In a study conducted by 

Thieme et al. (2015) in a heterograft of different Arabidopsis thaliana ecotypes, it was found that 
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2,006 mRNAs could move from the scion to the rootstock, or vice versa, under either normal or 

mineral-deficient conditions. The same authors have also shown that some transcripts can also be 

translated to proteins at their final tissue destination after being transported away from the tissue 

responsible for gene expression suggesting that plants can use mobile mRNAs as signaling 

molecules to coordinate growth processes in addition to adaptation to environmental stresses in 

distant tissues in grafted plants. 

Osmotic stress (OS) is a major stressor limiting crop production worldwide. Almost all 

abiotic stresses such as drought, salinity, heat, cold, and freezing induce osmotic stress (Xiong and 

Zhu, 2002; Verslues et al., 2006; Cheong and Yun, 2007; Shinozaki and Yamaguchi-shinozaki, 

2007). Osmotic stress is characterized by decreased turgor pressure and increased water loss which 

causes severe damage to cell membranes and disrupts normal cellular activities, and finally causes 

plant death. As a tolerance mechanism, plants have evolved different physiological, biochemical, 

and molecular strategies to avoid osmotic stress (J. Li et al., 2013; Rajabpoor et al., 2014; Baldoni 

et al., 2015). At the molecular level, plants can increase their tolerance to osmotic stress by 

manipulating the expression of osmotic responsive genes (ORGs) (Kim et al., 2011; J. Li et al., 

2013). Numerous highly regulated ORGs are involved in different processes such as plant hormone 

synthesis and signaling, cell expansion, lateral root formation, and stomatal closure (Kim et al., 

2011; Soares-Cavalcanti et al., 2012; Osakabe et al., 2013; J. Li et al., 2013). ABA is known as a 

stress hormone that is highly accumulated under abiotic stress (Mahouachi et al., 2007). It has been 

established that ABA acts as a long-distance signal that moves from the root to the shoot and from 

root to shoot through xylem and phloem as well. One of the most important roles of ABA under 

abiotic stress is controlling stomatal closure to mitigate transpiration and water loss (Schachtman 

and Goodger, 2008; Marcińska et al., 2013). ABA also alleviates stress injury by promoting 
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various stress-related genes that are involved in enhancing plant tolerance to stress. Reactive 

oxygen species (ROS) such as hydrogen peroxide, superoxide, singlet oxygen, hydroxyl radicals, 

molecular oxygen, and ozone are produced in all plants under normal conditions; however, under 

abiotic stresses conditions, the excessive generation of ROS causes severe oxidative damage to 

cellular membranes (Apel and Hirt, 2004; Breusegem and Dat, 2006) leading to an increase in 

electrolyte leakage and chlorophyll degradation. Plants increase antioxidant enzymes’ activity 

contributing to ROS homeostasis under osmotic stress (Apel and Hirt, 2004). 

Tolerant rootstocks can indeed be used to improve the tolerance of grafted plants to biotic 

stress e.g., fire blight in pears, fusarium wilt, Phytophthora blight and root-knot nematodes in 

tomatoes (Louws et al., 2010; Koepke and Dhingra, 2013) and abiotic stresses e.g., heat, cold, 

salinity and drought stresses (Schwarz et al., 2010; Koepke and Dhingra, 2013; Sánchez-Rodríguez 

et al., 2013). To the best of our knowledge, there are no previous studies examined the transport 

of ORGs transcripts over long-distance in grafted plants. Identification of ORG mRNAs that are 

transported over a long distance can help decipher the mechanisms by which rootstocks improve 

plant tolerance to osmotic stress and help to produce more tolerant trans-grafted plants. Knowing 

the genes that have mobile mRNA, and understanding the mechanisms underlying mRNA mobility 

in grafted plants can significantly help increase crop production, improve tolerance to biotic and 

abiotic stresses through transgrafting or other biotechnological approaches. We hypothesized that 

mRNA of some ORG will be transported over long distances, and potato rootstock will affect 

physiological and biochemical responses of tomato scion in heterografts exposing to osmotic 

stress. The present study focused on identifying the ORGs with mobile mRNA and examining the 

effect of the potato rootstock on ABA content and some other physiological responses in tomato 

scion in heterografted plants. To this end, a homograft of potato/potato was used to initially 
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identify genes whose expression was highly regulated under osmotic stress conditions. A 

heterograft composed of tomato as the recipient scion and potato as the donor rootstock was then 

used as a model system to assess the transport ORGs mRNAs from the rootstock to the scion using 

qRT-PCR and to study the influence of the rootstock on the physiological and biochemical changes 

in the scion of heterografted plants. 

4.3  Materials and methods 

4.3.1 Plant materials and growth conditions 

Tomato seeds (Solanum lycopersicum ‘Beefsteak’) were germinated and grown in a 

propagation mix in a greenhouse with a light intensity of 300 μmol m−2 s−1, a day and a night-time 

temperature of 21 ± 2°C and a diurnal cycle 16 h light/8 h darkness. Four-week-old potato rooted 

microshoots (Solanum tuberosum ‘Gold Rush’) were transferred from an in vitro culture to a mist 

bed for five days and then were moved to the same greenhouse compartment with the tomato 

seedlings. Four-week-old tomato seedlings and eight-week-old potato seedlings with uniform stem 

diameter (around 5mm) were used as the scion and rootstock, respectively, to produce a heterograft 

using cleft grafting (Notaguchi et al., 2015). A clear sharp wedge was made by a sharp blade at 

the bottom of the tomato stem, and then it was inserted into a V-shaped slit made at the top of the 

potato rootstock at around 10 cm height. Potato and tomato homografts were performed using the 

same procedure. The graft union was covered with parafilm. All the grafted plants were grown in 

the mist bed for five days. Then the grafted plants were transferred to a greenhouse with the same 

condition as mentioned previously for one month. 
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4.3.2 Experimental design, treatments, and sample collection 

Experiments were performed using one-month-old tomato/potato heterograft (T/P), 

potato/potato homograft (P/P) and tomato/tomato homograft (T/T). A total of 12 grafted plants 

were used for each treatment and were organized in three biological replicates. Volume of 200 

ml/plant of 30% polyethylene glycol (PEG) 6000 (Sigma, Germany) was used to induce osmotic 

stress, and a similar volume of water was used as the control. Sampling of the scion was performed 

6 h and 24 h after inducing stress by taking 5 cm of the scion’s stem (1 cm above the graft union). 

All the samples were flash-frozen in liquid nitrogen before storing them at -80°C for molecular 

and biochemical studies.  

4.3.3 Tomato/potato heterograft system to test mRNA mobility 

A strategy based on the grafting of two different plant species was used to identify the genes 

with mobile transcripts. A heterograft system, in which tomato (Solanum lycopersicum 

‘Beefsteak’) was used as the scion and potato (Solanum tuberosum ‘Gold rush’) as the rootstock, 

was established to identify the root-to-shoot long-distance movement of mRNAs under normal 

and osmotic conditions using specific potato primers. In this system, homografted potato plants 

were used as a positive control and homografted tomato plants were used as a negative control.  

Three reference genes (GTP-binding protein SAR1A (GTP), TIP41-like family protein (TIP), 

and Clathrin adaptor complexes (Clathrin)) which have shown highly stable expression levels in 

tomato and Arabidopsis (Expósito-Rodríguez et al., 2008; Saito et al., 2017), were used in the 

present study. To make sure that the normalized relative gene expression of the potato genes with 

mobile transcripts in tomato scion of the heterograft is normalized based on tomato transcripts 

only and no other mobile transcripts from potato rootstock, the movement of the housekeeping 
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genes was determined using specific potato primers (StGTP, StTIP, and StClathrin) which 

presented in Table 4.1. 

4.3.4 RNA extraction and gene expression analyses 

Tissue samples were ground to a fine powder in the presence of liquid nitrogen, after which 

total RNA was extracted using CTAB as previously described (Gasic et al., 2004). Before cDNA 

synthesis RNA samples were treated with DNase I (QIAGEN, Germany) to remove any 

contaminating genomic DNA. cDNA was synthesized from 2000 ng of purified RNA in a 20 µL 

reverse transcription reaction mixture using a High-Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems, Lithuania) following the manufacturer’s instructions. The cDNA was 

diluted 1/10 with ultrapure water. The transport of mRNAs derived from osmotic responsive genes 

(ORGs) from the potato rootstock to the tomato scion was assessed using quantitative real-time 

reverse transcription-PCR (qRT-PCR). To obtain the nucleotide sequences of these ORGs in 

Solanum tuberosum, the protein sequence of Solanum tuberosum of the ORG protein was found 

by querying the “Potato Genomic Resource” http://solanaceae.plantbiology.msu.edu/blast.shtml 

using the protein sequence of Arabidopsis thaliana of the appropriate ORG. The top hit was 

selected as representing the relevant ORG. Finally, the sequence of that gene was compared with 

the Solanum lycopersicum sequence of the same gene by Pairwise Sequence Alignment using 

“EMBOSS Needle” https://www.ebi.ac.uk/Tools/psa/emboss_needle/nucleotide.html to allow for 

the design of primers specific for potato (Solanum tuberosum). Specific primers for potato’s ORGs 

were designed using “Primer3Plus” (http://www.bioinformatics.nl/cgi-

bin/primer3plus/primer3plus.cgi). The qRT-PCR reaction was performed in a 10 µL reaction 

volume. The mixture contained 2.5 µL of cDNA from the scion samples, 1X SsoFastTM 

http://solanaceae.plantbiology.msu.edu/blast.shtml
https://www.ebi.ac.uk/Tools/psa/emboss_needle/nucleotide.html
http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi
http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi
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EvaGreen® Supermix (Bio-Rad, USA) and 0.4 µM of each primer. The qRT-PCR reactions were 

carried out using CFX ConnectTM Real-Time System (Bio-Rad, Singapore). The expression of TIP, 

a housekeeping gene for potato and tomato, was used for the normalization of gene expression in 

all grafting scenarios. The relative gene expression was calculated using the 2-∆CT method, where: 

∆CT= CT of the gene of interest – CT of TIP. The relative fold change in gene expression was 

calculated as 2-∆∆CT, where ∆∆CT = ∆CT of treatment - ∆CT of control (Livak and Schmittgen, 

2001). The gene expression analysis was performed using three biological replicates and three 

technical replicates for each sample. For semi-quantitative reverse transcription (RT)-PCR 

analyses, the PCR reaction was performed in a 50 µL reaction mixture consisting of 45 µL of 

Platinum® PCR SuperMix, High Fidelity and 200 nM primers. PCR was conducted using a 

T100TM Thermal Cycler (Bio-Rad, Singapore). The primers used for gene expression experiments 

are shown in Table 4.1.  

Table 4. 1: Sequence of primers used to assess expression of osmotic related genes in potato 

and tomato homo and heterografts 

  Accession # Gene Name Primer sequence 

Primers used for qRT-PCR 

PGSC0003DMT400068136 StVacular H+-ATPase A2 - 

F 

AAATGGGAAGGTGCTTGG 

PGSC0003DMT400068136 StVacular H+-ATPase A2 - 

R 

TCGAGGACAACAAATTCCAG 

PGSC0003DMT400037083 StLTI65 – F GGGAAAAGTGATCAGGATGC 

PGSC0003DMT400037083 StLTI65 – R TTTGAAGGGACGGACTCAA 

PGSC0003DMT40003201 StDREB1 – F CCCCTGAAATGGCTGCAAG 

PGSC0003DMT40003201 StDREB1 – R CGAGGCAACGATTCAACGA 

PGSC0003DMT400045204 StMYC2 – F CGTCGAGGGCTTTGAATTA 

PGSC0003DMT400045204 StMYC2 – R GGCGTACGTAGCTGCAAAT 

PGSC0003DMT400022600 StMYB2 – F AGCTTTTGGGGAGAGAGACA 
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PGSC0003DMT400022600 StMYB2 – R TTAACCCAACCCAATTCCA 

PGSC0003DMT400057690 StMYB 74 – F GTAACCAAATTCAAGCCCCTA 

PGSC0003DMT400057690 StMYB 74 -R   AAATGTTGAACCATCGGATGT 

PGSC0003DMT400066189 St-TIP4 1 -F CTTGGGAAGAGGTTGCTGGT 

PGSC0003DMT400066189 StTIP4 1 – R TGGGTTCTGTGTCGTTCATT 

PGSC0003DMT400052825 S-Clathrin – F GTTTGGAAATGAGGCAAAG 

PGSC0003DMT400052825 S-Clathrin – R CATTTCCAGGAACCAGACAA 

PGSC0003DMT400023327 StGTPase – F TTCCCGTCTGGAAAAGATGG 

PGSC0003DMT400023327 StGTPase – R TGCTGAAGAAGAAGCGGATAA 

PGSC0003DMT400066189  Sl & StTIP4 1 -F GTTGGGAGATCGAGTGTCG 

PGSC0003DMT400066189 Sl & StTIP4 1 – R CATCTCCGGCAAGTGAGTT 

PGSC0003DMT400052825 Sl & StClathrin – F TGCTTCCTTTCTGGAATGC 

PGSC0003DMT400052825 Sl & StClathrin – R GGACGGGACTTGAGTTGTG 

PGSC0003DMT400023327 Sl & StGTPase – F AGCGACTGTTCCCTTCCTC 

PGSC0003DMT400023327 Sl & StGTPase – R CCCAAGGTGATAACGCAAC 

PGSC0003DMT400037120 StCRT binding factor 2A – F CTTCCGACCATCATCATCAGA 

PGSC0003DMT400037120 StCRT binding factor 2A – R GGAGGAGGTAGCATGAGTCC 

PGSC0003DMT400061367 StERD7 – F CACTGAACTTGTAAACTGGTA 

PGSC0003DMT400061367 StERD7 – R AAACTATGACTGACGTGAAC 

PGSC0003DMT400002412 StNPR1 – F TCCACCAGCTCACTCCTCTG 

PGSC0003DMT400002412 StNPR1 – R ACAAATCACCAAAGCCACAA 

PGSC0003DMT400075333 StABI1B – F GGTTCTTGCTGTTGTGGCTA 

PGSC0003DMT400075333 StABI1B – R CGCCCCATTAATCAGGATAC 

PGSC0003DMT400045362 StUGT73E2 – F GACTAACAATGGGTGTTCCTA 

PGSC0003DMT400045362 StUGT73E2 – R AGTAATCGCGCAATGTCAA 

PGSC0003DMT400016494 StELIP2 – F GCCAAACCAAGTGATGGAA 

PGSC0003DMT400016494 StELIP2 – R AACCCAGAAGACTACGCTGT 

PGSC0003DMT400063937 StADH1 – F TGCGTATTTGGCATAATTGC 

PGSC0003DMT400063937 StADH1 – R GCACCGTCAGTATTGTGTGA 



 

66 

 

PGSC0003DMT400008351 StHSP21 – F AATACTCCATCCCAGTTCCAA 

PGSC0003DMT400008351 StHSP21 – R AAGCAATCTTCACACTGGAG 

PGSC0003DMT400078007 StHSP17,6 – F AAGGAATTAGGCTTTCCAGGTT 

PGSC0003DMT400078007 StHSP17,6 – R CCATTAAGCAGAAACAGAGCA 

PGSC0003DMT400055958 StHSP17,6A – F GAAGCTCCTCGAAACTTTCCT 

PGSC0003DMT400055958 StHSP17,6A – R CTTGGATGTTGTGATTTCGTG 

PGSC0003DMT400078007 StHSP17,6C -+ F CTTCAAGGAATTAGGCTTTCC 

PGSC0003DMT400078007 StHSP17,6C – R GCAGAAACAGAGCAGACTCAAG 

PGSC0003DMT400054660 StNIM1-1 – F ACACGTGGGTCCACTTTGT 

PGSC0003DMT400054660 StNIM1-1 – R GAACAACATTCATTCCAGTC 

PGSC0003DMT400021076 StNPR6A – F GGTGCAAATGTAGCAACGACT 

PGSC0003DMT400021076 StNPR6A – R TCAAAAAGGGGTAGAGGCAA 

PGSC0003DMT400027591 StNPR6B – F TCCATATTGCTCCACCCTCT 

PGSC0003DMT400027591 StNPR6B – R CGGCCCACAAAAGAATTTCC 

Primers used for RT- PCR 

PGSC0003DMT400002412 RT-PCR-StNPR1-F GGATTTGCTTTGCTTGCTG 

PGSC0003DMT400002412 RT-PCR-StNPR1-R ACCTCGACCGGATCATTG 

PGSC0003DMT400060953 RT-PCR-StActin2-F GGCAGAAGGTGAGGATATT 

 

PGSC0003DMT400060953 RT-PCR-StActin2-R TGTGGTGGTGAAAGAGTAG 

 

4.3.5 Physiological analysis 

Hydrogen peroxide (H2O2) was detected using the DAB staining method as described 

previously (Daudi and O’Brien, 2012). Leaves were immersed in DAB solution and kept in the 

dark on the shaker at 100 rpm for 5 h. Then, chlorophyll was bleached by incubating the leaves 

with ethanol at 90 °C for 5 minutes; the histochemical localization of H2O2 was recognized by the 

precipitation of dark brown color. Damage to the cell membrane was determined by measuring 

total electrolyte leakage from leaves using a method modified from Bajji et al. (2002). The fourth 
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leaf above the graft union was also collected and washed with deionized water to determine 

electrolyte leakage. Briefly, 0.5 cm of nine leaf disks from three leaves were collected using a cork 

borer, immersed in 40 mL of deionized water and then kept on a shaker (Thermo Fisher Scientific, 

Canada) at 100 rpm for 20 min at room temperature. The initial electrolyte conductivity (IEC) was 

measured using a PCSTester 35 electrolyte conductivity meter (Eutech Instruments, USA). The 

samples were kept at -20°C in a freezer (VWR, ON, Canada) for 24 h to allow for total cell death 

in order to measure the total electrolyte levels inside cells. After thawing the samples, the final 

electrolyte conductivity (FEC) was measured when the solution temperature reached room 

temperature. The percentage of electrolyte leakage (% EL) was calculated according to the 

following equation: % 𝐸𝐿 =  
𝐼𝐸𝐶

𝐹𝐸𝐶
 ∗ 100. The chlorophyll content (mg/m2) of tomato leaves from 

homograft and heterograft was measured using a CCM-300 Plus Chlorophyll Content Meter (Opti-

Sciences® Inc, NH, USA) and calculated based on the average of the readings from three leaves 

per plant at three different spots from each leaf.  

4.3.6 Biochemical analysis 

ABA content in tomato and potato was extracted and analyzed using an LC-MS method 

adopted from Ayyanath et al. (2021). In brief, leaf samples were ground in liquid nitrogen to a fine 

powder. 150 mg of each sample was extracted with 500 μl extraction solution (50% MeOH and 4 

% acetic acid in Milli-Q water) and the samples were sonicated on ice for 30 min prior to 

centrifugation for 2 min at 13,000 rpm. Subsequently, the supernatant was dispensed into a fresh 

tube and diluted 5x in 10 mM ammonium acetate (pH 9; adjusted with ammonium hydroxide). 

Samples (500 µL each) were filtered-centrifuged using 0.22 µm Millipore tubes and the 

supernatant was used for quantification using ultra-performance liquid chromatography (ULPC ) 
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as described by Erland et al. (2017). Aliquotes of 3 µL were injected onto a Waters Acquity BEH 

Column (2.1 × 50 mm, i.d. 2.1 mm, 1.7 µm) on a Waters Acquity Classic UPLC system with 

detection using an Aquity QD single quadrupole mass spectrometer (MS) controlled by Empower 

3 (Waters, Canada). Samples were run on a gradient with A-10 mM ammonium acetate pH 9, 

adjusted with ammonium hydroxide; B-100 % MeOH with initial conditions of 95 % A 5 % B 

increased to 5 % A 95 % B over 4.5 min using Empower curve of 8. Column temperature was 40 

°C and flow rate was 0.5 mL/min. Capillary voltage was 0.8 kV, and probe temperature was 500 

°C with a gain of five. ABA was monitored in single ion recording mode and quantified in ng. g-1 

FW using the standard curve. 

4.3.7 Statistical analysis 

All the plants were arranged in a complete randomized design (CRD). An analysis of 

variance (ANOVA) was performed using GraphPad Prism v9. Least square means of three 

biological replicates were compared using a Tukey-Kramer test with α = 0.05 level. Shapiro-Wilk 

test was used to test normality, the log model was used to transfer the data from non-gaussian to 

gaussian when required. Mean ± Standard Error of Mean responses of each parameter of the three 

replications were presented in a graph. The results were confirmed by repeating the experiment 

twice.  

4.4  Results 

4.4.1 Expression profiles of ORGs in the homografted potato plants  

To investigate the expression pattern of ORGs in response to OS in the homografted potato 

(P/P) plants, a total of 21 highly regulated ORGs (Nakashima and Yamaguchi-Shinozaki, 2006; 
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Soares-Cavalcanti et al., 2012; J. Li et al., 2013) involved in different processes were tested. The 

results of the qRT-PCR analysis showed differential expression of the selected genes under OS. 

As shown in Figure 4.1, compared to the control plants (C-P/P), the level of dehydration 

responsive element binding (DREB) transcripts increased by 2- and 27-fold in the scion of the 

potato 6 h and 24 h, respectively, after PEG treatment. There was also a significant up-regulation 

(nearly 200-fold) in the expression of the responsive to desiccation (RD29) gene after 6 h and 24 

h compared to the control (Figure 4.1). The results also showed a significant 2-fold increase in 

early-responsive to dehydration 7 transcript levels (ERD7) at 24 h. On the other hand, transcript 

levels of the abscisic acid insensitive 2 (ABI2) gene, a negative regulator of abscisic acid (ABA), 

showed a non-significant reduction at 6 h of PEG treatments, then increased again matching the 

control at 24 h (Figure 4.1). There were no changes in the expression levels of MYC2 and MYB2. 

However, MYB74 gene expression levels were significantly upregulated by nearly 13- and 5-fold 

at 6 h and 24 h, respectively, relative to the control. A 6- and a 24-fold increase in transcript levels 

was also detected for the non-expressor of Pathogenesis-Related (PR) genes 1 (NPR1) at 6 h and 

24 h, respectively (Figure 4.1). There was also a significant increase in the expression levels of 

Alcohol dehydrogenase 1 (ADH1) by 4-fold at 6 h (Figure 4.1). The expression levels of UDP-

sugar glycosyltransferases (UGT) were upregulated by 3- and 12-fold at 6 h and 24 h, respectively. 

Additionally, transcript levels of salt tolerance zinc finger (STZ) increased significantly by 3-fold 

at 24 h (Figure 1). On the other hand, there were no significant changes in the expression levels of 

ATPase, LIP2, AFP4, and SNRK compared to the control either at 6 h or 24 h (Figure 4.1). The 

gene expression levels of six heat shock proteins (HSP) were also determined. HSP17 and 

HSP26,5P showed a similar pattern in their responses and significantly increased by 80 - and 86.6-

fold, respectively, at 24 h only. On the other hand, no changes were observed in the abundance of 
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HSP21 as a result of the stress treatment (Figure 4.1). HSP18-1 showed a significant 20-fold 

increase at 24 h compared to the control (Figure 4.1). There was also a significant increase of 13-

fold in HSP17-6C expression at 6 h, after which the levels decreased at 24 h and were similar to 

the expression levels in control (Figure 4.1). HSP17-6A demonstrated a significant up-regulation 

of 12- and 20-fold at 6 h and 24 h, respectively (Figure 4.1).  

 

 

Figure 4. 1: Expression of ORGs genes in homografted potatoes (Solanum tuberosum), 

assessed by qRT-PCR. Plants were osmotically stressed by watering with 30% PEG (6000) four 

weeks after graft establishment. Tissues located 5 cm above the graft union were collected from 

untreated plants (control) and PEG-treated plants at 6 h and 24 h of treatment. The gene expression 
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values were calculated relative to homografted potato control (P/P) and normalized to TIP, an 

internal control. Means from all the treatments were compared with each other using Tukey’s test. 

Vertical bars represent the mean  SEM of three biological replicates (three plants each). Bars with 

no common letters are significantly different (p < 0.05).  

4.4.2 The movement of ORGs transcripts across the graft union under osmotic stress 

conditions 

A strategy based on the grafting of two different plant species was used to identify the genes 

with mobile transcripts. A heterograft system, in which tomato (Solanum lycopersicum 

‘Beefsteak’) was used as a scion and potato (Solanum tuberosum  ‘Gold rush’) as a rootstock, was 

established to identify the root-to-shoot long-distance movement of mRNAs under normal and 

osmotic conditions using potato-specific primers. As shown in Figure 4.2, the three potato-specific 

housekeeping genes (StGTP, StTIP, and StClathrin) had no detectable expression in scion tissues, 

indicating their inability to move from the rootstock to scion. Another set of primers (GTP, TIP, 

and Clathrin) was designed from conserved nucleotide sequences in tomato and potato to be used 

for gene expression studies in the heterografts. Of these, only TIP showed a gene expression that 

was stable in potato and tomato under all the tested conditions (Figure 4.2) and was therefore used 

to normalize the relative gene expression data in both potato and tomato. 
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Figure 4. 2: Transport of housekeeping mRNAs from the potato rootstock to the tomato scion 

6 h after exposure to osmotic stress. Control-potato homograft (C-P/P), PEG-potato homograft 

(P-P/P), control-tomato/potato heterograft (C-T/P), PEG-tomato/potato heterograft (P-T/P) and 

control tomato homograft (C-T/T). The relative expression of potato genes in P-P/P was calculated 

relative to the control (C-P/P). The relative expression of tomato genes in tomato scions was 

calculated relative to the control (C-T/T). Means from all the treatments were compared with each 

other using Tukey’s test. Vertical bars represent the mean  SEM of three biological replicates 

(three plants each). StGTP – StTIP – StClathrin are results of specific potato primers used to test 
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the transport of the housekeeping genes’ transcripts and GTP – TIP – Clathrin results of primers 

used to amplify both potato and tomato transcripts to select the most consistent reference gene. 

mRNA mobility of osmotic-related genes was examined under control and stress conditions 

by qRT-PCR using primers that were specific to potato (Table 4.2). The abundance of potato 

transcripts in the tomato scion examined 6 h after stress induction is shown as a heatmap in Figure 

4.3. In general, all ORGs have been detected in the homografted potato (P/P) under control and 

stress conditions, whereas no transcripts were detected in the homografted tomato (T/T) (Figure 

4.3), which confirms the high specificity and reliability of the chosen potato primers. The results 

also indicated that all, except one of the tested ORGs, have non-mobile transcripts under normal 

or stress conditions. Only the mRNA of StNPR1 from the potato rootstock was detected in the 

tomato scion under normal and OS conditions. The movement through the graft union of different 

mRNAs encoding the NPR family was then assessed to explore whether the members of the same 

gene family share the same mRNA mobility properties. The results as presented in Figure 4.3 

showed that all the members of the NPR family, except NPR1 were found to be non-mobile under 

both normal and stress conditions. This result shows that different members of the same gene 

family may not follow the same pattern in their transport. 
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Figure 4. 3: Heat map shows the transport of ORG mRNAs from the potato rootstock to the 

tomato scion 6 h after exposure to osmotic stress, assessed by qRT-PCR. Plants were 

osmotically stressed by watering with 30% PEG (6000) four weeks after graft establishment. 

Tissues samples located 5 cm above the graft union were collected from untreated plants (control) 

and 6 h of PEG-treated plants. A represents control-potato homograft (C-P/P), B represents PEG-

potato homograft (P-P/P), C represents control-tomato/potato heterograft (C-T/P), D represents 

PEG-tomato/potato heterograft (P-T/P), and E represents control tomato homograft (C-T/T). The 

relative expression of potato genes was calculated relative to the control (C-P/P) and normalized 

to TIP. The purple color means that the transcripts were not detected in the scion of C, D and E for 

all tested ORG except for NPR1, potato transcripts were not detected in control tomato homograft 

only.  

It is worth noting that although StNPR1 was detected under both normal and stress 

conditions, the level of StNPR1 expression was significantly higher at 24 h in stressed tomato-

potato heterografts (T/P) compared to the heterograft control (T/P) (Figure 4.4a). Compared to 
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the expression of StNPR1 in the potato homograft control (P/P) (Figure 4.4.a), the StNPR1 gene 

expression levels in tomato/potato heterograft (T/P) showed 0.01-fold, 0.17-fold, and 0.55-fold in 

control, and at 6 h and 24 h, respectively. These results were further confirmed by semi-

quantitative RT-PCR in which primers amplifying a larger NPR1 fragment (500 bp) were used 

(Figure 4.4b). 

 

Figure 4. 4: Quantitative and semi-quantitative expression of StNPR1 in tomato scion. The 

plants were stressed by watering with 30% PEG (6000). A tissue sampled 5 cm above the graft 

union at 6 h and 24 h after PEG treatment was used for RNA extractions and gene expression 

studies. (a) the normalized relative gene expression of StNPR1. Means from all the treatments were 

compared with each other using Tukey’s test. Vertical bars represent the mean  SEM of three 

biological replicates (three plants each). Bars with no common letters are significantly different (p 

< 0.05). ND means no detected transcripts. The relative expression of potato genes was calculated 

relative to the homografted potato control (P/P) and normalized to TIP. (b) semi-quantitative PCR 

results show the movement of StNPR1 transcripts from the potato rootstock into the tomato scion 
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using potato-specific primers. Homografted potato (P/P), heterografted tomato scion/potato 

rootstock (T/P), and homografted tomato (T/T). Actin2 was used as a reference gene. 

4.4.3 Potato rootstock increased ABA content in tomato scion 

ABA content was determined in the scion leaves of T/T, P/P, T/P plants under control and 

OS conditions (Figure 4.5). Within the same treatment, a marked increase by 53 %, 57 %, and 72 

% was observed in the leaves of T/T, P/P and T/P, respectively, 24 h after exposure to 30 % PEG. 

ABA level was 33 % higher in the leaves of P/P scion relative to T/T under control conditions; 

however, no significant differences were observed between scions of T/T and T/P plants under 

control conditions. ABA content also showed 44 % and 32.8 % increase in the leaves of  P/P and 

T/P, respectively, compared to T/T under OS, suggesting that potato generally has higher ABA 

content than tomato under normal and stress conditions (Figure 4.5).  
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Figure 4. 5: Quantification of ABA in potato and tomato plants. The homografted and 

heterografted plants were osmotically stressed by watering with 30% PEG (6000). Leaves were 

collected at 24 h from the scion of homografted tomato (T/T), homografted potato (P/P) and 

heterografted (T/P) growing under untreated (control) and osmotic stress conditions. Means from 

all the treatments were compared with each other using Tukey’s test. Vertical bars represent the 

mean  SEM of three biological replicates (three plants each). Bars with no common letters are 

significantly different (p < 0.05). 

4.4.4 The effect of the heterograft on the electrolyte leakage, H2O2 accumulation, and 

chlorophyll content in the scion leaves 

Our results showed that PEG treatment decreased membrane integrity as a result of more 

production of H2O2 as shown by DAP staining of the leaves (Figure 4.6a). PEG treatment also 
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dramatically increased electrolyte leakage in tomato leaves in both homo-grafted and hetero-

grafted plants (Figure 4.6b). On the other hand, there were no changes in chlorophyll content in 

the tomato/tomato homograft after PEG treatment. However, the chlorophyll content increased in 

tomato leaves grafted onto the potato rootstock (Figure 4.6c). 

 

Figure 4. 6: Physiological responses to osmotic stress in homografted and heterografted 

plants. The plants were osmotically stressed by watering with 30% PEG (6000). The leaves were 

collected at 24 h from the scion of homografted tomato (T/T) heterografted (T/P) growing under 

untreated (control) and stress conditions. (a) visualization of H2O2 using DAB staining. Leaves 

from tomato scions were collected 24 h after the induction of osmotic stress. The collected leaves 

were vacuum infiltrated with the DAB solution for 4 h. H2O2 was detectable as a dark brown 
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precipitate. PEG tomato/potato heterograft  (P-T/P), control tomato/potato heterograft (C-T/P), 

PEG tomato/tomato homograft (P-T/T), and control tomato/tomato homograft (C-T/T). (b) % 

electrolyte leakage in tomato leaves collected 24 h After PEG treatment. (c) Changes in 

chlorophyll content in tomato leaves 24 h after PEG treatment. Means from all the treatments were 

compared with each other using Tukey’s test. Vertical bars represent the mean  SEM of three 

biological replicates (three plants each). Bars with no common letters are significantly different (p 

< 0.05).  

4.5 Discussion 

4.5.1 Osmotic stress alters gene expression levels of various ORG 

In this study, 21 ORGs were used to characterize the differences in their gene expression 

levels under conditions of OS using quantitative real-time RT-PCR (Figure 4.1). The tested genes 

are known to be involved in the abscisic acid (ABA) (i.e., DREB, RD29, ERD7, ABI2 and SNRK), 

salicylic acid (SA) (i.e., NPR1) and jasmonic acid (JA) signaling pathways (i.e., MYC2, MYB2, 

and MYB72). In addition, the genes that induce different physiological responses under OS (i.e., 

ADH1, STZ, UGT, ATPase, LIP2, and AFP4) and six members of the heat shock protein (HSP) 

family (i.e., HSP21, HSP26, 5P, HSP17, HSP17-6C, HSP17-6A, and HSP18-1) that have 

previously shown upregulation under various stress conditions in different plants species (Wahid 

et al., 2007; Penfield, 2008; Frank et al., 2009; Aneja et al., 2015; Singh et al., 2016a; Sun et al., 

2016) were also tested. Numerous previous studies have shown that plants undergo changes in the 

level of expression of many stress-related genes depending on the nature and severity of stress 

conditions (Nakashima et al., 2014; Yin et al., 2015). Changes in gene expression that occur 

following exposure to OS cause a series of physiological and biochemical alterations which 
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contribute to increased OS tolerance. Here we reported upregulation in the transcription factors 

DREB1, RD29, and ERD7 under OS conditions. These genes are believed to be essential members 

inducing the transcription of other stress-inducible genes (Jia et al., 2012). Previous studies also 

reported that DREB increases plant tolerance to drought, and high-salinity stresses when 

overexpressed in model plant species (Kasuga et al., 1999; Maruyama et al., 2004; Rehman and 

Mahmood, 2015; Chen et al., 2016). RD29 has also been found to confer tolerance to different 

abiotic stresses when overexpressed in Arabidopsis (Kasuga et al., 1999) and tobacco (F. Li et al., 

2013). Whereas ERD7 plays an important role in both ABA-dependent and ABA-independent 

signaling transduction pathways in response to abiotic stresses (Kiyosue et al., 1994; Kimura et 

al., 2003; Munné-Bosch and Alegre, 2004; Agarwal et al., 2006). 

ORGs that have also been previously shown to play a key role in abiotic stress-related 

hormone signaling include NPR1 and MYB. Our data showed that NPR1 was significantly 

upregulated after 6 h and 24 h of OS in the potato scion. It has been demonstrated that StNPR1 

gene expression increased after drought stress, suggesting an important role of StNPR1 in plant’s 

response to drought stress (R. Li et al., 2019). The induction in NPR1 levels can improve plant 

tolerance to OS through the positive regulation of salicylic acid (SA) as NPR1 is the SA receptor 

in the plant (Wu et al., 2012). MYB transcription factors are also involved in plant responses to 

abiotic stress via the regulation of the phenylpropanoid pathway, which produces various 

secondary metabolic compounds involved in abiotic stress response (Jin et al., 2000) in addition 

to the regulation of various developmental processes in the stressed plant such as stomatal 

movement, the control of suberin and cuticular waxes synthesis, and crosstalk between different 

plant hormones (Baldoni et al., 2015). Another gene family that is known to be involved in stress 

tolerance is the HSP family. These proteins can scavenge accumulated damaged proteins to 
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maintain cellular homeostasis (Storozhenko et al., 1998; Wang et al., 2004). It has also been shown 

that HSP improve plant tolerance against abiotic stress by improving physiological processes such 

as membrane stability, photosynthesis, assimilate distribution, and the efficiency of water and 

nutrient use (Wahid et al., 2007). In the current study, the levels of five HSP family members 

significantly increased in potato in response to OS.  

Another stress mitigation strategy that plants follow is to maintain a suitable energy balance 

during stress conditions via reducing growth by repressing the expression of several genes 

involved in photosynthesis and carbohydrate metabolism (Sakamoto et al., 2004; Nakashima and 

Yamaguchi-Shinozaki, 2006). STZ has been demonstrated to be responsive to drought, salt, cold, 

and abscisic acid by reducing growth, saving plant resources for stress tolerance (Sakamoto et al., 

2004). The increase in UGT and ADH1 levels after PEG treatment may improve plant adaptation 

to OS through the biosynthesis and regulation of natural plant products and plant hormones 

(Bowles et al., 2006) and the accumulation of osmolytes and callose (Shi et al., 2017) which in 

turn maintains cell homeostasis (Jones and Vogt, 2001; Bowles et al., 2005; Sun et al., 2013). 

4.5.2 The transport of StNPR1 mRNA 

The movement of mRNA over long distances has been confirmed in several plant species 

using the heterografting system.(Abe et al., 1997; Anjan et al., 2006; Harada, 2010; Zhang et al., 

2013; Notaguchi et al., 2015; Thieme et al., 2015; Duan et al., 2016). In the present study, we 

confirmed the transport of the osmotic responsive gene StNPR1 transcripts from rootstock to scion 

tissues under both normal and OS conditions (Figure 4.3, Figure 4.4b). We also showed that the 

gene expression levels of potato NPR1 in the tomato scion increased after exposure to stress 

compared to the heterograft control (Figure 4.4a), indicating that OS may be a key factor in 
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regulating the transport of StNPR1 transcripts over long distances. Furthermore, we showed that 

gene homologs of the same family not necessarily share the same mRNA transport potential. 

Indeed, among the four members of the potato NPR1-related genes (NIM1-1, NPR6A, NPR6B, and 

NPR1), only the NPR1 transcripts were detected in the scion of the heterograft. 

The mRNA mobility of some genes involved in the defense and stress responses has been 

reported in a study by Notaguchi et al., 2015. These include the NAD(P)-binding Rossmann-fold 

superfamily protein, NADH-ubiquinone oxidoreductase B18 subunit putative, the inorganic H 

pyrophosphatase family protein, the protein kinase superfamily protein, the eukaryotic aspartyl 

protease family protein, the phosphotyrosine protein phosphatases superfamily protein, S-

Adenosyl-L-homocysteine hydrolase (SAHH1), the vegetative storage protein 1, and the chitinase 

family protein. Here we have added a new member to the genes involved in long-distance mRNA 

transport which has a very important role in plant response to stress and defense.  

4.5.3 The role of NPR1 in biotic and abiotic stress 

NPR1 is also known as salicylic acid insensitive 1 (SAI1), or enhanced disease susceptibility 

17 (EDS17) (Cao et al., 1994; 1997; Dong, 2004; Shah et al., 2007; Pajerowska-Mukhtar et al., 

2013). The overexpression of NPR1 in Arabidopsis results in various degrees of resistance to 

different biotic stresses, and this resistance is correlated with increases in NPR1 gene expression 

levels (Cao et al., 1997). Numerous studies have revealed that NPR1 is a key regulator of systemic 

acquired resistance (SAR), as NPR1 works as a regulatory component that functions downstream 

of SA in the signal transduction cascade that mediates SAR induction (Yasuda et al., 2008). 

Besides biotic defense, NPR1 is involved in improving abiotic stress tolerance. In a study using 

the npr1 mutant plants, it was found that the mutant plants were sensitive to either salt or oxidative 
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stress (Jayakannan et al., 2015). Additionally, it has been demonstrated that NPR1-dependent SA 

signaling was important to control Na+ flux in the roots and consequently its long-distance 

transport into the shoot under stress conditions (Jayakannan et al., 2015). Moreover, NPR1 is a 

master regulator of the salicylic acid (SA) signaling pathway as it works as a receptor for SA (Wu 

et al., 2012; Ding et al., 2018; Pajerowska-Mukhtar et al., 2013). 

4.5.4 ABA level in the scion is rootstock dependent 

The effect of the rootstock on ABA content in the scion was tested. Figure 4.5 showed that 

ABA level in potato/potato homograft was higher than its level in tomato/tomato homograft under 

normal condition; however, no change was observed in ABA content in tomato scion of the 

heterograft tomato/potato in control plants which indicated that the rootstock had no effect on ABA 

content in the scion under normal conditions; further, ABA content in the leaves of tomato scion 

grafted on potato rootstock (tomato/potato) displayed a significant increase in ABA levels under 

osmotic stress compared to tomato scion grafted on tomato rootstock. These results illustrated that 

ABA level in the scion was rootstock independent under normal conditions and rootstock 

dependent under osmotic stress. These results are compatible with a previous study that has used 

ABA-deficient mutant homograft, wild-type (WT) tomato homograft and transgraft of WT and 

ABA-mutant and has tested the changes in ABA under salt stress (Li et al., 2018). The same 

authors have also found that rootstock has no effect on ABA level in the scion under normal 

conditions, while ABA content in the scion is mainly regulated by its content in the rootstock under 

salt stress where ABA-mutant scion showed two-times ABA content when grafted on WT 

rootstock compared to mutant homograft and hence higher stomatal closure, higher leaf water 

potential and higher leaf area compared to ABA-mutant grafts (Li et al., 2018).  
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4.5.5 The physiological responses to osmotic stress in the grafted potato  

Osmotic stress can cause damage to the cell membrane resulting in increases in electrolyte 

leakage, which is often used as an indicator of membrane integrity under stress conditions. The 

lipid peroxidation that results from the generation of reactive oxygen species (ROS) is the primary 

cause of electrolyte leakage in stressed plants (Anjum et al., 2008; 2012). In the present study, 

PEG treatment increased H2O2 production as indicated by the DAB histochemical staining shown 

in Figure 4.6a which caused a reduction in membrane integrity and, consequently, an increase in 

electrolyte leakage (Figure 4.6b) with no significant effect being noticed from the heterograft on 

the electrolyte leakage in the scion. On the other hand, there were no changes in the chlorophyll 

content in the stressed homo-grafted tomato leaves compared to the control. Nevertheless, the 

chlorophyll content increased in the tomato leaves grafted onto the potato rootstock (Figure 4.6c) 

after exposure to osmotic stress; that increase might be related to the increase in ABA content in 

the scion of the heterograft. Despite the significant increase in ABA content in tomato/potato 

heterograft, no changes were observed in El or ROS accumulation because the short time frame 

between applying the stress and collecting the samples might not be enough for the plant to 

differentiate those changes. 

4.6 Conclusion  

In conclusion, the identification of several genes that are highly regulated in the potato 

following osmotic stress indicates that various signaling molecules are involved in improving 

osmotic stress tolerance in the potato. Although various genes have shown high transcript levels 

under osmotic stress conditions, not all of them have mobile mRNAs that can be transported over 

long distances. In the current study, we found that NPR1 transcripts were transported from the 
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rootstock to the scion. Although the NPR1 transcripts were transported under both stress and non-

stress conditions, the abundance of the transported NPR1 transcripts from the rootstock into the 

scion was significantly induced by osmotic stress. In addition, it appears that at least under these 

conditions NPR1 is the only member of the NPR family that has mobile transcripts, which suggests 

that there may be a need for these transcripts at their final destination. As an SA receptor, NPR1 

has a significant role in mediating many of SA-related responses in plants, most importantly its 

crosstalk with major plant hormones, tolerance to abiotic stresses and SAR. Knowing that NPR1 

has mobile transcripts that can be transported from the rootstock to the scion is both conceptually 

and practically significant. From a standpoint of fundamental research, this should provide some 

insights onto the mechanisms underlying SA-mediated SAR. From a practical perspective, tolerant 

transgrafted plants could be produced using transgenic rootstocks that overexpress NPR1. Further 

research needs to be conducted to examine these possibilities and to further validate the systemic 

movement of NPR1 in other plant species and under different stress and graft-compatibility 

conditions. 
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Chapter 5: Rootstocks Overexpressing StNPR1 and StDREB1 

Improve Tolerance of Wild-type Scion in Transgrafted Tobacco 

Plants 

This chapter is reformatted from the following published paper: 

Hezema YS, Shukla MR, Goel A, Ayyanath MM, Sherif SM, Saxena PK. Rootstocks 

Overexpressing StNPR1 and StDREB1 Improve Osmotic Stress Tolerance of Wild-Type Scion in 

Transgrafted Tobacco Plants. International Journal of Molecular Sciences. 2021; 22(16):8398. 

https://doi.org/10.3390/ijms22168398 

Author Contributions:  

Y.S.H., S.M.S. and P.K.S. conceived and designed the experiments; Y.S.H. performed the 

laboratory experiments, data analysis, and wrote the manuscript; M.R.S. provided the plant 

materials and guidance with grafting; S.M.S. and P.K.S. supervised the study. A.G. and M.M.A. 

performed ABA quantification 

5.1 Abstract 

Recently, transgrafting system has been used to improve plant growth and study systemic 

signals in plants. However, it remains largely unknown how rootstocks bring their effects on 

scions, especially under osmotic stress. To understand how the tolerant rootstock improves scion 

properties under osmotic stress, two transgenic plants overexpressing StNPR1 and StDERB1 were 

developed. The present study shows that overexpression of the StNPR1 and StDERB1 genes 

enhances plant growth and improves the physiological status of tobacco plants growing under salt 

and osmotic stress. However, StNPR1 and StDREB1 transcripts were not transported from the 

https://doi.org/10.3390/ijms22168398
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transgenic rootstock to the wild-type (WT) scion, the rootstocks N2 and D7 overexpressing 

StNPR1 and StDERB1, respectively, alleviated osmotic stress in the WT-scion via the upregulation 

of downstream ORGs, including ERD1, RD29, ERF, MYC and HSP. In addition to the upregulation 

of genes encoding antioxidant enzymes that act as ROS scavengers, it resulted in a lower 

accumulation of peroxides in WT-scions grafted on N2 and D7. The reduction in ROS generation 

may have resulted in less chlorophyll degradation and membrane injury and better cell viability 

under osmotic stress treatment than in WT grafted on WT rootstock. Overall, the findings of the 

present study suggest StNPR1 and StDREB1 as two candidates for producing stress-tolerant crops 

through transgrafting technology. 

5.2 Introduction  

Long-distance signals, such as shoot to root or root to shoot signals, control many 

physiological responses in plants, including growth, development, flowering and defense (Tsutsui 

and Notaguchi, 2017). Plants are exposed to various conditions during their life cycle like biotic 

and abiotic stresses. Plants sense the surrounding environmental conditions and respond by 

systemic manipulation of their physiological and molecular responses locally in a specific organ, 

then these signals move to the rest of the plant to act independently or to activate other signals in 

the target tissues and thereby, regulate plant growth and development to adapt the surrounding 

conditions. The signal is produced at the stress-exposed organ and then is transported over long 

distances to promote stress tolerance through the induction of various defense responses in distant 

tissues is called a systemic signal (Gaupels and Vlot, 2013). Many micro and macromolecules 

move over long distances through the vascular tissue as long-distance signals to regulate the 

development of the distant target tissues under normal and stress conditions (Anjan et al., 2006; 
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Jaeger et al., 2007; Notaguchi et al., 2012; Gaupels and Vlot, 2013; Spiegelman et al., 2013; Zhao 

and Song, 2014; Shabala et al., 2016). The transport of florigen protein is an example of protein 

movement as a macromolecule to promote flowering (Jaeger et al., 2007). mRNA is another type 

of macromolecules that has been confirmed to act as long-distance signals in plants. For instance, 

GAI is a negative regulator in gibberellic acid (GA) signaling pathway and it has mobile transcripts 

from the rootstock to the scion that can affect plant size and leaf development (Haywood et al., 

2005; Zhang et al., 2012; Xu et al., 2013). As described in the previous chapter, a heterograft 

composed of potato as a donor rootstock and tomato as a recipient scion was used as a model 

system to study mRNA transport of some osmotic responsive genes from the rootstock to the scion. 

On the other side, the micro molecules plant hormones have been confirmed to move over a long 

distance in plant. Of those hormones, abscisic acid (ABA) and GA are transported over long 

distances (Shabala et al., 2016; Tsutsui and Notaguchi, 2017). Interestingly, the transcripts of 

potato NPR1 were detected in tomato scion under normal and osmotic stress conditions. Recently, 

grafting has been used to study long-distance signals in plants using transgrafting approaches 

(Notaguchi et al., 2012; Goldschmidt, 2014; Notaguchi and Okamoto, 2015; Tsutsui and 

Notaguchi, 2017). 

Grafting has been used as a commercial plant propagation by merging two parts of different 

plants (the upper part is termed the scion and the lower part is termed the rootstock). Transgrafting 

is defined as combining wild-type scion with genetically modified rootstock with potentially 

significant influence on the scion (or vice versa), and it is supposed to be a promising tool for plant 

breeding (Albacete et al., 2015). On the commercial side, there are various advantages to 

transgrafting (Shabala et al., 2016); having non-transgenic scion grafted on genetically modified 

rootstocks tolerant to biotic or abiotic stress or providing any agriculture trait might improve the 
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quality and quantity of crop production. Simultaneously, it might decrease consumers’ concerns 

regarding consuming genetically modified fruits. On the other hand, using transgrafting may 

improve our understanding the physiology related to long-distance signals and their influence on 

final distant tissues. For example, transgrafting has been used to study the underlying mechanisms 

of the signals involved in providing dwarfism in tobacco, tomato, and apple plants (Jeannine et al., 

2007; Xu et al., 2010; 2013). In a study using a wild-tobacco scion grafted onto a transgenic 

rootstock expressing the gai gene, gai transcripts  and its translated product of the gai mRNA  were 

found in the scion, causing a semi-dwarfism phenotype, which explains, at least partially, of how 

the dwarfing rootstock can decrease the size of the scion (Xu et al., 2013). The ROLB (rooting 

locus B) is rooting related gene that  enhances rooting and vegetative growth when overexpressed 

in plants; Smolka et al. (2010) have found that neither rolB transcripts nor its translated products 

were detected in non-transgenic apple scion grafted on mutant rolB apple rootstock. Nevertheless, 

the non-transgenic apple scion grafted on transgenic rolB apple rootstock has shown reduced 

growth and flowering with no effect on fruit quality, confirming the role of long-distance signals 

in altering scion properties. Transgrafting can help decipher the mechanisms by which rootstocks 

improve scion tolerance to osmotic stress. 

Recently, genetically modified rootstock has been proved to be efficient for modulating wild-

type scion growth (Haroldsen et al., 2012); however, limited information is available to explain 

the molecular, biochemical and physiological mechanisms underlying osmotic stress tolerance of 

the wild-type scion in transgrafted plants. Understanding the mechanisms underlying the imparted 

tolerance to the scion in transgrafted plants can significantly help increase crop production, 

improve tolerance to abiotic stresses, and enhance crop improvement and food security. The 

previous chapter showed some highly regulated osmotic responsive genes, including NPR1 and 
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DREB1; of these, StNPR1 has mobile transcripts from the rootstock to the scion. NPR1 and DREB1 

are involved in salicylic acid and abscisic acid signaling pathways, respectively. The non-

expressor of pathogenesis-related (PR) gene 1 (NPR1) is known as salicylic acid insensitive 1 

(SAI1), or enhanced disease susceptibility 17 (EDS17) (Cao et al., 1994; 1997; Dong, 2004; Shah 

et al., 2007; Pajerowska-Mukhtar et al., 2013). It is well established that NPR1 is a key regulator 

involved in plant response to biotic stress, and its regulatory mechanism has been relatively clear. 

However, information about the role and the function of NPR1 in plant response to abiotic stress 

is largely unknown. The overexpression of NPR1 in Arabidopsis results in various degrees of 

resistance to different biotic stresses (Cao et al., 1997). Numerous studies have revealed that NPR1 

is a key regulator of the systemic acquired resistance (SAR), as NPR1 works as a regulatory 

component that functions downstream of SA in the signal transduction cascade that mediates SAR 

induction (Yasuda et al., 2008). Moreover, NPR1 is a master regulator of the salicylic acid (SA) 

signaling pathway as it works as a receptor for SA (Wu et al., 2012; Ding et al., 2018; Pajerowska-

Mukhtar et al., 2013). DREB is a transcription factor that binds to the dehydration-responsive 

element (DRE)/C repeat (CRT), a cis-acting element that is involved in the upregulation of several 

stress-inducible genes (Jia et al., 2012) thereby leading to an increase in plant tolerance to freezing, 

drought, and high-salinity stresses when it is overexpressed in several model plant species (Kasuga 

et al., 1999; Maruyama et al., 2004; Rehman and Mahmood, 2015; Chen et al., 2016; Sharma et 

al., 2019).  

In the current study, I hypothesized that using tolerant transgenic tobacco rootstocks 

overexpressing StNPR1 and StDREB1 might increase the tolerance of wild-type scion in 

transgrafted tobacco. The objective of the present study is to investigate the molecular, 

biochemical and physiological mechanisms underlying the imparted tolerance from the transgenic 
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rootstock to WT-scions in transgrafted plants exposed to osmotic stress. To achieve this objective, 

StNPR1 and StDREB1 were transformed into tobacco plants and then their tolerance was evaluated 

under salt and osmotic stress. Transgrafts composed of tobacco plants overexpressing StNPR1 and 

StDREB1 as rootstocks and wild-type tobacco (WT) as scions were used for investigating assess 

the effect of tolerant transgenic rootstocks on physiological responses, ABA content and gene 

expression in WT scion under osmotic stress. 

5.3 Materials and methods 

5.3.1 Tobacco transformation and molecular confirmation of transgenics 

The constructs of pCambia1301:StNPR1 and pCambia1301:StDREB1 were synthesized by 

Biomatik, USA (http://www.biomatik.com). Constructs containing a hygromycin resistance 

selectable marker, regulated by CaMV35S enhanced promoter and the transformed genes 

downstream of another CaMV 35S promoter, were introduced into tobacco (Nicotiana tabacum) 

plants through Agrobacterium tumefaciens (EHA105)-mediated leaf disc method (Horsch et al., 

1984, 1985). The regenerated transformants (F1) were screened by growing on a Murashige and 

Skoog MS + vitamins (Phyto Technology laboratories, USA) selection medium supplemented with 

30 μg/ml hygromycin (Goldbio, USA) and 300 µg/ml Timentin (PhytoTechnology Laboratories, 

USA), 3 % sucrose, and 0.70 % (w/v) agar. The pH was adjusted to 5.7. The transgene’s presence 

was confirmed by PCR amplification using genomic DNA as a template in the wild type (WT), 

G3 (the transgenic line overexpressing the empty vector with GUS), N2 and N4 (the transgenic 

lines over-expressing StNPR1) and D1, D7, and D11 (the transgenic lines over-expressing 

StDREB1). NtActin was used as a reference gene. The relative gene expression of GUS was 

http://www.biomatik.com/
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analyzed in transgenic lines by qRT-PCR with three biological and three technical replicates. 

Elongation factor-1α (NtEF1) gene was used as the internal control. 

5.3.2 Analyses of F1 and F2 transgenic plants exposed to abiotic stresses 

The stress tolerance capacity of the transgenic lines was initially tested using leaf disc assay. 

Leaf disc assay was performed using leaves of six weeks old F1 plants modified from Singla-

Pareek et al. (2003). The 2 cm diameter leaf discs of transgenic lines (G3, N2, N4, D1, D7 and 

D11) and WT were punched out and floated on water supplemented with 100 mM sodium chloride 

(NaCl), 200 mM mannitol or 10 % PEG 6000 for 9 days (Sharma et al., 2019). The experiment 

was maintained on the bench at room temperature, and phenotypic changes were monitored over 

9 days. The effect of stress treatments was evaluated by visually analyzing phenotypic changes 

among leaf discs along with the determination of physiological parameters including electrolyte 

leakage (EL), cell viability (CV), and chlorophyll content. 

The F2 seeds of G3, N2 and D7 were germinated on MS + vitamins solid selection medium 

containing 20 μg/ml hygromycin and 300 µg/ml timentin for two weeks while WT seeds were 

germinated on MS + vitamins for the same duration. The surviving seedlings were sub-cultured 

on MS + Vitamins selection media supplemented with 100 mM NaCl, 200 mM mannitol and 10 

% PEG 6000 and incubated for four weeks under controlled environment conditions (Sharma et 

al., 2019). The transgenic lines and WT were analyzed for shoot length, root length, fresh weight 

(FW), dry weight (DW) and fresh root weight.  
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5.3.3 Performing grafting, transgrafting and growth conditions 

The F2 seeds of G3, N2 and D7 were germinated on MS + vitamins selection medium 

containing 20 μg/ml hygromycin and 300 µg/ml Timentin for two weeks while WT seeds were 

germinated on MS + vitamins for the same time. Then, the survived seedlings were sub-cultured 

on MS + vitamins selection media for 5 weeks before transferring the plants into the growth 

chamber. A cleft grafting was performed using 5 weeks-old plants with a uniform stem diameter 

of the scion and rootstock. In brief, a clear sharp wedge was made by a sharp blade at the bottom 

of the scion, and then it was inserted into a V-shaped slit made at the top of the rootstock (10 - 15 

cm). The graft union was covered with parafilm. All tobacco grafted plants were grown in a growth 

chamber with light intensity of 200 μmol m−2 s−1, a constant temperature of 23 ± 2°C and 16 h 

light.  

5.3.4 Stress tolerance of transgrafted tobacco plants 

To assess transgraft tolerance to OS, the soil was drenched every 2 days with 200 ml of 10 

% PEG solution after one month of grafting. The grafting treatments were wild type homograft 

i.e., wild type scion grafted on wild type rootstock (WT/WT), G3 scion grafted to G3 rootstock 

(G3/G3), WT scion grafted on G3 rootstock (WT/G3), N2 scion grafted on N2 rootstock (N2/N2), 

WT scion grafted on N2 rootstock (WT/N2), D7 scion grafted on D7 rootstock (D7/D7) and WT 

scion grafted on D7 rootstock (WT/D7). Each treatment contained 12 grafts divided into three 

biological replicates.  Leaf samples were collected at zero-day (control), 3, 6, 9 and 12 days after 

treatment for physiological, biochemical and molecular analyses. 
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5.3.5 Measurement of electrolyte leakage, cell viability, relative water content and 

chlorophyll content 

The injuries in the cell membrane were assessed by estimating the electrolyte leakage using 

an electrical conductivity meter, as per Sharma et al. (2019). Fresh leaves were cut into 0.5 cm 

discs, six-leaf discs were washed with deionized water, then immersed in 20 ml of deionized water 

and kept on the shaker at 100 rpm at room temperature. Initial electrical conductivity (IEC) was 

recorded after 24 hours (h). The samples were then autoclaved at 121 °C for 20 min to release all 

the electrolytes. After cooling down the samples to room temperature, the final electrical 

conductivity (FEC) was measured. Electrolyte leakage was calculated by the formula: EL (%) = 

(IEC/FEC) × 100.  

Cell viability was estimated by 2,3,5-triphenyltetrazolium chloride (TTC) assay (Hema et 

al., 2014). Four 0.5 cm leaf discs were incubated in 0.1 % TTC at 37 °C in the dark for 6 h. Samples 

were then incubated in 1 ml of 95% ethanol at 60 °C for 5 minutes. The absorbance of formazan 

was recorded in 200 µl at 470 nm using a plate reader (Biotech, USA). Cell viability was 

determined using the formula: CV (%) = (1- (OD0 - ODT /OD0)) * 100, where OD0 is the OD of 

the sample at zero time and ODT is the OD of the same treatment after stress treatment.  

The relative water content (RWC) was recorded as described by Aneja et al. (2015), with 

minor modifications. The fresh weight (FW) of two leaf segments (2 cm) was immediately 

measured. Then the leaves were soaked in distilled water at room temperature for 24 h, the turgid 

weight (TW) was recorded. The leaves were dried in the oven for 24 h at 70 °C, and the dry weight 

(DW) was recorded. The RWC was calculated using the formula: RWC (%) = (FW − DW) / (TW 

− DW) × 100.  
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Total chlorophyll was determined through immersing 50 mg from the fresh leaves in ethanol 

95 % and incubation at 70 °C for 5 minutes. Then the absorbance was measured at room 

temperature using a plate reader (Biotech, USA). Total chlorophyll amount was determined as 

described by Lichtenthaler (1987)  

5.3.6 In situ localization and estimation of superoxide (H2O2)  

The accumulation of H2O2 was detected through the histochemical staining of the leaves with 

3,3-diaminobenzidine (DAB) method, modified from Daudi and O’Brien (2012). Leaves were 

immersed in DAB solution in the dark on the shaker at 100 rpm for 5 h at room temperature. The 

chlorophyll was bleached by incubating the leaves with ethanol at 90 °C for 5 minutes. The H2O2 

concentration was determined as described earlier by Patterson et al. (1984) 50 mg of ground 

leaves of the scions were extracted in 500 µL of precooled acetone and centrifuged for 10 min at 

1500 g. Titanium chloride (2 % v/v of the extracted supernatant) and concentrated ammonia (100 

µL) were added to the supernatant prior to centrifuging the reaction mixture at 1500 g for 10 min. 

Absorbance was read at 410 nm, and the H2O2 concentration was calculated according to the 

standard curve for peroxide determination. 

5.3.7 Extraction and analysis of ABA 

ABA levels in tobacco leaves were also determined using the methods described by 

Ayyanath et al. (2021) with some modifications. In brief, leaf samples were ground in liquid 

nitrogen to a fine powder. 150 mg of each sample was extracted with 500 μl extraction solution 

(10 mM ammonium acetate pH 9.0 (Sigma Aldrich, Canada)) vortexed for 1 min at maximum 

speed. Then 100 μl 5% acetic acid (glacial, Fisher Scientific, Canada) was added and vortexed for 
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a further 1 min at the maximum speed. Samples were centrifuged at 14,000 g, at 4°C for 15 min. 

The supernatant was used for analysis following Erland et al. (2017) with some modifications. 

Samples (5 µL each) were injected onto a Waters Acquity BEH Column (C18, 1.7 μm, 2.1 x 50 

mm) on a Waters Acquity Classic ultra-performance liquid chromatography (UPLC) system with 

detection using an Aquity QD a single quadrupole mass spectrometer (MS) controlled by Empower 

3 (Waters, Canada). Samples were run on a gradient with A-0.1% Formic Acid (Thermo Scientific, 

USA); B-100 % Acetonitrile (Thermo Scientific, USA) with initial conditions of 97 % A and 3 % 

B increased to 3 % A 97 % B for 4.5 min, then 97 % A and 3 % B at 4.6 min. Column temperature 

was 40 °C, autosampler temperature was 4.0°C and flow rate was 0.5 mL/min. ABA was 

monitored in single ion recording mode and quantified in µg. g-1 FW using standard curve. 

Capillary voltage was 0.8 kV and probe temperature was 500 °C with a gain of five. 

5.3.8 DNA and RNA extraction and expression analysis of abiotic stress-responsive genes 

Tissue samples were ground to a fine powder in liquid nitrogen, after which total RNA was 

extracted using CTAB (Gasic et al., 2004). cDNA syntheses were carried out from 2500 ng of 

purified RNA in a 20 µL reverse transcription reaction mixture using a High-Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems, Vilnius, Lithuania) following the manufacturer’s 

instructions. The cDNA was diluted 1/10 with ultrapure water. DNA was extracted using a DNA 

extraction kit (QIAGEN, Hilden, Germany) following the manufacturer’s instructions. The 

expression analysis of the selected osmotic responsive genes was quantified through quantitative 

real-time PCR (qRT-PCR) with three biological and three technical replicates for each sample 

along with negative control. The qRT-PCR reaction was performed in a 10 µL reaction volume. 

The mixture contained 2.5 µL of cDNA, 1X SsoFastTM EvaGreen® Supermix (Bio-Rad, 



 

97 

 

California, CA, USA) and 0.4 µM of each primer. The qRT-PCR reactions were carried out using 

CFX ConnectTM Real-Time System (Bio-Rad, Singapore) for one denaturation cycle at 95 °C for 

30 s then 40 cycles of 95 °C for 10 s (denaturation), followed by 60 °C for 20 s (annealing and 

extension). Normalized relative fold expression was calculated using the 2−∆∆CT method and 2−∆CT 

method was used to calculate relative gene expression (Livak and Schmittgen, 2001). Semi-

quantitative-reverse transcription (RT-PCR) analysis was performed using Platinum® PCR 

SuperMix to amplify 432bp, 524 bp, 501bp and 534bp of NtActin, GUS, StNPR1 and StDERB1, 

respectively, in transgenic tobacco plants (Figure 4b) after 36 cycles. The primers used for gene 

expression analysis are shown in Table 5.1.  

Table 5. 1: Sequence of used primers to study gene expression of some tobacco osmotic-

related genes 

   

Primers used for qRTPCR 

Accession # Gene Name Forward primer 

AF234297.1 GUS-F GCTGATAGCGCGTGACAAA 

AF234297.1 GUS-R CGCGAAATATTCCCGTGCA 

NM_001326165.1 NtEF1-F GGACGTTTTGCTGTGAGGG 

NM_001326165.1 NtEF1-R GTGACCTTGGCACCAGTTG 

EU580435.1 NtSOD-F AGCTACATGACGCCATTTCC 

EU580435.1 NtSOD-R CCCTGTAAAGCAGCACCTTC 

U07627.1 NtCAT-F TGCCATTGATGCCAGTTGG 

U07627.1 NtCAT-R CAGGGTTAAACGCGAGCTG 

D85912 NtAPX-F CAAATGTAAGAGGAAACTCAGAGGA 

D85912 NtAPX-R CAGCCTTGAGCCTCATGGTACCG 

JX682668.1 NtERF-F TTGGCACCTTTGACACTGC 

JX682668.1 NtERF-R GATGGGGGAAGTTGAGCCT 
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GU144573.1 NtERD1-F GGTGTCAATGGAATTCCGCA 

GU144573.1 NtERD1-R ACGGGGGATCTTGGTGAAC 

HE653924.1 NtMYC-F ATGGGGTGCAGATGACCAA 

HE653924.1 NtMYC-R GGCAGGGCTTTGGTGTTAC 

AB689673.1 NtHSP70-F GACTGTGTTGATCCCCCGA 

AB689673.1 NtHSP70-R CAGGCTGGTTGTCCGAGTA 

AB006042.1 NtHSP26-F CAGGAAGCAACAGGGCATC 

AB006042.1 NtHSP26-R CGGCATGTCAAAACGCATC 

Primers used for RT- PCR 

PGSC0003DMT400002412 StNPR1-F TGCAGTAGTCCCCAGGAAC 

PGSC0003DMT400002412 StNPR1-R GCCACTCTCTGGATGCAGT 

PGSC0003DMT40003201 StDREB1-F TCGAATGCGAAGTTGGGGA 

PGSC0003DMT40003201 StDREB1-R AACCCATCCTTCACCGGAG 

AF234297.1 GUS-F CAACGTCTGGTATCAGCGC 

AF234297.1 GUS-R GCGGATTCACCACTTGCAA 

AB158612.1 NtActin-F TACGCCCTTCCTCATGCAA 

AB158612.1 NtActin-R ACGATCTGCAATGCCAGGA 

 

5.3.9 Statistical analysis 

All the plants were arranged in a complete randomized design (CRD). An analysis of 

variance (ANOVA) was performed using GraphPad Prism v9. Least square means of three 

independent biological replicates were compared using Tukey or Dunnett with α = 0.05 level. The 

fixed effect was different transgenic lines in leaf disc assay experiment and evaluating the 

morphological changes in F2 seedlings, while the fixed effect was different grafting treatment in 

all results of the experiment assessing the transgrafts under osmotic stress except for ABA results 

where time and grafting treatment were the fixed effect. Test of normality was performed prior to 
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any analysis and the log model was used to transfer the date from non-gaussian to gaussian when 

required. The means ± Standard Error of Mean responses of each parameter of the three 

replications were presented in the graphs. The results were confirmed by repeating the experiments 

twice 

5.4 Results 

5.4.1 Molecular analyses of transgenic tobacco plants 

Two pCambia1301plant expression vectors harboring the coding regions of StNPR1 and 

StDREB1 genes under the control of the CaMV35S promoter were constructed, as illustrated in 

Figure 5.1a. These vectors were designed to express GUS as a reporter gene attached to both 

transgenes in the same open reading frame (ORF) to facilitate tracking gene transport from 

transgenic rootstocks to non-transgenic, wild type (WT), scion. Two lines overexpressing StNPR1 

(N2 and N4), three lines overexpressing StDREB1 (D1, D7 and D11), one-line overexpressing 

GUS only (G3) and wild type (WT) tobacco plants were screened by semi-quantitative PCR using 

GUS, StNPR1 and StDREB1 primers. Figure 5.1b confirmed the presence of the transgenes in the 

genomic DNA of selected F1 lines using NtActin as an internal reference gene. The relative gene 

expression analysis using quantitative real-time PCR (qRT-PCR) also revealed high transcript 

levels of GUS in all the transgenic lines G3, N2, D7 and D11, but not in the WT (Figure 5.1c). 
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Figure 5. 1: Overexpression of tomato StNPR1 and StDREB1 genes in tobacco. (a) Schematic 

map of genetic constructs expressing GUS-StNPR1- and GUS-StDREB1 chimeric proteins under 

the control of the CaMV35S promoter. (b) Confirmation of transgenes in the genomic DNA by 
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semi-quantitative PCR amplification of GUS, StNPR1 and StDREB1 transcripts in WT, and 

transgenic lines of GUS only (G3) StNPR1 (N2 and N4) and StDREB1 (D1, D7 and D1). Tobacco 

NtActin was used as an internal gene control. (c) Relative GUS expression in the transgenic lines 

using qRT-PCR. Means from all the treatments were compared with each other using Tukey’s test. 

Vertical bars represent the mean  SEM of three biological replicates (four plants each). No 

significant differences were observed among the transgenic lines at p ≤ 0.05. 

5.4.2 Overexpression of StNPR1 and StDREB1 confers enhanced growth under stress 

Leaf disc senescence assay was performed to evaluate the tolerance of F1 transgenic lines to 

salinity induced by 100 mM NaCl and OS induced by 200 mM mannitol and 10 % PEG for nine 

days (Figure 5.2a). In general, the results showed induced damage in leaf discs under various 

stress treatments; however, the transgenic lines N2, N4, D1, D7 and D11 showed less injuries 

compared to control plants (WT and G3) under salt and OS conditions. Along the same vein, 

transgenic lines (N2, N4, D1, D7 and D11) showed an average of 13 %, 58 % and 43 % lower 

electrolyte leakage (EL) under stress induced by NaCl, mannitol and PEG, respectively, compared 

to the average of control plants (WT and G3) (Figure 5.2c). This was also consistent with the cell 

viability (CV) data where control plants showed a reduction of 36.4 %, 23.2 % and 17 % in cell 

viability compared to the transgenic lines exposed to NaCl, mannitol and PEG, respectively 

(Figure 5.2d). However, no significant differences were observed in N4 exposed to mannitol and 

N4 and D1 exposed to PEG (Figure 5.2d). Another indicator of transgenic plants’ tolerance to OS 

was revealed by the measurement of leaf’s chlorophyll content. As shown in Figure 5.2e, 

transgenic lines, mainly N2, D7 and D11, showed 44.4 %, 25.6 % and 25.5% higher chlorophyll 

content under stress induced by NaCl, mannitol and PEG, respectively, compared to WT. Overall, 
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these results illustrated that tobacco plants overexpressing StNPR1 and StDREB1 had a better 

ability to tolerate salt and OS. 

 

Figure 5. 2: Leaf disc senescence assay and physiological analyses of transgenic lines under 

stress conditions. (a) The leaf discs of F1 transgenic lines and WT plants were incubated under 

NaCl (100 mM), mannitol (200 mM) and PEG (10%) stresses. Control refers to leaf discs at 0 

days; stress treatments show leaf discs after nine days of incubation. (b) Overexpression of GUS 

in transgenic lines compared to wild-type control plants. (c) Estimation of the electrolyte leakage 

percentage, (d) cell viability, (e) total chlorophyll. Vertical bars represent the mean  SEM of three 

biological replicates (four plants each). Asterisk(s) show(s) the significant differences between the 
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means of wild type (WT) and transgenic line of each treatment group at *p< 0.05, **p < 0.01 

according to Dunnett test. 

Based on leaf disc assay results (Figure 5.2), the F2 transgenic lines (G3, N2 and D7) and 

WT were selected for further morphological and biochemical analyses. The seed germination of 

G3, N2 and D7 transgenic lines was checked on MS + vitamins medium supplemented with 20 

µg/ml hygromycin for two weeks and the surviving seedlings were selected for further 

characterization. The surviving seedlings were then sub-cultured for four weeks on MS media 

supplemented with 100 mM NaCl, 200 mM, 10 % PEG and MS + vitamins for WT plants (Figure 

5.3). Figure 5.4a shows a significant improvement of shoot length in N2 and D7 under salt and 

OS compared to control group (WT and G3) grown under the same conditions. Indeed, N2 showed 

34.1 %, 25 % and 40 % higher shoot length under NaCl, mannitol and PEG stresses, respectively.  

Similarly, D7 demonstrated 44.1 %, 29.3 % and 27.6% higher shoot length under NaCl, mannitol 

and PEG stresses, respectively, compared to control plants. As far as root growth is concerned, our 

data showed that root length was significantly higher in N2 and D7 under induced OS by mannitol 

and PEG stresses, respectively (Figure 5.4b). Also, we found that N2 expressed 34 %, 28.6 % and 

24.9 % higher fresh weight under NaCl, mannitol and PEG stresses, respectively, compared to the 

control plants. Similarly, D7 showed higher fresh weight by 33 %, 36.8 %, 47.2% and 43.7 % 

under control, NaCl, mannitol and PEG conditions, respectively, compared to WT (Figure 5.4c). 

In the same manner, dry weight in N2 seedlings was 40.7 %, 35 % and 25.3 % higher under NaCl, 

mannitol and PEG conditions, respectively (Figure 5.4d); while D7 was 48.3 %, 50.5 % and 42.9 

% higher under the same conditions, respectively. Moreover, root fresh weight was significantly 

higher in D7 plants by 33.7 %, 30 %, 45.8 and 35.2 % growing under control, NaCl, mannitol and 

PEG conditions, respectively, while N2 plants showed 22.8 % higher root weight compared to 
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control plants when exposed 200 mM mannitol (Figure 5.4e). Among salt and OS treatments, N2 

and D7 exhibited better growth under OS than under salt stress. The selected transgenic lines were 

generally healthier and showed better growth parameters under salt and OS than WT and G3.  

 

Figure 5. 3: Comparative morphology of WT and transgenic lines under different stress 

conditions. 14-days seedlings from WT and transgenic lines were grown in vitro for four weeks 

under control, 100 mM NaCl, 200 mM mannitol and 10 % PEG. 
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Figure 5. 4: Growth analyses of WT and transgenic lines under different stress conditions. 

14-days seedlings from WT and transgenic lines were grown for four weeks under control, 100 
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mM NaCl, 200 mM mannitol and 10 % PEG. (a) shoot length, (b) root length, (c) fresh weight, (d) 

dry weight and (e) root fresh weight. Vertical bars represent the mean  SEM of three biological 

replicates (four plants each). Asterisk(s) show(s) the significant differences between the means of 

wild type (WT) and transgenic line of each treatment group at *p < 0.05, **p < 0.01, ***p < 0.001 

according to Dunnett test. 

5.4.3 Transgenic rootstocks improved the growth of WT-scion in transgrafted tobacco 

plants  

N2 and D7 overexpressing StNPR1 and StDREB1, respectively, were used as rootstocks to 

study the effect of the tolerant transgenic rootstocks on the WT scions in transgrafted tobacco 

plants (Figure 5.5a) exposed to 10% PEG. We initially examined the transport of transcripts of 

StNPR1 and StDREB1 from the corresponding transgenic rootstocks to the non-transgenic WT, 

scions by semi-quantitative PCR. We found that the transcripts of neither StNPR1 nor StDREB1 

were detected in WT-scion of WT/N2 or WT/D7 transgrafted treatments (Figure 5.5b).  
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Figure 5. 5: Analysis of transgrafted tobacco plants under osmotic stress conditions. (a) 

Wedge grafting and graft union four weeks from grafting. (b) Semi-quantitative PCR amplification 

of GUS in the scion of various graft union; WT/WT, G3/G3, WT/G3, N2/N2, WT/N2, D7/D7 and 

WT/D7 . NtActin was used as an internal gene control. 

 

Figure 5.6a, b shows the morphological changes in seven groups of grafted plants after 

exposure to 10% PEG for 0 day (control), 9 and 12 days. These groups represent homo- and 

heterografts of WT and transgenic plants, expressed as scion/rootstock. For instance, N2/N2 refers 

to a homograft of transgenic N2 plants, whereas WT/N2 refers to a heterograft of WT scion on N2 
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rootstock. The significant changes in physiological parameters between transgrafts and WT/WT 

appeared in samples collected at 9 and 12 days only. All the seven grafting treatments conferred 

similar responses under control conditions. In general, WT/WT, G3/G3 and WT/G3 plants showed 

comparable responses under OS conditions as indicated by relative water  content (RWC), EL, CV 

and total chlorophyll content (Figure 5.7a-d). Similarly, N2/N2, D7/D7, WT/N2, and WT/D7 

plants exhibited comparable responses after exposure to 10% PEG (Figure 5.7a-d). The use of 

tolerant transgenic rootstocks (N2 and D7) improved physiological parameters of WT scion in 

transgrafted tobacco (WT/N2 and WT/D7) compared to WT/WT under OS. Membrane injury 

measured by EL was lower in the scion of N2/N2, D7/D7, WT/N2 and WT/D7 than control plants 

under stress conditions at 9 and 12 days (Figure 5.7a). Furthermore, transgrafted plants showed 

significantly higher RWC and CV than the control group (WT/WT, G3/G3 and WT/G3) at 9 and 

12 days after being subjected to OS (Figure 5.7b,c). Total chlorophyll content was also 

significantly higher in transgrafted tobacco compared to control plants at 12 days of stress 

treatment (Figure 5.7d).  

The cellular hydrogen  peroxides (H2O2) content indicated by the DAP staining or the 

titanium chloride method showed more accumulation of H2O2 in the leaves of the control plants 

compared to N2/N2, WT/N2, D7/D7 and WT/D7 under OS conditions (Figure 5.8a, b). The 

results of EL, RWC, CV, chlorophyll content and H2O2 content provide evidence that using 

tolerant transgenic rootstocks overexpressing StNPR1 and StDREB1 could improve the growth of 

WT-scion compared to WT/WT growing under OS conditions. 
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Figure 5. 6: Visual changes of transgrafted tobacco plants under osmotic stress conditions. 

Comparison of (a, b) wild-type homografted and transgrafted plants at 0, 9 and 12 days of exposing 

to PEG 10 %; (WT/WT), (G3/G3), (WT/G3), (N2/N2), (WT/N2), (D7/D7) and (WT/D7).  
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Figure 5. 7: Physiological analysis of transgrafted tobacco plants under osmotic stress 

conditions. Comparison of wild-type homografted and transgrafted plants at 0, 3, 6, 9 and 12 days 

of exposing to PEG 10 %; (WT/WT), (G3/G3), (WT/G3), (N2/N2), (WT/N2), (D7/D7) and 

(WT/D7). (c) electrolyte leakage (EL), (d) relative water content (RWC), (e) cell viability, (f) 

chlorophyll content of homografts and transgrafts exposed to osmotic stress (10 % PEG). Vertical 

bars represent the mean  SEM of three biological replicates (four plants each). Asterisk(s) show(s) 

the significant differences between the means of wild type (WT) and transgenic line of each 

treatment group at * p < 0.05, ** p < 0.01 according to Dunnett test. 
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Figure 5. 8: Cellular H2O2 content in the leaves of WT and transgrafted plants under osmotic 

stress conditions. Histochemical localization (a) and quantification of hydrogen peroxide content 

(b) in leaves of transgrafted tobacco plants; WT/WT, G3/G3, WT/G3, N2/N2, WT/N2, D7/D7 and 

WT/D7 are grafting combinations. Vertical bars represent the mean  SEM of three biological 
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replicates (four plants each). Asterisk(s) show(s) the significant differences between the means of 

wild type (WT) and transgenic line of each treatment group at *p < 0.05, **p < 0.01 according to 

Dunnett test. 

5.4.4 Evaluation of ABA content in transgrafted tobacco plants growing under osmotic 

stress 

The amount of abscisic acid (ABA) was determined at 0, 6 and 12 days of OS treatment to 

evaluate whether ABA level in the scion could be changed in relation to the OS as well as the 

rootstock’s level of ABA (Figure 5.9). In general, ABA content was not detectable at zero-day. 

However, at 12 days of exposure to 10 % PEG, ABA level significantly increased in WT/WT, 

G3/G3 and WT/G3 by 68 %, 83 % and 73 %, respectively, compared to its level at six days. In 

addition, N2/N2, WT/N2, D7/D7 and WT/D7 showed an increase of 65 %, 45 %, 58 % and 53 %, 

respectively, but such increase was not statistically significant. When compared to WT/WT, ABA 

level at 12 days in N2/N2, WT/N2, D7/D7 and WT/D7 were lower by 48.7 %, 28 %, 53.7 % and 

42.6%, respectively. 
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Figure 5. 9: ABA quantification in the leaves of transgrafted tobacco plants under osmotic 

stress conditions. Abscisic acid (ABA) content was determined in the scion leaves 6 and 12 days 

of exposure to osmotic stress (10 % PEG). WT/WT, G3/G3, WT/G3, N2/N2, WT/N2, D7/D7 and 

WT/D7 are grafting combinations. Vertical bars represent the mean  SEM of three biological 

replicates (four plants each). Asterisk(s) show(s) the significant differences between the means of 

wild type (WT) and transgenic line of each treatment group at *p < 0.05, **p < 0.01, ***p < 0.001 

according to Dunnett test.  
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5.4.5 Evaluation of osmotic-responsive gene expression in transgrafted tobacco plants 

growing under osmotic stress 

The gene expression of three reactive oxygen species (ROS) detoxification genes (NtCAT, 

NtSOD and NtAPX) and six osmotic response genes (NtERF, NtRD29, NtERD1, NtMYC, NtHSP70 

and NtHSP26) was studied in transgenic and wild-type tobacco plants after three days of PEG-

induced stress. In general, the gene expression of all the tested genes was statistically similar 

among all tobacco genotypes under control (no-stress) conditions. In addition, G3/G3 and WT/G3 

and WT/WT plants showed similar expression levels under stress conditions in all tested genes 

(Figure 5.10). Transcript analysis revealed that expression of NtCAT, NtSOD and NtAPX genes 

increased significantly in transgrafted tobacco plants relative to WT/WT plants exposed to 10% 

PEG (Figure 5.10a,b,c). Expression of NtERF was also upregulated by 1.9-, 1.8-, 2.4- and 2.2-

folds in transgrafts N2/N2, WT/N2, D7/D7 and WT/D7, respectively, compared to WT/WT in 

response to OS (Figure. 5.10d). Similarly, NtRD29 showed 2-, 1.9-, 4.6- and 2.7-folds higher in 

N2/N2, WT/N2, D7/D7 and WT/D7, respectively than WT/WT under stress conditions (Figure 

5.10e). The expression of NtERD1 followed the same response as NtRD29 under OS with the 

highest induction of 6- and 4.6-folds in D7/D7 and WT/D7, respectively (Figure 5.10f). The 

expression of NtMYC, NtHSP70 and NtHSP26 also exhibited higher transcript levels in transgrafts 

than WT/WT under stress conditions (Figure 5.10g,h,i). Overall, the expression of the tested 

ORGs in the scion of N2/N2, WT/N2, D7/D7 and WT/D7 was significantly upregulated compared 

to WT/WT after the PEG treatment, suggesting that transgenic rootstocks elevated ORGs 

expression in WT scion, improving its OS tolerance.  
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Figure 5. 10: Gene expression analysis in transgrafted tobacco plants under osmotic 

stress conditions. Normalized relative gene expression of (a) NtCAT, (b) NTSOD, (c) NtAPX, (d) 

NtERF, (e) NtRD29, (f) NtERD1, (g) NtMYC, (h) NtHSP70, and (i) NtHSP26 genes three days 

after stress treatment. Genes differentially expressed in plants under stress conditions were 

normalized with NtEF1. WT/WT, G3/G3, WT/G3, N2/N2, WT/N2, D7/D7 and WT/D7 are 

grafting combinations. Vertical bars represent the mean ± SEM of three biological replicates (four 

plants each). Asterisk(s) show(s) the significant differences between the means of wild type (WT) 

and transgenic line of each treatment group at * p < 0.05, ** p < 0.01, *** p < 0.001 according to 

Dunnett test. 
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5.5 Discussion 

5.5.1 Overexpression of StNPR1 and StDREB1 improve tobacco tolerance to osmotic stress 

Although several osmotic-responsive genes were evaluated in the current study, our research 

focused on the characterization of StNPR1 and StDREB1 that are involved in SA and ABA 

signaling pathways, respectively. NPR1 is a key regulator involved in plant response to biotic 

stress, and its regulatory mechanism has been relatively clear. The overexpression of NPR1 in 

Arabidopsis results in various degrees of resistance to different biotic stresses (Cao et al., 1997). 

Numerous studies have revealed that NPR1 is a key regulator of systemic acquired resistance 

(SAR), as NPR1 works as a regulatory component that functions downstream of SA in the signal 

transduction cascade that mediates SAR induction (Yasuda et al., 2008). Moreover, NPR1 is a 

master regulator of the salicylic acid (SA) signaling pathway as it works as a receptor for SA (Wu 

et al., 2012; Pajerowska-Mukhtar et al., 2013; Ding et al., 2018). However, information about the 

role and the function of NPR1 in plant response to abiotic stress is largely unknown. DREB, on 

the other hand, is well known for its role in increasing tolerance to drought, and high salinity when 

overexpressed in model plant species (Kasuga et al., 1999; Maruyama et al., 2004; Rehman and 

Mahmood, 2015; Chen et al., 2016; Sharma et al., 2019). In fact, DREB1 is a transcription factor 

that binds to the dehydration-responsive element (DRE)/C repeat (CRT), a cis-acting element that 

is involved in the upregulation of several osmotic stress-related genes (Jia et al., 2012).  

To explore the potential role of StNPR1 and StDREB1 in enhancing plant tolerance to OS, 

we overexpressed the coding region of StNPR1 and StDREB1 in tobacco using the constitutive 

CaMV35S promoter (Figure 5.1). The potential tolerance of the transgenic plants was initially 

assessed through leaf disc senescence assay (Figure 5.2) under NaCl (100 mM), mannitol (200 
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mM) and PEG (10 %) stress conditions. The increase in EL and chlorophyll degradation, besides 

reducing cell viability has been confirmed to be a major markers of stress (Bouaziz et al., 2013; 

Mishra and Jha, 2016; Singh et al., 2016b). Under salt and OS, transgenic lines showed lower 

electrolyte leakage, more cell viability, and delayed chlorophyll degradation compared to control 

plants (WT and G3). This indicated that transgenic lines had better membrane permeability, lower 

oxidative stress and healthier leaf discs with higher photosynthetic capacity than the control group. 

These results are consistent with those reported in transgenic tobacco overexpressing apple 

MdDREB76 (Sharma et al., 2019). Also, SlNPR1 knock-out tomato plants have illustrated higher 

sensitivity to drought stress with higher H2O2, MDA and electrolytic leakage, suggesting that 

NPR1 is essential for alleviating oxidative stress and cell membrane damage (R. Li et al., 2019). 

NPR1 has also been reported to induce oxidative stress tolerance in Arabidopsis exposed to salt 

stress through NPR1-dependent SA signaling which was related to the control of Na+ flux in the 

roots and consequently its long-distance transport into the shoot under stress conditions 

(Jayakannan et al., 2015).  

N2 and D7 transgenic lines showed higher GUS gene expression which should also reflect 

the expression of the corresponding chimeric genes of StNPR1 and StDREB1, respectively. 

Therefore, N2 and D7 were selected to examine the effect of different stress conditions on the 

morphology of the transgenic plants. The morphological changes were monitored under 100 mM 

NaCl, 200 mM mannitol and 10 % PEG. N2, D7. Unsurprisingly, G3 plants expressing GUS only 

showed similar morphology to WT (Figure 5.4). However, transgenic lines N2 and D7 had 

increased shoot length, fresh weight (FW), dry weight (DW) and root weight under different stress 

conditions compared to WT and G3. Previously, overexpression of Syntrichia caninervis  DREB8, 

potato DREB1 and tomato DREB3 in Arabidopsis, potato and tobacco, respectively, increased root 
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length and fresh weight and dry weight of transgenic seedlings growing under salt stress (Bouaziz 

et al., 2013; Kumar et al., 2017; Liang et al., 2017). NPR1 also plays an important role in 

controlling plant biomass under abiotic stress. Indeed, Arabidopsis npr1 mutant, which lacks 

NPR1-dependent SA signaling, and plants overexpressing NPR1, have been tested under salt 

stress.  The results showed higher fresh weight in plants overexpressing NPR1 and lower fresh 

weight in npr1 mutant growing under salt stress compared to wild-type Arabidopsis (Jayakannan 

et al., 2015). Our data also showed that overexpression of StDREB1 significantly increased root 

weight in D7 seedling relative to WT and G3 under normal and OS conditions. Such change in 

root architecture could be attributed to ABA content that works as a negative regulator of lateral 

root formation under abiotic stress (Baldoni et al., 2015). Interestingly, ABA levels in D7 plants 

were significantly lower than WT, under stress conditions.  

5.5.2 mRNA mobility of the transgenes 

The results shown in chapter 4 demonstrated that StNPR1 has mobile mRNA. However, such 

mobility was not observed under a transgrafted system, in which WT tobacco scion was grafted to 

transgenic tobacco rootstocks overexpressing StNPR1. The mRNA mobility over long-distance is 

not well understood and is likely to be influenced by many factors. For instance, the lack of mRNA 

binding proteins may affect mRNA mobility. mRNA binding proteins have an essential role in 

mRNA movement and protect mRNA from degradation during the movement over long distances 

(Pallas and Gómez, 2013; Cho et al., 2015; Hannapel and Banerjee, 2017). It has been suggested 

that the untranslated region  (UTR) regions have conserved motifs that conjugate with mRNA 

binding protein to facilitate their movement (Banerjee et al., 2009; Hannapel, 2013). In the present 

study, we used the coding region only of StNPR1 for genetic transformation which could explain, 
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at least partially, the lack of transcript mobility from the transgenic rootstock to non-transgenic 

scion. Further experiments need to be conducted to investigate the role of 5’ and 3’ UTRs of NPR1 

in the mobility and translation of its transcripts. 

5.5.3 The N2 and D7 transgenic rootstocks improve the growth of WT-scions under osmotic 

stress 

The effect of the tolerant transgenic rootstocks N2 and D7 on the WT-scions was examined 

under OS induced by PEG (10 %) for 12 days. Relative water content and cell viability were 

significantly higher in transgrafted plants (N2/N2, WT/N2, D7/D7 and WT/D7), which alleviated 

stress injury, and thus, stress-induced damage was reduced compared to the control group 

(WT/WT, G3/G3 and WT/G3), whereas EL, which is a common stress marker, was significantly 

lower in scions of transgrafted plants compared to the scions of the control group indicating better 

membrane integrity (Apel and Hirt, 2004). Plants produce ROS under normal conditions during 

photosynthesis through the electron transport chain in photosystem II (PSII) (Taiz and Zeiger, 

2003). ROS also over-accumulate under abiotic stress, leading to oxidative stress conditions which 

in turn inhibits the PSII repair system (Taiz and Zeiger, 2003; Apel and Hirt, 2004). High 

accumulation of ROS in the chloroplasts under stress conditions was proven to promote 

chlorophyll degradation, besides its negative effect on membrane permeability (Apel and Hirt, 

2004; Breusegem and Dat, 2006). Here, it was observed that transgrafts with N2 and D7 rootstocks 

showed significantly higher chlorophyll content and reduced EL under OS compared to the control 

group. Control grafts (WT/WT, G3/G3 and WT/G3) also showed intense brown color precipitation 

after DAB staining indicating a higher level of H2O2 compared to transgrafted plants (N2/N2, 

WT/N2, D7/D7 and WT/D7) under OS. These observations indicate that StNPR1 and StDREB1 

may be involved in alleviating oxidative stress. Indeed, our gene expression analyses showed 
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significant upregulation of tobacco genes encoding antioxidant enzymes such as superoxide 

dismutase (SOD), ascorbate peroxidase (APX) and catalase (CAT) in scion tissues grafted to 

transgenic N2 and D7 rootstocks, which could explain how these transgenes could contribute 

towards ROS homeostasis under OS (Apel and Hirt, 2004). Overall, the results demonstrate 

StNPR1 and StDREB1 transgenic rootstocks can modulate the physiological properties of the scion 

increasing its tolerance to OS.  

5.5.4 ABA level in the scion is rootstock dependent 

ABA is an essential stress-related hormone that is produced in plants to reduce the adverse 

effects of abiotic stress (Taiz and Zeiger, 2003; Mahouachi et al., 2007). ABA is mainly produced 

in the root system and acts as a long-distance signal from the roots to the shoots to reduce stomatal 

conductance and consequently reduces transpirational water loss (Mahouachi et al., 2007; 

Schachtman and Goodger, 2008; Shabala et al., 2016). Li et al. (2018) also reported that, under 

salt stress, the accumulation of ABA in tomato roots is partially regulated by shoot ABA export. 

The current study investigated the effect of tolerant transgenic rootstocks on ABA content in WT-

scions under OS. ABA level was undetectable in all grafting combinations at zero time point when 

there was no stress. However, after 6 and 12 days of exposure to PEG, a marked increase in ABA 

content was observed in response to OS. Interestingly, the control plants showed around a 2-times 

increase in ABA content compared to N2/N2, WT/N2 at 12 days; but such increase was not 

statistically significant. Additionally, ABA level was significantly lower in D7/D7 and WT/D7 

than the control group at 12 days, suggesting that transgenic rootstocks overexpressing StDREB1 

negatively regulated the level of ABA in the leaves of WT-scion. Previous studies showed that the 

level of ABA in the rootstock regulated ABA content in the scion (Mahouachi et al., 2007; Koepke 
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and Dhingra, 2013; Li et al., 2018) which in turn is associated with gas exchange, stomatal 

conductance and water status (Soar et al., 2006). The lower ABA content in D7/D7 and WT/D7 

indicated that StDREB1 might improve OS tolerance in tobacco through an ABA-independent 

signaling pathway. Along the same vein, overexpressing OsDREB6 and LlDREB1G was found to 

enhance tolerance to abiotic stress in ABA-independent signaling pathway under different abiotic 

stresses (Ke et al., 2014; Liu et al., 2019). We also found that the leaf content of ABA in the control 

grafts significantly increased from 6 to 12 days in WT/WT, G3/G3 and WT/G3; which in turn may 

have reduced stomatal conductance, gas exchange, consequently reducing photosynthetic rate 

(Kumar et al., 2017; Li et al., 2018). On the other hand, the notable increase in ABA content from 

6 to 12 days in N2/N2, WT/N2, D7/D7 and WT/D7 was insignificant and still lower than the 

control plants. This suggested that at six days, the plants might have acquired OS tolerance to 

maintain physiological processes using a different strategy to maintain water status, such as 

improved root system and/or higher osmolytes content, than the continuous increase in ABA and 

enhanced stomatal closure to reduce water loss, thereby lowering the photosynthesis which may 

promote the onset of senescence (Kumar et al., 2017). It has also been found that the increase in 

rootstock vigor is correlated with the reduction in ABA concentrations. Indeed, rootstocks with 

higher ABA levels showed early senescing and decreased net photosynthesis (Koepke and 

Dhingra, 2013). Overall, ABA is one of the most important long-distance signals in controlling 

plant growth under abiotic stress by regulating photosynthesis and transpiration, although the 

involvement of other factors cannot be ruled out and remains to be investigated. 
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5.5.5 Transgenic rootstocks improve WT-scion via upregulation of various osmotic 

responsive genes 

This study investigated the influence of the transgenic rootstocks on gene expression 

regulation in the WT-scion. As mentioned above, the transcripts of tobacco NtSOD, NtCAT and 

NtAPX genes were increased by OS in WT-scions grafted on N2 and D7compared to control plants. 

The increased gene expression of CAT, SOD and APX  was reported in previous transgenic studies 

where MdDREB76 (Sharma et al., 2019) and SbUSP (Mishra and Jha, 2016) overexpressed in 

tobacco enhanced plant tolerance to salt, drought and OS. The gene expression levels of tobacco 

NtERF, NtRD29 and NtERD1 were also found to be upregulated in the scion of transgrafted plants 

relative to the control plants. Indeed, the transcript levels of these genes were almost 2-3 folds 

higher in D7/D7 and WT/D7 compared to N2/N2 and WT/N2. This increase might result from 

RD29A, ERD1 and ERF being major abiotic stress-related genes that act downstream DREB 

signaling (Maruyama et al., 2004). Previous studies reported that overexpressing of MdDREB76 

and ScDREB8 in tobacco and Arabidopsis, respectively, elevated the gene expression of ERF, 

ERD1, ERD10A ERD10D, conferring salt and drought tolerance to the transgenic plants (Liang et 

al., 2017; Sharma et al., 2019). The expression of MYC2 was also highly regulated in WT-scions 

grafted on N2 and D7 compared to control group under OS (Figure 5.10g). It has been found that 

MYB transcription factor plays a key role in ABA signaling pathway (Abe et al., 1997) through 

the induction of stress-related genes such as RD22. MYB has also been reported to be involved in 

stomatal conductance under stress conditions which in turn controls water status in plants 

(Mehrotra et al., 2014; Baldoni et al., 2015). The tomato Slnpr1 loss of function mutant has shown 

a lower drought tolerance that was associated with the downregulation of various drought-related 

genes, including DREB, suggesting that NPR1 might be involved in ABA signaling pathway under 
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drought stress (R. Li et al., 2019). This might explain the upregulation of NtERF, NtRD29, NtERD1 

and MYC genes in the scion of N2/N2 and WT/N2 compared to the control plants. Heat shock 

proteins (HSP) are a large group of transcription factors that regulate protein transport, folding and 

maintenance of correct protein structure to protect cells from abiotic stress (Timperio et al., 2008). 

In the current study, the upregulation of NtHSP70 and NtHSP26 was observed in transgrafted 

plants relative to the control plants (Figure 5.10h,i). Likewise, the overexpression of MdDREB76, 

LlDREB1G and ScDREB8 elevated the transcript level of NtHSP70 and NtHSP26 in tobacco and 

Arabidopsis plants growing under different abiotic stress conditions imparting stress tolerance to 

the transgenic plants (Liang et al., 2017; Liu et al., 2019; Sharma et al., 2019). Also, SA is involved 

in the induction of various genes encoding heat shock proteins (HSPs) and chaperones (Jumali et 

al., 2011). In fact, Arabidopsis NPR1 transcripts are upregulated in response to low temperatures 

and NPR1 protein interacts with heat shock transcription factor 1 (HSFA1) to induce the 

expression of  HSFA1-related genes under cold stress including HSP70 in Arabidopsis (Olate et 

al., 2018). Overall, the results of the current study indicated that transgenic rootstocks 

overexpressing StNPR1 and StDEB1 confer OS tolerance to the WT-scion through upregulation of 

genes encoding transcription factors and major enzymes that alleviate oxidative stress and 

modulate physiological processes resulting in a better plant performance under stress conditions 

compared to WT/WT plants. 

5.6 Conclusion  

In conclusion, although we found that StNPR1 transcripts were transported from the potato 

rootstock to tomato scion in chapter 4, mRNA of StNPR1 was not transported from the transgenic 

rootstock to the wild-type scion in transgrafted tobacco. Our results also revealed that tolerant 

rootstocks overexpressing StNPR1 and StDREB1 enhanced the growth and performance of wild-



 

124 

 

type scions in transgrafted tobacco by activating various osmotic responsive genes. These genes 

encode enzymes and transcription factors that alleviate oxidative stress and modulate physiological 

properties of the scion, including RWC, EL, CV, chlorophyll and H2O2 contents, thereby 

improving OS tolerance in transgrafted tobacco plants. Together, the results of the present study 

elucidated, at least partially, the underlying mechanisms of the induced defense response in WT-

scions grafted to transgenic rootstocks in osmotically stressed transgrafted tobacco. This study also 

paves the way for incorporating StNPR1 and StDREB1 as two potential candidates for producing 

stress-resilient crops through transgrafting technology, which could have major implications in the 

horticulture industry. 
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Chapter 6: Conclusion 

Abiotic stress is a limiting factor in apple production in Canada and all over the world. Apple 

rootstocks have extensively been evaluated for their impact on scion’s vigor, architecture and 

yield, as well as tolerance to some biotic agents, such as fire blight bacterium and root rot fungi. 

However, very little is known about the ability of rootstocks to enhance scion’s tolerance capacity 

to major abiotic stimuli, such as drought, salt, cold, heat, and osmotic stress. Knowing the 

characteristics of tolerant rootstocks and understanding the underlying mechanisms of osmotic 

stress tolerance is very crucial for ensuring sustainable fruit production, especially with the 

growing threats of global climate warming and its implications on water availability and plant 

survival. Therefore, the main objective of the research presented in this thesis was to evaluate 

osmotic stress tolerance of some apple rootstocks and to understand how grafting, transgrafting, 

and rootstock-scion interactions could improve plant survival under abiotic stress conditions.  

To achieve this, as described in chapter 3, six apple rootstocks were osmotically stressed 

with 30% polyethylene glycol (PEG). The results showed that stomatal conductance (gs) and 

transpiration (E) rate were lower in V3, G41, G935 and B9 than M26 and B118. Since gs is 

regulated by ABA, the rootstocks with lower gs showed higher ABA content. Having a reduction 

in E as such increased water use efficiency (WUE), despite the decrease in net photosynthesis rate 

(PN). The decline in E was higher than the decline in inner CO2 and consequently, the reduction of 

PN was lower than E, which explained the increase in WUE under osmotic stress conditions. The 

higher stomatal conductance and E in M26 and B118 rootstocks caused lower ability to maintain 

water status in these rootstocks under osmotic stress, resulting in a decrease in relative water 

content (RWC) and an increase in electrolyte leakage compared to V3, G41, G935 and B9, which 
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showed relatively higher RWC after three days of exposure to PEG. Although ABA content 

increased by 61.5% in M26 and 20.6% in B9 in response to the PEG treatment, ABA levels were 

generally higher in B9 than M26 under normal and stress conditions suggesting that it could be the 

basal rather than inducible ABA levels that determine the osmotic tolerance potential of apple 

rootstocks. At the transcriptional level, osmotic-related genes such SnRK2, DREB2, ERD15 and 

MYC2 showed higher upregulation in V3, G41, G935 and B9 than M26 and B118, and their 

transcript abundance was positively correlated with the WUE values in the corresponding 

rootstocks. In contrast, the tolerant rootstocks, V3 and B9 showed downregulation in WRKY29 

gene, which negatively correlated with ABA levels. These findings demonstrated that B9, V3, G41 

had the highest tolerance to osmotic stress, followed by G935, whereas M26 and B118 showed the 

least tolerance to osmotic stress.  

Rootstock can impart tolerance to the scion and the rootstock-scion interaction can manage 

many traits of grafted trees under osmotic stress conditions. Therefore, further research was needed 

to investigate the traits that the rootstock can manipulate in the scion during osmotic stress in 

grafted plants and understand the mechanisms underpinning osmotic stress tolerance. The study in 

chapter 3 was the basis for the following study to investigate the possible long-distance signals 

that translocate from the rootstock through the graft union to improve the tolerance of the scion to 

abiotic stress.  

The vascular tissues (phloem and xylem) extend throughout the plant representing a 

communication network to translocate micro molecules such as water, hormone, ions, 

photoassimilates, and macromolecules such as proteins and RNA over long distances. Some macro 

and micro molecules have been reported to act as long-distance signals that move from the 
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rootstock to the scion of grafted plants and might function in the distant target scion tissue. Chapter 

4 focused on the movement of mRNA over long distances as a potential mechanism by which the 

rootstock can affect the scion properties under osmotic stress and how the rootstock can manipulate 

ABA content in the scion as another signal. Hence, it was hypothesized that transcripts of some, 

but not all, osmotic-responsive genes (ORGs) could be transported across the graft union following 

osmotic stress, and the rootstock might manipulate ABA content in the scion and thereby modulate 

scion responses to osmotic stress.  

To explore this, the transcript levels of 21 ORGs, including the eight genes studied in chapter 

3, were investigated in a potato/potato homograft system to detect the highly regulated ORGs 

under osmotic stress. Our results showed that out of the 21 tested ORGs, only StNPR1 transcripts 

were detected in the heterograft scion under normal and osmotic stress conditions. Interestingly, 

the exposure of the potato rootstock to osmotic stress conditions increased the abundance of 

StNPR1 in the tomato scion of the heterograft, indicating that osmotic stress may be a key factor 

in regulating the transport of StNPR1 transcripts over long distances. Furthermore, the results 

demonstrated that StNPR1 was the only member of the NPR1 family that had mobile transcripts 

suggesting that different members of the same gene family may not have a similar transport 

capacity. The results of this study also showed that ABA concentration in potato/potato homograft 

was higher than in tomato/tomato homograft under both normal and OS conditions. However, the 

tomato scion of the heterograft (tomato/potato) showed an increased level of ABA only under 

osmotic stress conditions, which suggests that ABA content in the scion could be rootstock-

dependent under OS and rootstock-independent under normal conditions. To the best of my 

knowledge, this is the first report which has shown that StNPR1 transcripts can be transported 

through graft union. NPR1 is a receptor for the plant hormone salicylic acid (SA) which is a key 
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player in the systemic acquired resistance (SAR). Therefore, StNPR1 mobility could on one hand, 

explain some of the underlying tolerance mechanisms to biotic stresses, and on the other hand, can 

lay the foundation for developing tolerant grafted trees through the transgrafting technology 

Chapter 5 aimed to expand the knowledge of how tolerant rootstock can confer osmotic stress 

tolerance to the scion. In that chapter, it was hypothesized that overexpressing of potato StNPR1 

and StDREB1 in tobacco (Nicotiana tabacum) would increase plant tolerance to osmotic stress, 

and therefore improve the ability of the wild type (WT) scion to tolerate osmotic stress in 

transgrafted plants. StNPR1 and StDREB1 are involved in two different signaling pathways with 

mobile and non-mobile transcripts, respectively. Results of this study demonstrated that the 

overexpression of StNPR1 and StDREB1 resulted in better shoot and root growth of transgenic 

tobacco plants under osmotic stress induced by NaCl, mannitol and PEG. It was also shown that 

WT tobacco scion grafted on transgenic rootstocks showed higher RWC, cell viability and 

chlorophyll content than homografted WT (WT/WT) plants under osmotic stress conditions. 

Additionally, WT scion of transgrafted plants revealed a lower accumulation of hydrogen 

peroxides (H2O2) and a lower EL than WT/WT under osmotic stress conditions. The tolerance of 

WT tobacco scions to osmotic stress were combined with upregulation of the genes encoding 

antioxidant enzymes, like superoxide dismutase (SOD), ascorbate peroxidase (APX) and catalase 

(CAT), suggesting that the transgenic rootstocks might be involved in mitigating oxidative stress 

in the WT scion. In addition, some ORGs, which are involved in osmotic stress tolerance, showed 

higher transcript levels in the WT scion in transgrafted plants than homograft WT (WT/WT). 

However, the movement of StNPR1 and StDREB1 transcripts from the transgenic rootstock to the 

WT scion could not detected, suggesting that other long-distance signals downstream these 

transgenes could have moved across the graft union leading to OS tolerance. The results of the 
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current study indicated that transgenic rootstocks overexpressing StNPR1 and StDREB1 imparted 

osmotic stress tolerance to the WT-scion through upregulation of genes encoding transcription 

factors and major enzymes that alleviate oxidative stress and modulate some physiological 

processes resulting in better plant performance under stress conditions compared to WT/WT 

plants. Building on the current research, both StNPR1 and StDREB1 may be considered as two 

anticipated candidates for producing osmotic stress-resilient crops through transformation and 

transgrafting technologies, which could have major implications in the horticulture industry. 

However, more studies need to be conducted to evaluate the tolerance of those transgrafted tobacco 

plants under different growth conditions. More research is also required to validate further the 

systemic movement of NPR1 in other plant species and under different stressors and explore the 

factors affecting the movement of NPR1 transcripts.  

Overall, the results of this thesis evaluated osmotic stress tolerance of different apple 

rootstocks and demonstrated the physiological and molecular mechanisms underlying rootstock-

scion interaction in response to osmotic stress. This thesis further reinforces the continuous efforts 

by plant breeders to develop more tolerant apple rootstocks to abiotic stresses. While this research 

provides, at least partially, additional insights into understanding the mechanisms behind the 

imparted osmotic stress tolerance from the rootstock to the scion, the introduction of the 

transgrafting approach in commercial apple production will also open the door for introducing a 

variety of precision agricultural traits to grafted apple trees. 
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APPENDICES  

Analysis of variance corresponding to Figure 3.1 

Physiological changes in six apple rootstocks in response to osmotic stress 

a) Relative water content 

Effect DOF F value P value 

Rootstock 5 28.25 <0.0001 

Stress 1 224.33 <0.0001 

Rootstock × stress 5 9.87 <0.0001 

b) Electrolyte leakage 

Effect DOF F value P value 

Rootstock 5 27.02 <0.0001 

Stress 1 93.10 <0.0001 

Rootstock × stress 5 7.96   0.0002 

 

Analysis of variance corresponding to Figure 3.2 

Changes of Photosynthesis related parameters in six apple rootstocks in response to 

osmotic stress 

Effect DOF F value P value 

a) Photosynthesis rate (PN) 

Rootstock 5 6.53 <0.0001 

Stress 1 43.34 0.0007 

Rootstock × stress 5 1.15 0.3635 

b) Stomatal conductance (gs) 

Rootstock 5 16.46 <0.0001 

Stress 1 91.54 <0.0001 

Rootstock × stress 5 2.00 0.1185 

c) Transpiration rate (E) 

Rootstock 5 10.19 <0.0001 

Stress 1 118.96 <0.0001 

Rootstock × stress 5 0.93 0.4816 

d) WUE 

Rootstock 5 9.85 <0.0001 

Stress 1 85.76 <0.0001 

Rootstock × stress 5 3.5 0.0177 

e) Intercellular CO2 concentration (Ci) 

Rootstock 5 3.88 <0.0001 

Stress 1 60.50 <0.0113 

Rootstock × stress 5 1.51 0.2281 
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Analysis of variance corresponding to Figure 3.3 

Changes of ABA in six apple rootstocks in response to osmotic stress 

Effect DOF F value P value 

Rootstock 5 89.81 <0.0001 

Stress 1 129.45 <0.0001 

Rootstock × stress 5 1.29 0.3135 

 

Analysis of variance corresponding to Figure 3.4 

Expression profiles of eight ORGs in six apple rootstocks (M26, V3, G41, G935, B9 and 

B118) exposed to 30 % PEG treatment for 3 days 

Effect DOF F value P value 

a) SnRK 

Rootstock 5 22.51 <0.0001 

Stress 1 82.99 <0.0001 

Rootstock × stress 5 0.74 0.6049 

b) DREB 

Rootstock 5 10.92 <0.0001 

Stress 1 456.99 <0.0001 

Rootstock × stress 5 10.58 <0.0001 

c) ERD 

Rootstock 5 21.01 <0.0001 

Stress 1 256.14 <0.0001 

Rootstock × stress 5 17.63 <0.0001 

d) MYC2 

Rootstock 5 7.54 <0.0001 

Stress 1 569.43 0.0002 

Rootstock × stress 5 8.68 0.0002 

e) WRKY29 

Rootstock 5 15.47 <0.0001 

Stress 1 4141.98 <0.0001 

Rootstock × stress 5 11.24 <0.0001 

f) MYB2 

Rootstock 5 2.12 0.0664 

Stress 1 3.77 0.1046 

Rootstock × stress 5 0.60 0.6989 

g) NPR1 

Rootstock 5 3.89 <0.0001 

Stress 1 33.26 0.01260 

Rootstock × stress 5 3.89 0.01260 

h) ATPASE 

Rootstock 5 14.37 <0.0001 

Stress 1 44.63 <0.0001 

Rootstock × stress 5 8.96 <0.0001 

Analysis of variance corresponding to Figure 4.1 
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Expression of ORGs genes in homografted potato (Solanum tuberosum), assessed by 

qRT-PCR. Plants were osmotically stressed by watering with 30% PEG (6000) four 

weeks after graft establishment 

Effect DOF F value P value 

DREB 

Treatment 2 121.99 0.0013 

RD29 

Treatment 2 326.18 0.0003 

ABI2 

Treatment 2 12.07 0.0202 

ERD7 

Treatment 2 16.66 0.0115 

MYC2 

Treatment 2 2.47 0.2006 

MYB2 

Treatment 2 1.38 0.3501 

MYB74 

Treatment 2 28.37 0.0113 

NPR1    

Treatment 2 31.62 0.0126 

ADH1 

Treatment 2 23.44 0.0062 

UGT 

Treatment 2 50.57 0.0049 

STZ 

Treatment 2 66.68 0.0008 

ATPASE 

Treatment 2 4.03 0.1411 

ELIP2 

Treatment 2 2.43 0.215 

AFP4 

Treatment 2 1.60 0.3082 

SnRK 

Treatment 2 1.40 0.3455 

HSP21 

Treatment 2 1.22 0.3866 

HSP17 

Treatment 2 62.44 0.0158 

HSP26,5P 

Treatment 2 60.22 0.0038 

HSP18-1 

Treatment 2 34.17 0.0086 

HSP17-6C 

Treatment 2 21.11 0.0452 
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HSP17-6A 

Treatment 2 26.44 0.0124 

 

Analysis of variance corresponding to Figure 4.4 

Quantitative and semi-quantitative expression of StNPR1 in tomato scion. The plants 

were stressed by watering with 30% PEG 

Effect DOF F value P value 

Grafting 2 23.58 0.0003 

Time  2 8.17 0.0188 

Grafting × stress 4 0.16 0.6997 

 

Analysis of variance corresponding to Figure 4.5 

Quantification of ABA in potato and tomato plants. The homografted and heterografted 

plants were osmotically stressed by watering with 30% PEG 

Effect DOF F value P value 

Grafting 2 67.13 0.006 

Stress  1 17.34 <0.001 

Grafting × stress 2 4.491 <0.001 

 

Analysis of variance corresponding to Figure 4.6 

Physiological responses to osmotic stress in homografted and heterografted plants 

Effect DOF F value P value 

b) Electrolyte leakage 

Grafting 1 1.54 0.4852 

Stress  1 25.42 0.0351 

Grafting × stress 1 0.48 0.5871 

c) Chlorophyll content 

Grafting 1 2.57 0.3691 

Stress  1 15.14 0.0425 

Grafting × stress 1 1.57 0.6325 

 

Analysis of variance corresponding to Figure 5.2 

Leaf disc senescence assay and physiological analyses of transgenic lines under stress 

conditions 

Effect DOF F value P value 

c)  Electrolyte leakage 

Control  6 2.54 P=0.0705 

NaCl 6 22.73 P<0.001 

Mannitol  6 46.51 P<0.001 

PEG 6 27.49 P<0.001 

d)  Cell viability 

Control  6 1.09 P=0.4173 
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NaCl 6 30.68 P<0.001 

Mannitol  6 11.77 P<0.001 

PEG 6 9.722 P=0.003 

e) Chlorophyll content 

Control  6 1.60 P=0.2185 

NaCl 6 15.40 P<0.001 

Mannitol  6 16.7 P<0.001 

PEG 6 18.85 P<0.001 

 

 

Analysis of variance corresponding to Figure 5.4 

Growth analyses of WT and transgenic lines under different stress conditions 

Effect DOF F value P value 

a) Shoot length 

Control  3 4.36 P=0.0525 

NaCl 3 22.89 P=0.0030 

Mannitol  3 9.338 P=0.0054 

PEG 3 5.09 P=0.0415 

b) Root length 

Control  3 3.011 P=0.0944 

NaCl 3 3.713 P=0.0612 

Mannitol  3 6.214 P=0.0174 

PEG 3 6.095 P=0.0184 

c) Fresh weight 

Control  3 5.456 P=0.0245 

NaCl 3 20.78 P<0.0040 

Mannitol  3 23.85 P<0.0020 

PEG 3 32.93 P<0.0010 

d) Dry weight    

Control  3 4.19 P=0.0467 

NaCl 3 15.63 P=0.0010 

Mannitol  3 26.51 P=0.0020 

PEG 3 11.92 P=0.0025 

e) Root fresh weight    

Control  3 11.28 P=0.0030 

NaCl 3 6.99 P=0.0126 

Mannitol  3 25.65 P=0.0020 

PEG 3 10.22 P=0.0041 
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Analysis of variance corresponding to Figure 5.7 

Physiological analysis of transgrafted tobacco plants under osmotic stress conditions. 

Effect DOF F value P value 

a) Electrolyte leakage 

0 (Control)  6 0.45 P=0.8346 

3 6 0.26 P=0.9445 

6  6 10.06 P=0.0020 

9 6 22.18 P<0.0010 

12 6 19.01 P<0.0010 

b) RWC 

0 (Control)  6 2.03 P=0.1290 

3 6 2.83 P=0.0510 

6  6 3.32 P=0.0300 

9 6 23.67 P<0.0010 

12 6 15.52 P<0.0010 

c) Cell viability 

3 6 2.89 P=0.05605 

6  6 7.39 P=0.0017 

9 6 12.09 P<0.0010 

12 6 18.54 P<0.0010 

d) Chlorophyll Content 

0 (Control)  6 1.13 P=0.3955 

3 6 1.22 P=0.3512 

6  6 1.06 P=0.4342 

9 6 5.834 P=0.0038 

12 6 12.22 P<0.0010 

 

Analysis of variance corresponding to Figure 5.8 

Cellular H2O2 content in the leaves of WT and transgrafted plants under osmotic stress 

conditions 

Effect DOF F value P value 

0 (Control)  6 0.3494 P=08986 

PEG 6 16.82 P<0.0010 

  

Analysis of variance corresponding to Figure 5.9 

ABA quantification in the leaves of transgrafted tobacco plants under osmotic stress 

conditions 

Effect DOF F value P value 

6 days 6 2.27 P=0.760 

12 days 6 5.453 P=0.002 
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Analysis of variance corresponding to Figure 5.10 

Gene expression analysis in transgrafted tobacco plants under osmotic stress conditions 

Effect DOF F value P value 

a) NtCAT    

0 (Control)  6 1.74 P=0.1888 

PEG 6 39.52 P<0.0001 

b) NtSOD    

0 (Control)  6 2.14 P=0.1177 

PEG 6 23.94 P<0.0001 

c) NtAPX    

0 (Control)  6 2.10 P=0.1158 

PEG 6 28.39 P<0.0001 

d) NtERF    

0 (Control)  6 1.17 P=0.3799 

PEG 6 41.51 P<0.0001 

e) NtRD29    

0 (Control)  6 1.29 P=0.3238 

PEG 6 95.03 P<0.0001 

f) NtERD1    

0 (Control)  6 1.96 P=0.1411 

PEG 6 101.8 P<0.0001 

g) NtMYC    

0 (Control)  6 0.69 P=0.6589 

PEG 6 12.92 P<0.0001 

h) NtHSP70    

0 (Control)  6 1.16 P=0.3824 

PEG 6 18.48 P<0.0001 

i) NtHSP26    

0 (Control)  6 0.86 P=0.5495 

PEG 6 9.665 P=0.0030 

 


