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Abstract 

This study investigates the compatibility of Jatropha curcas grafting and its impact on morphological, biochemical, and 

production traits under drought conditions. A split-plot design with three replications was applied, using three high-yielding scion 

accessions (IP-3A, PT-7, HS-49) and seven rootstock accessions (IP-3M, A-013, A-045, C-019, C-116, D-072, D-117). Evaluated 

parameters included morphological traits, yield components, oil content, leaf proline concentration, and graft union histology. 

Data were analyzed using ANOVA followed by Duncan’s Multiple Range Test (5%).  Grafting significantly enhanced growth and 

yield components compared to those of the non-grafted plants. PT-7 was identified as the most compatible and productive scion, 

while IP-3M was the most effective rootstock for promoting vegetative growth. Differences in leaf proline accumulation among 

the various graft combinations reflected variations in drought adaptation. Compatible graft combinations resulted in a narrower 

necrotic layer, stronger callus formation, and more rapid re-establishment of vascular connections. The PT-7/IP-3M combination 

demonstrates superior graft compatibility, growth performance, productivity, and drought adaptation. The identified graft 

combinations offer an effective strategy to enhance the productivity of drought-tolerant Jatropha curcas when cultivated on 

marginal and semi-arid lands, while simultaneously supporting a sustainable supply of biofuel feedstock amid global climate 

change. 
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1. Introduction 

The increasing demand for plant oils as biofuel sources, particularly jatropha (Jatropha curcas L.), is driven by rising 

petroleum prices and the need to reduce CO2 emissions while enhancing fuel security. Jatropha is particularly noted for its 

high seed oil content, which ranges from 35% to 50%, depending on the variety [1-4]. As a non-edible oilseed, jatropha 

does not compete with food crops, alleviating concerns related to food security and the food-versus-fuel debate [1, 3]. In 

addition, they are potential to reclaim wastelands that bring a positive effect on ecology and socio-economic development 

[1, 3, 5, 6].  

Jatropha cultivation on a large scale in Indonesia began in 2005, and in its development, going through ups and downs. 

Some of the main causes of low success jatropha cultivation are limited quality plant materials, soil character 

incompatibilities with the growing requirements of the jatropha plant material available [7, 8]. To enhance the success of 

jatropha cultivation in Indonesia, efforts must focus on improving the quality of plant materials and ensuring that planting 

occurs in suitable soil conditions [9]. 

In Indonesia, the potential for jatropha development spans approximately 49,531.7 million hectares [10] particularly in 

arid and semi-arid areas where land is marginal due to limited water availability. Jatropha exhibits remarkable drought 

resistance, allowing it to grow in degraded lands and semi-arid climates, which are unsuitable for food crops [11]. 

Therefore, jatropha development on a wide scale requires a highly productive plant material and is able to adapt to the 

conditions of limited water availability [12]. 

The superior plant material of jatropha curcas, particularly the composite selection known as IP-1 to IP-3, has shown 

significant potential for optimal production under favorable land conditions. Research trials have demonstrated that these 

superior provenances achieve the highest seed production when subjected to optimal irrigation conditions. Specifically, the 

highest seed yield is achieved when the soil moisture content reaches 65%, while irrigation is crucial to maintain this level 

of productivity. Without irrigation, seed production can decrease by up to 72.8% [13]. 

The stability of Jatropha production in drylands can be enhanced through advanced grafting technology, which 

combines high-yielding scion candidates with rootstocks that are adapted to water-limited conditions. This approach is 

particularly relevant given that certain Jatropha accessions have demonstrated tolerance to water shortages, making them 

suitable candidates for rootstock development [14].  

Graft compatibility response is a complex mechanism with a wide range of different morphological, physiological, 

biochemical, and anatomical interactions. The compatibility response is influenced by several factors, including vascular 

connection, and the structural integrity of graft interfaces. Successful grafting relies on effective vascular fusion between 

the stock and scion. Incompatible grafts often exhibit poor vascular connections, leading to nutrient and water transport 

disruptions [15].  

Histological studies have shown that anatomical compatibility, such as the alignment of vascular cambium, is critical 

for successful grafting [16]. Phytohormones, especially auxins, play a significant role in regulating graft union formation, 

influencing the success of grafting operations [17]. Differences in phenolic compounds and peroxidase levels at the graft 

union can serve as indicators of compatibility. These biochemical markers reflect the physiological responses of the graft 

partners [15]. 
The understanding of graft compatibility mechanisms can enhance Jatropha cultivation in rainfed regions by selecting 

compatible rootstock-scion combinations for improved growth and survival [17, 18]. High-yielding scions combined with 

drought-resistant rootstocks significantly enhance the productivity and resilience of Jatropha in rainfed regions [19, 20].  

Continued research into the specific accessions and their compatibility will be essential to optimize this approach. 

However, little is known about the biochemical basis for incompatibility and the morphological mechanism involved in this 

response. This study aims to examine the morphological, biochemical, and histological mechanisms underlying graft 

compatibility in physic nut, specifically the grafting characteristics between the scion and rootstock of plants growing 

naturally in rain-fed agricultural areas (characterized by limited soil water availability).    

 

2. Research Methods 
The planting materials that were used included three high yield as scion (IP-3A, PT 7 and HS 49) and seven deep and 

spread root system as root stock (IP-3M, A-013, A-045, C-019, C-116, D-072 and D-117). This experiment was arranged 

using a split-plot design with three replications. The main plots consisted of grafted plants derived from three high-yielding 

scion accessions (IP-3A, PT-7, and HS-49). The subplots consisted of grafted plants derived from seven rootstock 

accessions: IP-3M, A-013, A-045, C-019, C-116, D-072, and D-117. In addition to the grafting of combination of 

scion/rootstock, appropriate treatments, and in order to make a comparison, other non-grafting combination or autografting 

scion were also planted. Experimental unit was made up of 6 grafting plants which were planted in rows on the 6 m with 

spacing of 1 m x 1 m. 

The seven rootstocks used for planting required cuttings of 10-12 cm in size and consisted of 3 nodes each. The 

cuttings were treated with an aqueous solution containing 1 ml/L Confidor (Imidapride 35% E.C.) for 30 minutes For this 

process, the cuttings were dipped and then taken out After that, the cuttings were planted into black 2 liter plastic bags with 

a media of agricultural sand and compost 1: 1 was mixed. 

Grafting was done at 2 months old clonal rootstock seedlings using indoor wedge grafting technique.  The grafted area 

was covered (rolled and tied) with special plastic parafilm [19, 21]. All grafts were maintained under nursery conditions 

(60%  shading, 27-32oC). The plants were watered daily and treated against pests and diseases according to the current 

agronomic practices. 
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At two months later, the successful grafts were transplanted into the field to determine grafting compatibility based on 

real conditions. In the first month, watering was done in a weekly basis and in the second month, watering was done in a 

biweekly basis but in the third month, it was watered only once along with a biweekly basis. Fertilizer applied included 5 

tons/ha of manure and NPK fertilizer of 100 kg/ha of Urea, 100 kg/ha of SP-36 and 50 kg/ha of KCl. Other management 

practices including weeding, pest and disease control that respect the technical specifications relating to jatropha crops.  

Data were collected every 2 weeks for plant height, stem circumference below and above graft union, branches, width 

of the canopy, and leaves, flowers and fruits, weight of 100 seeds, seed yield and oil percentage. Oil content was 

determined by soxhlet method while proline was estimated by method as described by Bates, et al. [22]. Adaptation of 

compatibility criteria based on growth and production attained and biochemical characteristics at each grafted pair. 

The data obtained were analyzed statistically using analysis of variance (ANOVA) based on Spit Plot Design (SPD). 

Comparison of quantitative traits means based on Duncan Multiple Test Distance (Duncan's Multiple Range Test Range = 

DMRT) were performed in SAS (2001). Excel software was used for drawing of Figures. 

 

3. Results  
3.1. Effects of Grafting Combination and Non Grafting Combination on Plant Growth Traits, Production and Oil Content 

The composite plant is expected to have a combination of superior characters from both rootstock and scion.  The 

result showed that grafting can improve jatropha morphological characters, especially the character above graft union 

included: plant height, stem circumference, number of branches, width of canopy, number of leaves, number of bunches, 

number of capsules produced, weight of 100 seeds, seed yield or seed productivity and oil content as shown in Figure 1 

below.  

 

 
Figure 1.  

Morphological traits of combined- and non-combined-grafted Jatropha plants: (a) plant height, (b) canopy width, (c) leaf number, (d) stem 
circumference, (e) branch number, (f) bunch number, (g) weight of 100 seeds, (h) oil content, (i) capsule number, and (j) seed production. Data are 

presented as mean ± standard error (SE). 

 

3.2. Effects of Rootstock on Plant Growth Traits, Production and Oil Content of Scion 

Result of Anova (analysis of variance) indicated that of rootstock accession on the morphological characters of 

vegetative growth, the production of components and oil content were statistically significant (Table 1 and 2). Grafting 

plant of different combination scions and rootstocks affected the morphological characters of jatropha plant height, stem 

circumference below and above the graft union, the number of primary and secondary branches, canopy width and number 

of leaves, number of bunches, number of capsules, weight of 100 seeds, seed production, and oil content. 
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Table 1.  

Effect of rootstock accessions on vegetative growth of scion accessions. 

Accessions 
Plant 

height 

Stem 

circumference 

below graft 

union 

Stem 

circumference 

above graft 

union 

The 

number of 

primary 

branches 

The 

number of 

secondary 

branches 

Canopy 

width 

Number 

of leaves 

Scion Rootstock (cm) (cm) (cm) (branches) (branches) (cm) (leaves) 

IP-3A 

IP-3M 104.80 a 12.35 a 11.99 a 3.78 a 2.17 a 102.61 a 93.78 a 

A-013 103.29 a 11.94 a 11.61 ab 2.99 ab 1.06 b 99.42 a 75.38 abc 

A-045 103.69 a 11.93 a 11.41 ab 2.72 ab 1.33 b 95.38 a 70.78 bc 

C-019 86.48 b 11.36 ab 10.44 ab 2.39 b 0.38 c 81.40 a 56.94 c 

C-116 102.38 a 11.67 ab 11.28 ab 2.56 ab 1.33 b 94.66 a 73.67 abc 

D-072 84.96 b 10.69 b 10.03 b 2.89 ab 1.06 b 80.33 a 58.83 bc 

D-117 95.05 ab 11.30 ab 10.67 ab 3.13 ab 2.17 a 94.34 a 80.30 ab 

- 103.47 a 11.32 ab 11.66 ab 3.22 ab 1.29 b 103.38 a 74.17 abc 

HS-49 

IP-3M 110.97 a 12.43 a 12.22 a 4.88 ab 2.98 a 117.63 ab 120.22 a 

A-013 107.40 ab 11.92 ab 11.57 ab 4.52 abc 2.49 a 122.99 a 115.17 a 

A-045 93.40 b 10.86 b 10.79 b 3.89 abc 2.00 a 105.98 ab 103.56 a 

C-019 92.67 b 10.89 b 10.39 b 3.00 c 1.56 a 100.81 b 84.28 a 

C-116 105.69 ab 11.83 ab 11.31 ab 3.44 bc 1.89 a 109.12 ab 98.00 a 

D-072 107.04 ab 11.65 ab 11.54 ab 5.33 a 2.87 a 120.91 ab 100.43 a 

D-117 108.96 a 11.75 ab 11.46 ab 4.59 abc 2.63 a 110.92 ab 118.12 a 

- 110.07 a 11.93 ab 11.61 ab 3.78 bc 2.43 a 117.32 ab 109.39 a 

PT-7 

IP-3M 121.23 a 13.22 a 12.89 a 5.28 a 4.89 a 133.43 a 151.89 a 

A-013 107.45 ab 11.76 bc 11.19 b 4.39 ab 3.17 b 117.30 b 130.67 ab 

A-045 105.82 ab 11.98 b 11.22 b 4.44 ab 3.06 b 107.97 bc 115.00 ab 

C-019 77.44 b 10.63 cd 10.34 bc 3.39 bc 2.06 b 103.72 bc 91.39 b 

C-116 107.96 ab 11.22 bcd 10.72 bcd 3.61 bc 2.28 b 106.51 bc 102.44 b 

D-072 94.87 ab 10.12 d 9.31 d 3.44 bc 1.67 b 93.29 c 85.61 b 

D-117 106.91 ab 11.82 bc 11.23 b 4.44 ab 3.06 b 114.84 b 134.11 ab 

- 94.98 ab 10.72 cd 9.99 cd 3.06 c 3.17 b 108.22 bc 100.78 b 

Source: Description: The numbers in each column followed by the same letter were not significantly different by Duncan's multiple range test 5%. The 

symbol "-" in the rootstock column indicates non-grafted plants. 

 
Table 2.  

Effect of rootstock accession to the morphological characters of production components and oil content on the scion accessions. 

Accessions 
Number of 

bunches 

Number of 

capsules 

Seed 

production 

Weight of 100 

seeds 

Oil 

content 

Scion Rootstock (bunches) (capsules) (gr) (gr) (%) 

IP-3A 

IP-3M 25.33 ab 164.67 abc 250.77 abc 70.97 a 31.94 a 

A-013 23.67 abc 187.00 ab 300.15 a 62.57 b 34.17 a 

A-045 23.00 abc 161.33 abc 243.33 abc 62.70 b 30.93 a 

C-019 18.67 cd 146.00 abc 197.07 bc 60.93 b 29.60 a 

C-116 22.00 c 160.67 abc 255.33 abc 60.73 b 33.90 a 

D-072 14.00 d 116.67 c 180.17 c 59.83 b 34.38 a 

D-117 28.33 a 193.67 a 283.43 ab 67.07 ab 33.09 a 

- 19.00 cd 129.00 c 243.37 abc 62.23 b 33.00 a 

HS-49 

IP-3M 24.33 a 188.00 a 282.24 ab 60.07 ab 41.84 a 

A-013 23.33 a 173.00 ab 281.18 ab 62.27 ab 34.97 cd 

A-045 18.00 a 119.67 b 198.47 b 60.07 ab 36.50 cd 

C-019 24.67 a 185.33 a 282.17 ab 58.93 b 34.27 d 

C-116 21.00 a 153.33 ab 258.67 ab 61.93 ab 35.92 cd 

D-072 22.00 a 131.67 ab 112.98 c 70.30 a 38.26 bc 

D-117 21.67 a 172.67 ab 309.63 a 66.17 ab 40.42 ab 

- 16.67 a 144.33 ab 244.80 ab 63.27 ab 37.04 cd 

PT-7 

IP-3M 27.00 a 201.00 a 329.91 a 68.87 a 35.35 a 

A-013 23.00 ab 188.67 a 316.24 a 66.93 a 35.11 a 

A-045 22.33 ab 168.33 a 270.50 a 67.70 a 36.91 a 

C-019 29.00 a 197.00 a 281.30 a 72.13 a 33.30 a 
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C-116 21.33 ab 177.33 a 274.83 a 62.93 a 34.93 a 

D-072 14.67 bc 98.33 b 143.83 b 52.50 a 37.96 a 

D-117 28.67 a 223.67 a 369.83 a 70.17 a 37.14 a 

- 10.67 c 86.67 b 142.33 b 65.90 a 34.67 a 
Source: Description: The numbers in each column followed by the same letter were not significantly different by Duncan's multiple range test 5%. The symbol "-" in the 

rootstock column indicates non-grafted plants. 

 

3.3. Effects of Scion on Plant Growth Traits, Production and Oil Content 

The observations from the grafting system indicate that the PT-7 scion accession is the most suitable source of scion, 

followed by HS-49 and IP-3A scion accessions (Figure 2 and 3). This suitability is attributed to PT-7 promoting both robust 

vegetative growth and significant generative growth, resulting in high fruit production and seed yield. This result aligns 

with the study conducted by Gong, et al. [23] on tomato plants, which likely highlights the importance of scion 

compatibility and its impact on plant productivity.  

 
Figure 2.  
Effect of scion accessions on vegetative growth traits of Jatropha plants: (a) plant height, (b) canopy width, (c) leaf number, (d) stem circumference, and 

(e) branch number. Data are presented as mean ± standard error (SE). 

 

 
Figure 3.  

The Effect of scion accessions component production and oil content: (a) bunch number, (b) weight of 100 seeds, (c) oil content, (d) capsule number, 

and (e) seed production. Data are presented as mean ± standard error (SE). 

 

3.4. Effects of Rootstock on Plant Growth Traits, Production and Oil Content 

The ability of two different plants to form a successful union and develop satisfactorily into one composite plant is 

termed graft compatibility. High graft compatibility is associated with better growth and productivity. Observations up to 

age 6 WAP showed that accession suitable rootstock sources such as: IP-3M, A-013, C-116 and D-117 which showed the 

success rate of grafting and morphological characters of growth better than other accession were tested (Figure 4 and 5).  
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Figure 4.  

Effect of rootstock accessions on vegetative growth traits(a) plant height, (b) canopy width, (c) leaf number, (d) stem circumference, and (e) branch 

number. Data are presented as mean ± standard error (SE).  

 

The findings regarding the vegetative growth and production components of various accessions in a grafting system 

highlight significant differences among them, particularly in the context of rootstock selection.  

 

 
Figure 5.  

Effect of rootstock accessions on production components and oil content: (a) bunch number, (b) weight of 100 seeds, (c) oil content, (d) capsule 
number, and (e) seed production. Data are presented as mean ± standard error (SE). 

 

3.5. Effects of Graft Combination Scion/Rootstock on Proline Content 

Observations indicate that the HS-49 scion accession exhibits the highest leaf proline content among a combination of 

seven rootstock accessions, followed by the PT-7 accession. Conversely, the IP-3A scion accession shows the lowest leaf 

proline content. The elevated proline levels in HS-49 serve as a response mechanism to drought conditions, highlighting its 

role in osmotic adjustment (Figure 6).  
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Figure 6.  

Leaf proline content of different scion-rootstock graft combinations and the corresponding non-grafted scions (control). Data are presented 
as mean ± standard error (SE). 

 

3.6. Effects of Scion and Rootstock on Proline Content 

The A-13 rootstock displayed the highest concentration of leaf proline at 124.03 μg/g FW, whereas the C-116, IP-3M, 

and D-117 rootstocks exhibited lower, yet still significant, proline levels. The C-019 rootstock had the lowest leaf proline 

content at 82.87 μg/g FW. The HS-49 scion presented the highest leaf proline concentration at 126.28 μg/g FW, followed 

by the IP-3M scion, which showed a comparatively lower but still remarkable proline level. Conversely, the PT-7 scion had 

the lowest leaf proline concentration at 98.79 μg/g FW (Figure 7). This approach entails the preservation of water transport 

within the plant by augmenting the elasticity of cell walls, consequently alleviating the necessity for osmotic 

adjustment [24-27]. 

 
Figure 7.  

Leaf proline content of different rootstocks and scions. Data are presented as mean ± standard error (SE). 

 

3.7. Histological Analysis of Grafting 

The scion and rootstock can unite by forming a callus and new vessel network as a bridge connecting the xylem and 

phloem vessel networks of the scion and rootstock. As an illustration of the results of transverse anatomical observations of 

the stem in the connection area can be seen in Figure 8. Histological observation allows for the examination of tissues at a 

microscopic level, which can reveal early signs of incompatibility, such as cellular damage or abnormal tissue formation, 

shortly after grafting [28].  
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Figure 8.  

Cross-section of the joint area between scion and rootstock. BA: scion, BB: rootstock, Lap.Nek: necrotic layer, A: PT-7/ Sulawesi 117 

(compatible), B: HS-49/Jatim 045 (less compatible), C: IP-3A/ Sulawesi 027 (incompatible). 

 

4. Discussion 
Grafting involves attaching a piece of one plant (scion) to another plant (rootstock) to create a single, composite plant. 

Grafting can improve plant productivity by combining desirable traits from different plants. It enhances vigor, disease 

resistance, and abiotic stress tolerance without genetic modification [29]. These improvements suggest that grafting can 

lead to better growth and productivity in Jatropha plants, indicating the potential benefits of this technique in agricultural 

practices aimed at enhancing crop yields and quality [30]. The ability of two different plants, grafted together, to produce a 

successful union and to develop satisfactorily into one composite plant is termed graft compatibility. Grafted plants with 

high compatibility tend to grow and produce better than their original counterparts. 

The findings presented in Figure 1 indicate that grafting scions onto rootstocks leads to superior performance in 

vegetative growth, component production, and oil content compared to non-grafted (autografted) plants. Studies have 

demonstrated that plants grafted onto such rootstocks exhibit better growth parameters and higher yields compared to those 

that are not grafted or are autografted [31-33]. This enhancement is attributed to the use of drought-tolerant These traits 

contribute to better nutrient and water absorption, which is crucial for plant health, resistant to environmental stress, would 

increase yield [31, 34, 35].  

The use of IP-3M accessions as rootstocks grafted with the different scions (IP-3A, HS-49, and PT-7) obtained plant 

growth traits better than other rootstocks accessions as combined grafting plants, and control (non combined scion). A 

grafting combination of IP-3A accession as scion and IP-3M as rootstock gave plant growth traits better than other 

rootstock accessions as combined grafting plants, and IP-3A as non combined scion. Similar results were shown in a 

combination of grafting HS-49 and PT-7 accession as scion and IP-3M accession as rootstock give plant growth better than 

other rootstock accessions as combined grafting plants, and IP-3A as non combined scion.  

Base on previouse study of rootstock showed that IP-3M had good performance viz. vigorous stem, deep root system 

dan wide root distribution, so better support to scion performance to reach better vegetative  and generative growth, 

production and oil content. Root characteristics, especially root length, root length density, and the number of thick roots, 

are important for plants to develop their aboveground parts by exploiting the soil available water [36].  

Thus, it can be noted that the type of interaction between the rootstock and the scion is very complex, though varying 

among genetically diverse plants. Theories advanced as possible explanations for the interaction between the rootstock and 
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scion include: (a) anatomical factors; (b) nutritional and carbohydrate levels, (c) absorption and translocation of nutrients 

and water; (d) phytohormones and correlative effects and (e) other physiological factors. The morphological advantages 

provided by the rootstock, such as a more extensive and efficient root system, lead to improved nutrient uptake. This not 

only supports vegetative growth but also contributes to the overall yield and quality of the harvested produce [36]. 

The success of grafting is largely dependent on the compatibility between the rootstock and scion. Incompatible 

combinations often struggle to develop a well-functioning vascular system, which can lead to graft failure [28, 37].  The 

PT-7 accession's superior performance suggests a high degree of compatibility, which is crucial for successful grafting and 

enhanced plant productivity [17, 23, 38]. The effects of scion on plant growth traits, production, and oil content in grafted 

plants are multifaceted and influenced by the interaction between the scion and the rootstock. the scion's effects on plant 

growth traits, production, and oil content are highly dependent on the interaction with the rootstock. This interaction can 

enhance or hinder various aspects of plant growth and productivity, depending on the specific scion-rootstock combination 

[34, 39].  

The formation of a successful graft union requires the integration of the scion and the rootstock. This integration is 

facilitated by the development of a meristematic area at the graft union, which allows for the regeneration of vascular 

tissues necessary for nutrient and water transport [17]. The process involves wound healing mechanisms, including callus 

formation and vascular tissue regeneration [29].  The IP-3M accession exhibited the best vegetative growth as a rootstock, 

followed by D-117, A-013, and C-116 accessions. This suggests that IP-3M is a superior choice for enhancing plant vigor 

in grafting systems. When evaluating production components and oil content, the D-117 accession emerged as the most 

productive, followed closely by IP-3M, A-013, and C-116. This indicates that while IP-3M is excellent for vegetative 

growth, D-117 may be more beneficial for maximizing oil yield. In summary, while IP-3M is recommended for its 

vigorous growth as a rootstock, D-117 may be preferred for its superior oil production characteristics. 

The rootstock significantly affects the scion's growth traits. For example, a vigorous rootstock can enhance the growth 

of a less vigorous scion, but it can also reduce shoot growth in some cases, as seen in the study on sweet basil grafting 

where a more vigorous rootstock decreased the shoot dry mass and stem length of a less vigorous scion [39]. The rootstock 

can control the scion's growth through hormonal regulation. For instance, the rootstock can influence the production and 

translocation of plant hormones, which in turn affect the scion's growth and development [34]. Grafting can enhance the 

scion's tolerance to environmental stresses, this is because the rootstock can provide additional support and protection to 

the scion through improved nutrient uptake and stress mitigation mechanisms [39]. 

Osmotic adjustment (OA) is a crucial physiological mechanism that enables plants to adapt to water deficits by 

synthesizing and accumulating osmolytes, such as sugars, amino acids, and sugar alcohols [40, 41]. This process helps 

lower the osmotic potential in cells, allowing for water retention and maintenance of turgor pressure, which is vital for 

plant survival during periods of drought [42-44]. Studies have shown that plants exhibiting effective osmotic adjustment 

can maintain higher leaf turgor potentials at given leaf water potentials compared to non-adjusting counterparts. This 

capability allows them to sustain growth and productivity even under adverse conditions [45-47]. 

The effects of graft combinations on proline content in plants are not directly addressed in the provided sources. 

However, the interaction between the scion and rootstock can influence various physiological processes, including stress 

responses, nutrient uptake, and metabolic pathways, which can indirectly affect proline content. Proline, along with 

quaternary ammonium compounds such as glycinebetaine, choline, and prolinebetaine, are essential osmolytes that 

contribute to this process [26, 33, 48-51]. Proline is often accumulated in plants under stress conditions as a protective 

mechanism. Therefore, grafting combinations that improve stress tolerance might also influence proline levels indirectly by 

reducing the need for proline accumulation as a stress response [39, 52]. 

Proline accumulation is a critical adaptive response in plants to environmental stresses like drought, temperature 

fluctuations, and starvation [53]. By facilitating osmoregulation and maintaining cellular homeostasis, proline helps plants 

to buffer the immediate effects of water shortages and other stresses, thereby enhancing their overall resilience and 

productivity under adverse conditions [54]. Proline not only aids in osmoregulation but also protects cellular structures by 

stabilizing proteins and membranes during stress conditions. It acts as a scavenger of reactive oxygen species (ROS), 

thereby mitigating oxidative damage that can occur during periods of environmental stress [53]. 

The interaction between the scion and rootstock can influence metabolic pathways, including those involved in amino 

acid synthesis and degradation. Proline is synthesized through the glutamate pathway, and changes in this pathway due to 

grafting could affect proline content [52]. The ability of plants to accumulate proline in response to diverse stressors, such 

as drought, extreme temperatures, and nutritional deficiency, represents a critical adaptive strategy that enhances their 

overall resilience. By reducing water potentials and facilitating osmoregulation, proline assumes a fundamental role in 

enabling plants to endure adverse environmental conditions while sustaining growth and productivity. 

Plants undergo acclimatization to drought stress through the implementation of various adaptive strategies, which 

encompass drought escape, drought avoidance, and drought tolerance [55-57]. The combination of drought escape and 

avoidance strategies enables plants to effectively manage water scarcity. By completing their reproductive cycle prior to the 

onset of drought conditions or by sustaining elevated tissue water potential via root modifications and diminished 

transpiration, plants can alleviate the detrimental impacts associated with drought stress [55, 56].  

Drought avoidance involves maintaining relatively high tissue water potential despite reduced soil moisture. he 

accumulation of compatible solutes such as proline and sugars is instrumental in sustaining cellular turgor and osmotic 

equilibrium, thereby enabling plants to conserve water even in the face of stress (PMC) [57, 58]. Two fundamental 

defensive strategies are employed by plants to mitigate the effects of drought; the first involves the facilitation of water 
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circulation within the plants, which is supported by a robust deep root system, while the second aims to minimize water 

loss through the regulation of transpiration and morphological changes. 

The effects of scion and rootstock on proline content in grafted plants are significant, particularly in relation to stress 

tolerance mechanisms. Proline is an important amino acid that accumulates in plants under stress conditions, serving as an 

osmoprotectant and stabilizing cellular structures [27]. The interaction between scion and rootstock can lead to reciprocal 

effects on metabolite profiles, including proline. Research has shown that rootstock can directly affect the metabolic 

composition of the scion, which includes primary and secondary metabolites related to stress responses. This indicates that 

specific combinations may enhance or diminish proline levels depending on their compatibility and physiological 

characteristics [52]. 

The analysis of leaf proline content reveals significant differences among various rootstocks and scions in response to 

drought stress [31, 33, 41, 59]. Research demonstrates that a variety of solutes, encompassing inorganic cations, organic 

acids, carbohydrates, and amino acids such as proline, significantly contribute to osmotic adjustment (OA). Proline is 

particularly significant due to its dual role as both an osmoticum and an osmoprotectant, facilitating the stabilization of 

proteins and membranes under conditions of physiological stress [42, 56, 60].  However, the effectiveness of OA can vary 

among plant species; for instance, some species may rely more on increased cell wall elasticity rather than osmotic 

adjustment to cope with drought [56, 57]. Studies have shown that while proline can help mitigate damage from reactive 

oxygen species (ROS) and stabilize cellular structures, its presence does not always correlate with improved drought 

tolerance across all species [56, 60, 61].  

Graft compatibility is influenced by complex physiological, biochemical, and anatomical interactions. Successful 

grafting relies on several factors including cellular compatibility systems, formation of plasmodesmata, and vascular tissue 

connections. The literature indicates that these factors play a crucial role in determining the success of graft unions between 

scions and rootstocks [18, 62, 63]. 

During the process of combining grafting and forming a vessel system, the suitability of the grafting is not known with 

certainty. Through macroscopic observation, waiting for a long time to determine the joining process can cause loss of 

time, cost and effort. Histological observation allows for the examination of tissues at a microscopic level, which can reveal 

early signs of incompatibility, and provides quick information on grafting compatibility [19, 37].   

The results showed differences in gaps and necrotic spots that varied in the combination of connections, where the 

combination of compatible connections showed narrower gaps, and necrotic spots that showed less tissue damage. 

Histological observations of the combination of PT-7 joints with Sulawesi 117 rootstocks showed fewer necrotic spots, as 

well as the ability to regenerate and reunite the vessel network in the scar tissue at the joint junction faster than the 

incompatible joint combination. By examining transversal sections of the graft union, histological studies can identify 

specific histopathological changes associated with different grafting methods and infection types. This helps in 

understanding the mechanisms of graft union healing and potential issues like rot symptoms. 

Callus formation can also repair necrotic layers by regenerating damaged cells, especially at the junction. The gaps still 

visible in the observations made indicate that the process of callus formation and differentiation into cambium and vascular 

tissue is still ongoing. The formation of new cambium networks/vessels allows the process of nutrient and water 

translocation from the rootstock to the scion, as well as the translocation of assimilates from the scion to the rootstock to 

take place normally again to support the growth and production of Jatropha japonica connection plants. Histological studies 

can elucidate the mechanisms of tissue reunion at the graft interface, including changes in cell division, the formation of 

plasmodesmata, and vascular connection. These processes are critical for the successful integration of the scion and 

rootstock [19, 28, 37]. 

Grafting is the actual process of pressing the  cambium  layer  of  the  scion  against  the cambium layer of the stock, so 

the two layers will grow together. The alignment of the two cambium layers is critical to the success of grafting. Complete 

alignment of the cambium layers (CA) between scion and rootstock leads to higher success rates in grafting, as 

demonstrated in grapevines [64]. Proper alignment facilitates the formation of a callus bridge and vascular connections, 

essential for nutrient and water transport [17, 65] and promoting better compatibility and growth [28]. 

 

5. Conclusion 
Among the accessions evaluated, PT-7 emerged as the most suitable source for scion in grafting systems, followed by 

HS-49 and IP-3A. Regarding rootstock selection, the IP-3M accession demonstrated the most favorable vegetative 

development, with D-117, A-013, and C-116 also showing considerable potential.  

The integration of PT-7 as a scion with a suitable rootstock is projected to augment both morphological growth 

attributes and comprehensive crop yield in suboptimal abiotic conditions. This approach aligns well with the characteristics 

of lands suitable for Jatropha cultivation, facilitating its development as a viable crop in areas prone to drought conditions. 

Histological observation enhances the efficiency of grafting compatibility testing by offering detailed, early insights into 

the compatibility of the graft union, which can lead to more informed decisions and potentially better grafting outcomes. 

 

References 
[1] J. Milano et al., "A Comprehensive exploration of jatropha curcas biodiesel production as a viable alternative feedstock in the 

fuel industry–Performance evaluation and feasibility analysis," Mechanical Engineering for Society and Industry, vol. 4, no. 1, 

pp. 17-37, 2024,  https://doi.org/10.31603/mesi.10610. 

https://doi.org/10.31603/mesi.10610


 
 

               International Journal of Innovative Research and Scientific Studies, 9(7) 2026, pages: 75-87
 

85 

[2] G. A. Ewunie, J. Morken, O. I. Lekang, and Z. D. Yigezu, "Factors affecting the potential of Jatropha curcas for sustainable 

biodiesel production: A critical review," Renewable and Sustainable Energy Reviews, vol. 137, p. 110500, 2021,  

https://doi.org/10.1016/j.rser.2020.110500. 

[3] T. M. I. Riayatsyah et al., "Current progress of jatropha curcas commoditisation as biodiesel feedstock: a comprehensive 

review," Frontiers in Energy Research, vol. 9, p. 815416, 2022. 

[4] M. F. Pompelli, D. T. d. R. G. Ferreira, P. G. d. S. Cavalcante, T. d. L. Salvador, B. Shiue de Hsie, and L. Endres, 

"Environmental influence on the physico-chemical and physiological properties of Jatropha curcas seeds," Australian Journal 

of Botany, vol. 58, no. 6, pp. 421-427, 2010,  https://doi.org/10.1071/BT10102. 

[5] C. N. H. Hamzah, N. Khairuddin, B. M. Siddique, and M. A. Hassan, "Potential of Jatropha curcas L. as biodiesel feedstock in 

Malaysia: A concise review," Processes, vol. 8, no. 7, p. 786, 2020,  https://doi.org/10.3390/pr8070786. 

[6] B. Reubens et al., "More than biofuel? Jatropha curcas root system symmetry and potential for soil erosion control," Journal of 

Arid Environments, vol. 75, no. 2, pp. 201-205, 2011,  https://doi.org/10.1016/j.jaridenv.2010.09.011. 

[7] M. Cholid, H. Hariyadi, S. Susanto, D. Djumali, and B. S. Purwoko, "Selection of jatropha curcas linn. rootstock tolerant to 

drought stress," Industrial Crops Research Journal, vol. 20, no. 1, pp. 45-56, 2014,  

https://doi.org/10.21082/littri.v20n1.2014.45%20-%2056. 

[8] H. Suharta, "Jatropha Curcas, an alternative energy resource for barren areas of Indonesia," Jurnal Ilmiah Teknologi Energi, 

vol. 1, no. 1, pp. 56–67, 2005. 

[9] W. Chacuttayapong, H. Enoki, Y. Nabetani, M. Matsui, T. Oguchi, and R. Motohashi, "Transformation of Jatropha curcas L. 

for production of larger seeds and increased amount of biodiesel," Plant Biotechnology, vol. 38, no. 2, pp. 247-256, 2021,  

https://doi.org/10.5511/plantbiotechnology.21.0422b. 

[10] A. Mulyani, F. Agus, and D. Allelorung, "Potential land resources for the development of Jatropha curcas L. in Indonesia," 

Jurnal Litbang Pertanian, vol. 25, no. 4, pp. 130-138, 2006. 

[11] A. K. Rao, S. P. Wani, P. Singh, K. Srinivas, and C. S. Rao, "Water requirement and use by Jatropha curcas in a semi-arid 

tropical location," biomass and Bioenergy, vol. 39, pp. 175-181, 2012,  https://doi.org/10.1016/j.biombioe.2012.01.013. 

[12] H. Fujimaki and N. Kikuchi, "Drought and salinity tolerances of young Jatropha," International agrophysics, vol. 24, no. 2, pp. 

121-127, 2010. 

[13] P. D. Riajaya, S. Mulyaningsih, and B. Hariyono, "Testing of three jatropha cultivation technology packages on dry land," 

Buletin Tanaman Tembakau, Serat dan Minyak Industri, vol. 8, no. 1, pp. 40-54, 2016. 

[14] H. Sudarmo and Djumali, "Yield test of several Jatropha accessions with high production potential and high oil content on dry 

land in Asembagus," Bulletin of Tobacco, Fiber & Industrial Oil Crops, vol. 5, no. 1, pp. 20–30, 2013. 

[15] J. A. Darikova, Y. V. Savva, E. A. Vaganov, A. M. Grachev, and G. V. Kuznetsova, "Grafts of woody plants and the problem 

of incompatibility between scion and rootstock (a review)," Journal of Siberian Federal University. Biology, vol. 1, no. 4, pp. 

54-63, 2011,  https://doi.org/10.17516/1997-1389-0185. 

[16] F. Soto-Landeros et al., "Anatomical compatibility of Jatropha curcas (L.) grafted onto Jatropha cinerea (Ortega) Muell 

rootstock," Arg. Nova Scientia, vol. 8, no. 17, pp. 249–262, 2016. 

[17] A. Rasool et al., "Mechanisms underlying graft union formation and rootstock scion interaction in horticultural plants," 

Frontiers in Plant Science, vol. 11, p. 590847, 2020,  https://doi.org/10.3389/fpls.2020.590847. 

[18] A. Pina and P. Errea, "A review of new advances in mechanism of graft compatibility–incompatibility," Scientia Horticulturae, 

vol. 106, no. 1, pp. 1-11, 2005. 

[19] M. Cholid, H. Djumali, S. Susanto, and B. S. Purwoko, "Rootstock selection of physic nut (Jatropha curcas Linn.) on drought 

stress tolerance," IOSR Journal of Agriculture and Veterinary Science, vol. 7, no. 5, pp. 73–79, 2014. 

[20] R. Karunakaran and R. Ilango, "Grafting influence on productivity and drought tolerance of tea clones," The Journal of 

Agricultural Science, vol. 157, no. 3, pp. 217-225, 2019,  https://doi.org/10.1017/S0021859619000480. 

[21] A. Singh and P. K. Agrawal, "Jatropha curcas micrografting modifies plant architecture and increases tolerance to abiotic 

stress: Grafting modifies the architecture of Jatropha curcas," Plant Cell, Tissue and Organ Culture, vol. 128, no. 1, pp. 243-

246, 2017,  https://doi.org/10.1007/s11240-016-1098-y. 

[22] L. S. Bates, R. Waldren, and I. Teare, "Rapid determination of free proline for water-stress studies," Plant and Soil, vol. 39, no. 

1, pp. 205-207, 1973. 

[23] T. Gong, J. K. Brecht, S. F. Hutton, K. E. Koch, and X. Zhao, "Tomato fruit quality is more strongly affected by scion type and 

planting season than by rootstock type," Frontiers in Plant Science, vol. 13, p. 948556, 2022,  

https://doi.org/10.3389/fpls.2022.948556. 

[24] A. Shekafandeh and S. Takhti, "Growth and physiological responses of grafted and non-grafted cultivars of Ziziphus spina-

christi to salinity," Journal of Applied Botany and Food Quality, vol. 86, no. 1, pp. 71-78, 2013. 

[25] F. Terán, V. Vives-Peris, M. F. López-Climent, A. Gomez-Cadenas, and R. M. Pérez-Clemente, "Palliative effects of kaolin on 

citrus plants under controlled stress conditions of high temperature and high light intensity," Journal of Plant Growth 

Regulation, vol. 43, no. 2, pp. 486-499, 2024,  https://doi.org/10.1007/s00344-023-11103-y. 

[26] A. I. Alebidi et al., "In vitro drought tolerance of some grape rootstocks," Journal of Ecological Engineering, vol. 25, no. 4, pp. 

184-202, 2024. 

[27] V. Vives-Peris, M. F. López-Climent, M. Moliner-Sabater, A. Gómez-Cadenas, and R. M. Pérez-Clemente, "Morphological, 

physiological, and molecular scion traits are determinant for salt-stress tolerance of grafted citrus plants," Frontiers in Plant 

Science, vol. 14, p. 1145625, 2023,  https://doi.org/10.3389/fpls.2023.1145625. 

[28] L. Wang, Y. Liao, J. Liu, T. Zhao, L. Jia, and Z. Chen, "Advances in understanding the graft healing mechanism: A review of 

factors and regulatory pathways," Horticulture Research, vol. 11, no. 8, p. uhae175, 2024. 

[29] G. Loupit, L. Brocard, N. Ollat, and S. J. Cookson, "Grafting in plants: Recent discoveries and new applications," Journal of 

Experimental Botany, vol. 74, no. 8, pp. 2433-2447, 2023,  https://doi.org/10.1093/jxb/erad061. 

[30] E. Salazar-Villa, M. A. Angulo-Escalante, J. D. Castro-Valenzuela, K. M. Báez-Parra, L. D. A. A. Soriano-Melgar, and F. 

Soto-Landeros, "Rooting of stem cuttings of jatropha platyphylla (euphorbiaceae) in the obtaining of axillary buds for 

grafting," American Journal of Plant Sciences, vol. 12, no. 12, pp. 1880-1893, 2021. 

https://doi.org/10.1016/j.rser.2020.110500
https://doi.org/10.1071/BT10102
https://doi.org/10.3390/pr8070786
https://doi.org/10.1016/j.jaridenv.2010.09.011
https://doi.org/10.21082/littri.v20n1.2014.45%20-%2056
https://doi.org/10.5511/plantbiotechnology.21.0422b
https://doi.org/10.1016/j.biombioe.2012.01.013
https://doi.org/10.17516/1997-1389-0185
https://doi.org/10.3389/fpls.2020.590847
https://doi.org/10.1017/S0021859619000480
https://doi.org/10.1007/s11240-016-1098-y
https://doi.org/10.3389/fpls.2022.948556
https://doi.org/10.1007/s00344-023-11103-y
https://doi.org/10.3389/fpls.2023.1145625
https://doi.org/10.1093/jxb/erad061


 
 

               International Journal of Innovative Research and Scientific Studies, 9(7) 2026, pages: 75-87
 

86 

[31] S. A. Shehata, H. S. Omar, A. G. Elfaidy, S. S. El-Sayed, M. E. Abuarab, and E. A. Abdeldaym, "Grafting enhances drought 

tolerance by regulating stress-responsive gene expression and antioxidant enzyme activities in cucumbers," BMC Plant 

Biology, vol. 22, no. 1, p. 408, 2022,  https://doi.org/10.1186/s12870-022-03791-7. 

[32] K. Razi and S. Muneer, "Grafting enhances drought tolerance by regulating and mobilizing proteome, transcriptome and 

molecular physiology in okra genotypes," Frontiers in Plant Science, vol. 14, p. 1178935, 2023,  

https://doi.org/10.3389/fpls.2023.1178935. 

[33] L. Yang, L. Xia, Y. Zeng, Q. Han, and S. Zhang, "Grafting enhances plants drought resistance: Current understanding, 

mechanisms, and future perspectives," Frontiers in Plant Science, vol. 13, p. 1015317, 2022,  

https://doi.org/10.3389/fpls.2022.1015317. 

[34] A. R. Davis et al., "Cucurbit grafting," Critical Reviews in Plant Sciences, vol. 27, no. 1, pp. 50-74, 2008,  

https://doi.org/10.1080/07352680802053940. 

[35] R. L. Hassell, F. Memmott, and D. G. Liere, "Grafting methods for watermelon production," HortScience, vol. 43, no. 6, pp. 

1677-1679, 2008. 

[36] C. W. Melnyk, "Plant grafting: Insights into tissue regeneration," Regeneration, vol. 4, no. 1, pp. 3-14, 2017,  

https://doi.org/10.1002/reg2.71. 

[37] O. Dolgun, F. E. Tekintas, and E. Ertan, "A histological investigation on graft formation of some nectarine cultivars grafted on 

pixy rootstock," World Journal of Agricultural Sciences, vol. 4, no. 5, pp. 565-568, 2008. 

[38] S. Sabry, A. Z. Ali, D. A. Abdel-Kader, and M. I. Abou-Zaid, "Histopathological and biochemical aspects of grafted and non-

grafted cucumber infected with stem rot caused by Fusarium spp," Saudi Journal of Biological Sciences, vol. 29, no. 3, pp. 

1770-1780, 2022,  https://doi.org/10.1016/j.sjbs.2021.10.053. 

[39] J. R. Hollick and C. Kubota, "Effect of self-and inter-cultivar grafting on growth and nutrient content in sweet basil (Ocimum 

basilicum L.)," Frontiers in Plant Science, vol. 13, p. 921440, 2022,  https://doi.org/10.3389/fpls.2022.921440. 

[40] S. D. Wullschleger and D. M. Oosterhuis, "Osmotic adjustment and the growth response of seven vegetable crops following 

water-deficit stress," HortScience, vol. 26, no. 9, pp. 1210-1212, 1991. 

[41] L. Argentel-Martínez, J. Garatuza-Payan, E. A. Yepez, T. Arredondo, and S. de Los Santos-Villalobos, "Water regime and 

osmotic adjustment under warming conditions on wheat in the Yaqui Valley, Mexico," PeerJ, vol. 7, p. e7029, 2019,  

https://doi.org/10.7717/peerj.7029. 

[42] M. Seki, T. Umezawa, K. Urano, and K. Shinozaki, "Regulatory metabolic networks in drought stress responses," Current 

Opinion in Plant Biology, vol. 10, no. 3, pp. 296-302, 2007,  https://doi.org/10.1016/j.pbi.2007.04.014. 

[43] F. P. Gomes, M. A. Oliva, M. S. Mielke, A.-A. F. Almeida, and L. A. Aquino, "Osmotic adjustment, proline accumulation and 

cell membrane stability in leaves of Cocos nucifera submitted to drought stress," Scientia Horticulturae, vol. 126, no. 3, pp. 

379-384, 2010,  https://doi.org/10.1016/j.scienta.2010.07.036. 

[44] P. Moradi, "Key plant products and common mechanisms utilized by plants in water deficit stress responses," Botanical 

Sciences, vol. 94, no. 4, pp. 657-671, 2016,  https://doi.org/10.17129/botsci.709. 

[45] N. C. Turner, "Turgor maintenance by osmotic adjustment: 40 years of progress," Journal of Experimental Botany, vol. 69, no. 

13, pp. 3223-3233, 2018,  https://doi.org/10.1093/jxb/ery181. 

[46] M. M. Jones and N. C. Turner, "Osmotic adjustment in leaves of sorghum in response to water deficits," Plant Physiology, vol. 

61, no. 1, pp. 122-126, 1978,  https://doi.org/10.1104/pp.61.1.122. 

[47] A. Blum, "Osmotic adjustment is a prime drought stress adaptive engine in support of plant production," Plant, Cell & 

Environment, vol. 40, no. 1, pp. 4-10, 2017,  https://doi.org/10.1111/pce.12800. 

[48] X. Li et al., "Integrative physiological, metabolomic, and transcriptomic analysis reveals the drought responses of two apple 

rootstock cultivars," BMC Plant Biology, vol. 24, no. 1, p. 219, 2024,  https://doi.org/10.1186/s12870-024-04902-2. 

[49] D. Bianchi et al., "Physiological and transcriptomic evaluation of drought effect on own-rooted and grafted grapevine rootstock 

(1103P and 101-14MGt)," Plants, vol. 12, no. 5, p. 1080, 2023,  https://doi.org/10.3390/plants12051080. 

[50] P. K. Kishor et al., "Regulation of proline biosynthesis, degradation, uptake and transport in higher plants: its implications in 

plant growth and abiotic stress tolerance," Current science, vol. 88, no. 3, pp. 424-438, 2005. 

[51] J. Huang et al., "Genetic engineering of glycinebetaine production toward enhancing stress tolerance in plants: metabolic 

limitations," Plant Physiology, vol. 122, no. 3, pp. 747-756, 2000,  https://doi.org/10.1104/pp.122.3.747. 

[52] Z. Tietel, S. Srivastava, A. Fait, N. Tel-zur, N. Carmi, and E. R. Id, "Impact of scion/rootstock reciprocal effects on 

metabolomics of fruit juice and phloem sap in grafted Citrus reticulata," Plos One, pp. 1–17, 2020. 

[53] R. K. Sairam, V. Chandrasekhar, and G. C. Srivastava, "Physiology and molecular biology of salinity stress tolerance in 

plants," Biologia Plantarum, vol. 44, no. 1, pp. 89–94, 2001. 

[54] S. G. Kumar, A. M. Reddy, and C. Sudhakar, "NaCl effects on proline metabolism in two high yielding genotypes of mulberry 

(Morus alba L.) with contrasting salt tolerance," Plant Science, vol. 165, no. 6, pp. 1245-1251, 2003,  

https://doi.org/10.1016/S0168-9452(03)00332-7. 

[55] W. F. Abobatta, Jatropha curcas, a novel crop for developing the marginal lands. In S. M. Jain (Ed.), Jatropha, challenges for 

a new energy crop (Methods in Molecular Biology). New York: Humana Press, 2021. 

[56] S. Basu, V. Ramegowda, A. Kumar, and A. Pereira, "Plant adaptation to drought stress," F1000Research, vol. 5, pp. F1000 

Faculty Rev-1554, 2016,  https://doi.org/10.12688/f1000research.7678.1. 

[57] M. F. Seleiman et al., "Drought stress impacts on plants and different approaches to alleviate its adverse effects," Plants, vol. 

10, no. 2, p. 259, 2021,  https://doi.org/10.3390/plants10020259. 

[58] S. S. T. Pamungkas and N. Farid, "Drought stress: Responses and mechanism in plants," Reviews in Agricultural Science, vol. 

10, pp. 168-185, 2022,  https://doi.org/10.7831/ras.10.0_168. 

[59] S. Daler, N. Korkmaz, T. Kılıç, H. Hatterman-Valenti, A. Karadağ, and O. Kaya, "Modulatory effects of selenium 

nanoparticles against drought stress in some grapevine rootstock/scion combinations," Chemical and Biological Technologies 

in Agriculture, vol. 11, no. 1, p. 108, 2024,  https://doi.org/10.1186/s40538-024-00609-6. 

[60] S. Verbeke, C. M. Padilla-Díaz, G. Haesaert, and K. Steppe, "Osmotic adjustment in wheat (Triticum aestivum L.) during pre-

and post-anthesis drought," Frontiers in Plant Science, vol. 13, p. 775652, 2022,  https://doi.org/10.3389/fpls.2022.775652. 

[61] L. Szabados and A. Savouré, "Proline: A multifunctional amino acid," Trends in Plant Science, vol. 15, no. 2, pp. 89-97, 2010,  

https://doi.org/10.1016/j.tplants.2009.11.009. 

https://doi.org/10.1186/s12870-022-03791-7
https://doi.org/10.3389/fpls.2023.1178935
https://doi.org/10.3389/fpls.2022.1015317
https://doi.org/10.1080/07352680802053940
https://doi.org/10.1002/reg2.71
https://doi.org/10.1016/j.sjbs.2021.10.053
https://doi.org/10.3389/fpls.2022.921440
https://doi.org/10.7717/peerj.7029
https://doi.org/10.1016/j.pbi.2007.04.014
https://doi.org/10.1016/j.scienta.2010.07.036
https://doi.org/10.17129/botsci.709
https://doi.org/10.1093/jxb/ery181
https://doi.org/10.1104/pp.61.1.122
https://doi.org/10.1111/pce.12800
https://doi.org/10.1186/s12870-024-04902-2
https://doi.org/10.3390/plants12051080
https://doi.org/10.1104/pp.122.3.747
https://doi.org/10.1016/S0168-9452(03)00332-7
https://doi.org/10.12688/f1000research.7678.1
https://doi.org/10.3390/plants10020259
https://doi.org/10.7831/ras.10.0_168
https://doi.org/10.1186/s40538-024-00609-6
https://doi.org/10.3389/fpls.2022.775652
https://doi.org/10.1016/j.tplants.2009.11.009


 
 

               International Journal of Innovative Research and Scientific Studies, 9(7) 2026, pages: 75-87
 

87 

[62] P. Errea, L. Garay, and J. A. Marín, "Early detection of graft incompatibility in apricot (Prunus armeniaca) using in vitro 

techniques," Physiologia Plantarum, vol. 112, no. 1, pp. 135-141, 2001,  https://doi.org/10.1034/j.1399-3054.2001.1120118.x. 

[63] W. Feucht, "Graft incompatibility of tree crops: An overview of the present scientific status," Acta Horticulturae, vol. 227, pp. 

33–42, 1988,  https://doi.org/10.17660/ActaHortic.1988.227.1. 

[64] D. Marín et al., "Connection matters: Exploring the implications of scion–rootstock alignment in grafted grapevines," 

Australian Journal of Grape and Wine Research, vol. 28, pp. 561-571, 2022,  https://doi.org/10.1111/ajgw.12559. 

[65] L. K. Verma and V. Bahadur, "Review : Use of wild species and grafting for abiotic stress management in vegetable crops," 

Environment and Ecology, vol. 41, pp. 985–989, 2023. 
 

https://doi.org/10.1034/j.1399-3054.2001.1120118.x
https://doi.org/10.17660/ActaHortic.1988.227.1
https://doi.org/10.1111/ajgw.12559

