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ABSTRACT
Grafting is a vegetative propagation method that is commonly used to produce Liberica coffee seedlings and is popular among coffee growers in Jambi 
Province, Indonesia. However, coffee grafting is often hampered by the incompatibility of the scion and rootstock or the slow growth of grafted seedlings. 
This study aimed to evaluate the effects of mycorrhizal inoculation, along with the application of plant growth-promoting substances on the success of 
grafting and the quality of the seedlings. Six growth-promoting substances (IBA, BAP, coconut water, bean sprout extract, shallot extract, and a control) 
were applied to grafted seedlings grown in peat soil with or without mycorrhiza. The trial was arranged in a randomized block design with three replica-
tions, and ten seedlings were grown in each experimental unit. The highest success rate (93.33%) was achieved when the seedlings were treated with 
BAP and inoculated with mycorrhizae. The rate of mycorrhizal colonization of coffee roots ranged from 3.33 to 83.33%, with the highest rate associated 
with the application of BAP (83.33%) along with mycorrhizal inoculation and the lowest (3.33%) associated with the application of IBA, coconut water, 
and shallot extract without mycorrhizal inoculation. Our findings suggest that the application of plant growth-promoting substances and mycorrhizal in-
oculation are critical for improving the graft union and quality of Liberica coffee seedlings grown in peat soil. The application of natural growth-promoting 
substances such as coconut water, bean sprout extract, and shallot extract also contributed positively to seedling growth. However, their effects were 
weaker than those of synthetic substances.
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1 INTRODUCTION

Liberica coffee (Coffea liberica) is a high-potential coffee 
species widely grown by farmers in Tanjung Jabung Barat Regency, 
Jambi Province, Indonesia. Its distinctive flavor makes it sought 
after in both domestic and international markets, contributing 
to increased farmer incomes, the local economy, and the value 
of agricultural exports. High-quality seedlings are crucial for 
productive and sustainable coffee cultivation, influencing growth, 
stress resistance, and yields. One standard method for producing 
superior seedlings is vegetative propagation through grafting, 
which allows for the inheritance of superior traits from the parent 
plant, accelerates fruiting time, and increases productivity and 
resistance to biotic and abiotic stresses.

Grafting is a plant propagation method that is the 
primary method for propagating coffee seedlings (Carvalho et 
al., 2015; Espíndula et al., 2018; Ferreira et al., 2009, 2011). 
However, the success rate of grafting depends heavily on several 
factors, including the physiological condition of the rootstock, 
the suitability of the scion, presence of growth-promoting 
substances, and the adaptation of the seedlings to the growth 
medium. In practice, many growth media for nurseries, such 
as peat soils, are naturally nutrient poor with a very low pH. 
This may prevent the optimal growth of rootstocks, ultimately 
affecting the success of the grafting process and the quality of 
the resulting seedlings.

One strategy for overcoming problems with growth 
media is to create symbiotic associations between soil 
fungi, known as mycorrhizae, and plant roots to expand the 
absorption area of roots, thereby improving the efficiency 
of water and nutrient uptake, especially that of phosphorus 
(Ashwin et al., 2018; Kartika et al., 2016, 2018, 2021, 2022; 
Kartika & Gusniwati, 2019; Suparno et al., 2015). In addition, 
mycorrhizae play a role in increasing plant resistance to 
various abiotic (Evelin et al., 2019; Frew & Price, 2019; Haque 
& Matsubara, 2018; Li et al., 2025; Liu et al., 2021; Santander 
et al., 2017), biotic (Ahammed et al., 2020; Campo et al., 2020; 
Deja-Sikora et al., 2020; Dowarah et al., 2021), and heavy metal 
(Atakan et al., 2018; Emamverdian et al., 2015; Gong & Tian, 
2019) stresses and can increase plant competitiveness against 
weeds (El Omari & El Ghachtouli, 2021; França et al., 2016; 
Li et al., 2016). Mycorrhizae also produce growth hormones 
such as auxin, cytokinin, and gibberellin, which play important 
roles in plant physiological processes, including supporting 
callus formation and the successful union of rootstock and 
scion during grafting (Ahmed et al., 2024).

In addition to the mycorrhizae association, the success 
of grafting is strongly influenced by the presence of plant 
growth-promoting substances. Growth-promoting substances 
are active compounds that promote cell division and elongation, 
tissue differentiation and root and shoot formation. Auxin and 
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cytokinin, for example, play essential roles in the process of 
graft union. The appropriate application of growth-promoting 
substances can increase the success rate of grafting while 
accelerating callus growth between the rootstock and scion 
(Köse & Güleryüz, 2006).

The interaction between mycorrhizae and growth-
promoting substances can potentially improve both grafting 
success and seedling quality. Mycorrhizae not only enhance the 
efficiency of nutrient and water uptake but also increase plant 
sensitivity to growth-promoting substances or even modulate 
plant requirements for specific hormones (Alkaç et al., 2023; 
Ashour et al., 2021; Nahak et al., 2018). Conversely, the 
presence of growth-promoting substances can also influence 
mycorrhizal colonization and the quality of the symbionts 
formed.

Although numerous studies on the role of mycorrhizae 
and growth-promoting substances in plant growth have been 
reported separately, their combined effects on the grafting 
of Liberica coffee need further investigation. Therefore, this 
study aimed to evaluate the synergistic effects of mycorrhizae 
and plant growth-promoting substances on grafting success 
and the quality of Liberica coffee seedlings. The results of this 
study are expected to provide valuable scientific contributions 
and practical solutions for the development of Liberica coffee 
nurseries in peat soil. The developed technology could be 
more efficient, more sustainable, and better adapted to the 
challenges posed by suboptimal land conditions.

2 MATERIAL AND METHODS

2.1 Plant Materials
This study was conducted in Mekar Jaya Village, Betara 

District, Tanjung Jabung Barat Regency, Jambi Province, 
Indonesia. The rootstocks were 3-month-old Liberica coffee 
seedlings, 10–12 cm tall, with approximately 4 fully opened 
green leaves. The routine maintenance of rootstocks, such as 
weeding, watering, and pest and disease control, was carried 
out to ensure healthy growth. Inorganic fertilizers were applied 
at 50% of the recommended dosage: 2.31 g of urea (46% N), 
1.43 g of SP-36 (36% P2O5), and 1.10 g of KCl (60% K2O) per 
rootstock.

The cultivar used for both rootstock and scion was 
Coffea liberica cv ‘Kopi Liberika Tungkal Komposit’. The 
scions were collected from a scion garden in West Tanjung 
Jabung Regency, Jambi, Indonesia. The scions were collected 
in the morning, starting around 7:00 a.m., and then wrapped in 
wet paper and placed in airtight plastic bags before use. The 
grafted scions met the following criteria: originated from a 25-
30 year-old mother plant, had one pair of leaves (each cut in 
half), had a stem diameter of 1-2 cm, and were approximately 
15 cm long.

2.2 Media Preparation
The growth medium was peat soil. The soil was air-

dried and sieved through a 10-mesh sieve. Afterward, it was 
sterilized to kill all organisms present in the soil, ensuring 
that only the inoculated mycorrhiza grew and developed, and 
that the observed response was due to the influence of only 
the mycorrhiza. The soil was sterilized in a simple way by 
steaming it in a traditional drum steamer containing boiling 
water heated by firewood. The fire was maintained so that the 
water remained at a boil during steaming for 10 hours.

2.3 Grafting and Maintenance
The rootstock was cut approximately 10 cm from the 

root collar and a split approximately 2 cm long was made in 
the top. The prepared scion was cut on both sides to make it 
pointed, and some of the leaves were removed. Afterward, the 
scion was inserted into the split made in the rootstock and it 
was closed with plastic rope. The grafted seedlings were kept 
under a plastic cover to protect them from heavy rain and 
high temperatures. Three weeks after grafting, the cover was 
removed, and the seedlings were maintained in a glasshouse. A 
routine plant care (watering, applying fertilizer, and controlling 
pests and diseases) was carried out carefully.

2.4 Mycorrhizal Inoculation
The inoculum used was an isolate of arbuscular mycorrhizae 

fungi (AMF) isolated from the rhizosphere of Liberica coffee plants 
grown in West Tanjung Jabung Regency. These isolates were 
collected from a peatland (Kartika et al., 2019). The isolate used 
was a combination of Glomus sp-1a and Glomus sp-3c. Mycorrhizal 
isolates were applied when the seedlings were transferred from small 
to larger polybags by pouring 10 g of inoculum (approximately 50 
spores) around the root area of the seedlings.

2.5 Preparation of Growth-Promoting Substances
Growth-promoting substances such as IBA, BAP, 

coconut water, bean sprout extract, and shallot extract, were 
prepared in advance and applied before to the grafting process. 
Each IBA and BAP were tested at a concentration of 100 ppm 
prepared by dissolving 10 milligrams of each IBA and BAP 
separately in a few drops of alcohol, then adding distilled 
water to a volume of 100 mL. Bean sprout extract and shallot 
extract were prepared by grinding 0.5 kg of bean sprouts and 
shallot bulbs, respectively, then filtering and separating the 
extract from the pulp. Meanwhile, coconut water was obtained 
from young coconut. The volume of each growth-promoting 
substance used to soak the scion was 100 mL.

The scions were soaked in the growth-promoting 
substance solution for approximately 15 minutes and then 
dried using tissue paper. Once sufficiently dry, the grafting 
process was carried out.
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2.6 Experimental Design
A factorial randomized block design was used in this 

trial. The factors tested were mycorrhizal inoculation (with 
and without mycorrhizae) and the application of growth-
promoting substances (no growth-promoting substance or 
control, 100 ppm IBA, 100 ppm BAP, 25% coconut water, 25% 
bean sprout extract, and 25% shallot extract), and 12 treatment 
combinations. Each combination was replicated three times, 
resulting in 36 experimental units. Each experimental unit 
consisted of 10 grafts, four of which were randomly selected 
as samples.

2.7 Observation and Data Analysis
Observations were made on the following variables: 

root infection, grafting success rate, time of apical bud 
emergence, apical shoot diameter, total leaf area, P absorption 
and the seedling quality index. The observation on root 
infection was carried out staining method developed by 
Kormanik and McGraw (1982). Mycorrhizal colonization 
was observed under a microscope by observing all fields of 
view, marking with a (+) for colonization and a (-) for non-
colonization. Ten fields of view were observed in one root 
section. The formula used to calculate the percentage of root 
colonization by mycorrhiza was as follows:

Phosphorus absorption was determined using the wet 
digestion method and the formation of a blue molybdate 
complex according to Jones (2001). Samples consisting of 
leaves, twigs, and stems were dried at 70°C to a constant 
weight, then finely ground. A total of 0.2 - 0.5 g of sample was 
digested using a mixture of concentrated acids HNO₃–HClO₄ 
(5:1, v/v) to obtain a clear solution, then diluted with distilled 
water to a volume of 50 mL. Part of the solution was reacted 
with ammonium molybdate and a reducing agent to form a 
blue complex, the absorbance of which was then measured 
using a spectrophotometer at a wavelength of 880 nm. 
Phosphorus content was determined based on a standard curve 
and expressed as a percentage of dry weight. To calculate the 
P absorbance, the formula was used:

Σ field of views ( )Root infection (%) x100%
Σ total field of views

+=

The grafting success rate was calculated based on the 
percentage of grafted plants that survived until the end of the 
study, using the following formula: 

Σ survive graftingsGrafting success rate (%) x100%
Σ total graftings

=

The time of bud emergence was determined by 
counting the number of days from the time of grafting until 
the apical bud appeared. The apical shoot diameter was 
measured at a height of 0.5-1.0 cm from the base of the shoot 
using a caliper. The total leaf area per plant was measured in 
length and width, and the leaf area was calculated using the 
formula (Gardner et al., 2017): Total Leaf Area = Length x 
Width x 0.67, where 0.67 is a constant value for perennial 
crops such as coffee and cocoa.

P absorption (mg) = P content (%) x Shoot dry weight

Total seedling dry matterSeedling Quality Index
Stem height Shoot dry matter+

Stem diameter Root dry matter

=
  

   
   

Seedling quality index was determined according to 
Dickson et al. (1960) method based on the following formula:

Table 1: Mycorrhizal colonization (%) of Liberica coffee seedling roots following mycorrhizal inoculation and the application of 
plant growth-promoting substances.

Mycorrhizal inoculation Control IBA BAP Coconut water Bean sprout extract Shallot extract
Without mycorrhiza 6.67±2.89 3.33±2.89 6.67±2.89 3.33±2.89 3.33±2.89 3.33±2.89

With mycorrhiza 73.33±2.89 75.00±5.00 83.33±2.89 78.33±2.89 76.67±2.89 78.33±2.89

To determine the effect of treatment on the observed 
variables, the data were statistically analyzed using analysis 
of variance (ANOVA) by the aid of DSAASTAT Ver.1.515 
application {Onofri, 2014 #67}, followed by the least 
significant difference (LSD) test at the 5% confidence level.

3 RESULTS

3.1 Root Infection
There was no interaction effect between the 

mycorrhizal and plant growth-promoting substance treatments 
on root infection (Table 1). The root infection rate of seedlings 
inoculated with mycorrhizae was 77.5%. Seedlings without 
mycorrhizae also had an infection rate of 5%, even though the 
growth medium had been sterilized.

3.2 Grafting Success Rate
There was a significant interaction between mycorrhizae 

and plant growth-promoting substances on grafting success 
rates. Compared with the application without mycorrhizal 
inoculation, the application of growth-promoting substances 
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combined with mycorrhizal inoculation significantly increased 
the grafting success rate (Table 2). When the soil was 
inoculated with mycorrhiza, the application of BAP produced 
the highest grafting success rate (93.33%), whereas in the 
absence of mycorrhiza, the success rate was 80%. Meanwhile, 
IBA, coconut water, bean sprout extract, and shallot extract 
showed lower success rates. Thus, the grafting success was 
influenced by the combination of mycorrhizae and the type of 
plant growth-promoting substance, with BAP having the most 
optimal effect.

3.3 Time of Apical Bud Emergence
The results of the study showed that there was a 

significant interaction between mycorrhizal inoculation and 
plant growth-promoting substances on the time of apical 
bud emergence. The data presented in Table 3 indicate that 
the application of growth-promoting substances along with 
mycorrhizal inoculation significantly accelerated apical 
shoot growth. The fastest shoot formation was achieved in 
mycorrhizal seedlings treated with BAP or coconut water (22.67 
days after grafting). BAP also accelerated shoot formation in 

seedlings without mycorrhizal inoculation (24.5 days after 
grafting). However, no significant differences were observed 
among the effects of the various growth-promoting substances 
tested, either with or without mycorrhizal inoculation. In both 
the presence and absence of growth-promoting substance 
factor, Liberica coffee seedlings inoculated with mycorrhizae 
consistently showed faster shoot growth than those without 
mycorrhizae.

3.4 Apical Shoot Diameter
Data showed that there was a significant interaction 

between mycorrhizal inoculation and plant growth-promoting 
substances on apical shoot diameter. As shown in Table 4, 
mycorrhizal inoculation significantly increased the apical shoot 
diameter of Liberica coffee seedlings, whether or not growth-
promoting substances were present. However, in the absence 
of growth-promoting substances, the diameter decreased 
significantly, even when the growth medium was inoculated 
with mycorrhizae. The application of BAP produced the 
greatest shoot diameter in the presence of mycorrhizae (3.80 
mm) and in the absence of mycorrhizae (3.00 mm).

Table 2: Effects of mycorrhizal inoculation and the application of growth-promoting substances on the success rate of Liberica 
coffee grafting (%).

Mycorrhizal inoculation Control IBA BAP Coconut water Bean sprout extract Shallot extract

Without mycorrhiza 66.67±2.89 d
B

75.00±0.00 b
B

80.00±0.00 a
B

70.00±0.00 c
B

65.00±0.00 d
B

70.00±0.00 c
B

With mycorrhiza 75.00±0.00 d
A

81.67±2.89 bc
A

93.33± 2.89 a
A

83.33±2.89 b
A

80.00±0.00 c
A

81.67±2.89 bc
A

Notes: values followed by the same lowercase letter in the same row and the same uppercase letter in the same column are not significantly 
different (LSD0.05 = 3.27).

Table 3: Effects of mycorrhizal inoculation and the application of growth-related substances on the time of apical bud emergence 
(days after grafting).

Mycorrhizal inoculation Control IBA BAP Coconut water Bean sprout extract Shallot extract

Without mycorrhiza 33.83±0.29 a
A

26.83±0.29 b
A

24.50±0.50 e
A

25.00±0.00 d
A

25.67±0.29 c
A

25.00±0.00 d
A

With mycorrhiza 28.00±0.00 a
B

25.33±0.58 b
B

22.67±0.58 e
B

22.67±0.58 e
B

24.33±0.58 c
B

23.67±0.58 d
B

Notes: values followed by the same lowercase letter in the same row and the same uppercase letter in the same column are not significantly 
different (LSD0.05 = 0.65).

Table 4: Effects of mycorrhizal inoculation and the application of growth-related substances on the diameter of the apical shoot (mm).

Mycorrhizal inoculation Control IBA BAP Coconut water Bean sprout extract Shallot extract

Without mycorrhiza 2.52±0.03 c
B

2.75±0.00 b
B

3.00±0.00 a
B

2.82±0.08 b
B

2.75±0.01 bc
B

2.78±0.03 b
B

With mycorrhiza 2.82±0.03 e
A

2.92± 0.10 d
A

3.80± 0.10 a
A

3.23±0.06 b
A

3.13±0.12 c
A

2.93±0.12 d
A

Notes: values followed by the same lowercase letter in the same row and the same uppercase letter in the same column are not significantly 
different (LSD0.05 = 0.10).
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3.5 Total Leaf Area
The results of the study showed that total leaf area was 

significantly influenced by the interaction between mycorrhizal 
inoculation and plant growth-promoting substances application. 
As shown in Table 5, mycorrhizal inoculation significantly 
increased total leaf area, particularly when combined with BAP, 
coconut water or bean sprout extract. BAP application produced 
the greatest total leaf area in the presence of mycorrhizae 
(72.00 mm2) and in the absence of mycorrhizae (60.33 mm2). 
Conversely, in the absence of growth-promoting substances, the 
total leaf area was the lowest in both groups of seedlings.

3.6 P Absorption
A significant interaction between mycorrhiza and 

plant growth-promoting substances was found in phosphorus 
absorption. In this study, seedlings grown in peat soil without 
mycorrhizal inoculation and without growth-promoting 
substance treatment had significantly lower phosphorus uptake 
than those grown in mycorrhizal-inoculated media and treated 
with growth-promoting substances, except in the comparison 
of those without growth-promoting substance and those treated 
with shallot extract (Table 6). The use of BAP significantly 
increased phosphorus uptake in both mycorrhizal-inoculated 
(36.60) and non-mycorrhizal-inoculated (25.60) seedlings.

3.7 Seedling Quality Index
There was a significant interaction between mycorrhizae 

and plant growth-promoting substances on seedling quality 
index is indicated in Table 7. Liberica coffee seedlings 
inoculated with mycorrhizae had a higher seedling quality index 
than those without mycorrhizae across all the growth-promoting 
substances. Furthermore, compared with seedlings treated with 
all types of growth-promoting substances, both mycorrhizal 
and nonmycorrhizal seedlings grown in media without growth-
promoting substances had the lowest seedling quality index. 
The highest quality index occurred in seedlings treated with 
BAP whether they were grown in media supplemented with 
mycorrhizae (0.84) or without mycorrhizae (0.71); their quality 
indices were significantly higher than those of the seedlings 
treated with the other growth-promoting substances.

4 DISCUSSION

Mycorrhizal inoculation of the peat soil growth 
medium resulted in excellent improvements in the growth 
of Liberica coffee seedlings, as supported by approximately 
77.5% root infection occurring in the mycorrhizal treatment. 
These conditions demonstrated the natural formation of an 
association between mycorrhizae and plant roots, without 

Table 5: Effects of mycorrhizal inoculation and the application of growth-promoting substances on the total leaf area (mm2).

Mycorrhizal inoculation Control IBA BAP Coconut water Bean sprout extract Shallot extract

Without mycorrhiza 35.40±6.39 c
A

46.33±0.58 b
A

60.33±0.58 a
B

44.13±8.19 bc
B

38.27±0.80 bc
B

45.67±0.58 b
A

With mycorrhiza 39.00± 1.00 c
A

51.70±0.58 b
A

72.00±1.00 a
A

57.00±2.65 b
A

48.59±0.53 bc
A

51.03±0.58 b
A

Notes: values followed by the same lowercase letter in the same row and the same uppercase letter in the same column are not significantly 
different (LSD0.05 = 5.44).

Table 6: Effects of mycorrhizal inoculation and the application of growth-related substances on P absorption (mg per seedling).

Mycorrhizal inoculation Control IBA BAP Coconut water Bean sprout extract Shallot extract

Without mycorrhiza 14.56±2.11 d
A

19.93±0.38 bc
B

25.60±0.30a
B

21.58±1.01 ab
B

15.13±0.32 cd
B

22.67±0.46 ab
A

With mycorrhiza 16.19±0.50 d
A

27.81±1.12 b
A

36.60±9.91 a
A

27.63±1.24 bc
A

22.40±0.97 c
A

26.79±0.99 bc
A

Notes: values followed by the same lowercase letter in the same row and the same uppercase letter in the same column are not significantly 
different (LSD0.05 = 5.14).

Table 7: Effects of mycorrhizal inoculation and the application of growth-promoting substances on the seedling quality index.

Mycorrhizal inoculation Control IBA BAP Coconut water Bean sprout extract Shallot extract

Without mycorrhiza 0.33±0.01 f
B

0.65±0.02 b
B

0.71±0.01 a
B

0.63±0.02 c
B

0.42±0.01 e
B

0.47±0.02 d
B

With mycorrhiza 0.47±0.01 e
A

0.73±0.01 b
A

0.84±0.02 a
A

0.75±0.01 a
A

0.52±0.02 d
A

0.57±0.02 c
A

Notes: values followed by the same lowercase letter in the same row and the same uppercase letter in the same column are not significantly different (LSD0.05 = 2.35).



Coffee Science, 21:e212491, 2026

KARTIKA, E. et al.

being affected by the application of plant growth-promoting 
substances. Moreover, seedlings without mycorrhizae also 
showed infection, even when the growth medium had been 
sterilized. This is likely due to initial contamination of the 
growth medium before the seedlings were transferred to larger 
polybags. In addition, seedlings originating from environments 
infected with mycorrhizae might carry mycorrhizal spores or 
hyphae that adhere to root tissue. These spores and hyphae 
perhaps remain viable and develop in new sterile medium. 
This finding is supported by the study of (Campo et al., 2020), 
who showed that mycorrhizal spores and hyphae that survive 
on plant roots are able to survive under sterilized media 
conditions, such that mycorrhizal infection can still occur 
even when the growth medium is sterilized. This reflects the 
adaptive ability of mycorrhizae to maintain survival and re-
establish associations under favorable conditions. 

In general, the application of plant growth-promoting 
substances, particularly BAP, significantly increased the 
success of grafting and the vegetative growth of Liberica 
coffee seedlings. The application of BAP to scions during 
grafting might accelerate bud emergence, increase apical shoot 
diameter, and increase total leaf area in both mycorrhizal and 
non-mycorrhizal-inoculated seedlings. This indicates that 
exogenous cytokinins stimulate meristematic activity and 
tissue formation post grafting phase.

Local application of BAP at the graft point effectively 
accelerated tissue fusion between the rootstock and scion 
during Liberica coffee grafting. As a synthetic cytokinin, BAP 
plays a key role in stimulating meristematic cell division and 
tissue differentiation, which are the initial stages of callus 
formation and vascularization in the graft area. Rasool et 
al. (2020) suggested that cytokinins such as BAP promote 
the expression of genes involved in tissue regeneration and 
vascular tissue formation, thereby accelerating physiological 
integration between the scion and rootstock. Similar findings 
reported by Feng et al. (2024) revealed that the application of 
BAP at the graft point might optimize local hormonal signals 
that support wound healing by increasing cell proliferation and 
metabolic activity. This is consistent with a report by (Jogaiah 
& Porika, 2023), who showed that soaking scions in a BAP 
solution (100 ppm) before grafting can increase grafting 
success by up to 68%. This increase was associated with 
the activity of antioxidant enzymes, such as peroxidase and 
polyphenol oxidase, which play roles in callus formation and 
vascular tissue connectivity. These findings suggest that BAP 
application not only accelerates tissue union but also improves 
graft quality by regulating physiological and biochemical 
processes at the graft site.

Compared with that without mycorrhizae, the success 
of grafting of Liberica coffee seedlings was greater when all 
the growth-promoting substances were applied in the presence 
of mycorrhizae. This finding indicates a synergistic effect of 

mycorrhizae and growth-promoting substances in supporting 
the graft union process. Mycorrhizae play a crucial role in 
enhancing the effectiveness of growth-promoting substances 
by increasing the uptake of key nutrients such as phosphorus 
and nitrogen (Ashwin et al., 2018; Jiang et al., 2021; Lu et 
al., 2023; Wu et al., 2024) and by stimulating the production 
of endogenous hormones such as auxin and cytokinin, 
which support cell division and callus formation (Begum 
et al., 2019). These improved physiological conditions 
increase plant sensitivity to natural and synthetic growth 
regulators, such as BAP, thereby optimizing vascularization 
and tissue regeneration at the grafting point. These findings 
are consistent with Gao et al. (2023), who reported that the 
combination of mycorrhizae and plant hormones accelerated 
tissue regeneration in vegetatively propagated plants.

Our study revealed that, compared with those grown 
on non-inoculated soil, those treated with growth-promoting 
substances and grown on mycorrhizal-inoculated soil exhibited 
faster shoot growth. This occurred because mycorrhizae 
promoted cell division and shoot activation by increasing 
the uptake of nutrients such as phosphorus, nitrogen, and 
potassium (Wu et al., 2024), as well as by stimulating 
endogenous hormones such as auxin and cytokinin (Gao et al., 
2023). This combination of increased nutritional and hormonal 
activity enhances plant metabolism after grafting, thereby 
accelerating shoot growth and tissue recovery.

This study also revealed that, in the absence of growth-
promoting substances, seedlings took longer to develop 
apical shoots, whether in media with or without mycorrhizal 
inoculation. This is probably because graft tissue regeneration 
depends on hormonal factors and nutrient availability, resulting 
in slower callus and vascular tissue formation in their absence. 
Köse and Güleryüz (2006) and Gao et al. (2023) suggested 
that the application of exogenous hormones such as cytokinins 
or auxins accelerates callus formation and vascularization. 
In contrast, without hormonal treatment, the healing process 
and shoot growth take longer. Although mycorrhizae improve 
plant physiological status, the presence of growth-promoting 
substances is still necessary to trigger cell regeneration signals 
in the early phase of grafting.

The increase in apical shoot diameter in response to 
BAP application can be explained by the role of cytokinins in 
activating cell division and expansion in shoot meristem tissue. 
BAP applied to the graft area can translocate acropetally to the 
apical shoot and induce cell division activity in the meristematic 
zone (Cortleven et al., 2019; Zhai et al., 2021). Cytokinins also 
play a role in accelerating callus and vascular tissue formation, 
strengthening connectivity between the rootstock and scion, 
and increasing nutrient and hormonal flow to the growing point 
(Gao et al., 2023; Kieber & Schaller, 2018).

Apical shoot diameter was greater in mycorrhizal-
inoculated seedlings than in non-mycorrhizal-inoculated 
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seedlings for all the growth-promoting substances applied. 
Mycorrhizae improve the efficiency of nutrient uptake, 
particularly of phosphorus and nitrogen, which play roles in 
cell division and shoot meristem enlargement (Deja-Sikora et 
al., 2020; Kartika & Gusniwati, 2019; Ramayana et al., 2022). 
In addition, mycorrhizal associations increase the activity 
of antioxidant enzymes and the production of endogenous 
plant hormones such as auxin and cytokinin, which promote 
shoot growth and accelerate the recovery of connective tissue 
(Wu et al., 2022). Therefore, compared with nonmycorrhizal 
seedlings, mycorrhizal seedlings grew more vigorously and 
presented greater shoot growth capacity.

The most minor shoot diameters were detected in 
seedlings without the application of growth-promoting 
substances, indicating that exogenous hormonal signals are 
required to activate cell division and tissue differentiation 
in the early stage of grafting (Cortleven et al., 2019; Zhai et 
al., 2021). Hormones such as BAP and IBA play direct roles 
in stimulating callus formation and vascularization. At the 
same time, effectiveness of mycorrhizae in supporting shoot 
growth is enhanced when these compounds are combined with 
exogenous hormones.

BAP, also known as N6-benzyladenine, functions 
as a synthetic cytokinin that mimics the activity of natural 
cytokinins in regulating cell division, tissue differentiation, 
and leaf expansion (Aroca et al., 2013; Rehman et al., 2023; 
Selim et al., 2023). The increase in leaf area upon BAP 
application indicates a high photosynthetic capacity in the 
seedlings, which plays a crucial role in supporting post grafting 
growth. Moreover, mycorrhizae enhanced the plant’s response 
to BAP by increasing the efficiency of nutrient uptake, 
particularly that of phosphorus, which plays a role in energy 
metabolism and the biosynthesis of growth compounds. Goh 
et al. (2019) reported that plants inoculated with mycorrhizae 
and treated with synthetic cytokinins exhibited higher levels 
of colonization and physiological activity than those without 
mycorrhizae did, indicating a positive relationship between 
mycorrhizal colonization and cytokinin activity.

The synergistic interaction between BAP and 
mycorrhizae creates physiological conditions that support 
vegetative growth, including leaf expansion and increased 
nutrient uptake. Cytokinins such as BAP not only stimulate 
cell division but also enhance physiological efficiency in 
nutrient absorption, increasing the expression of nutrient 
transporter genes and lateral root activity (Cortleven et al., 
2019). In seedlings without mycorrhizae, BAP application 
can compensate for the limited nutrient uptake caused by 
the absence of external hyphae. In contrast, in seedlings 
with mycorrhizae, BAP synergizes with mycorrhizal hyphae, 
expanding the nutrient-uptake area and facilitating phosphorus 
transport to plant tissues. This interaction results in significantly 
increased P uptake efficiency and increased vegetative growth.

The increase in total leaf area in mycorrhizal-inoculated 
seedlings treated with BAP, coconut water, or bean sprout 
extract indicated a synergistic effect between mycorrhizae 
and growth-promoting substances on the expansion of the 
plant’s photosynthetic area. Mycorrhizae increase phosphorus 
and nitrogen uptake (Aishwarya et al., 2022; Ramayana et 
al., 2022), which are needed for leaf tissue formation and 
chlorophyll synthesis, whereas growth-promoting substances 
increase cell expansion through hormonal regulation (Goh et 
al., 2019; Zhai et al., 2021). However, when IBA or shallot 
extract was applied, the increase in total leaf area was relatively 
small because these hormones play important roles in root and 
callus formation (Gao et al., 2023).

Furthermore, the use of natural growth-promoting 
substances such as coconut water also had a significant effect 
on mycorrhizal-inoculated seedlings. However, the effect was 
weaker than that of synthetic growth-promoting substances. 
These findings indicated that the synergistic contribution of 
mycorrhizae and growth-promoting substances promoted 
shoot formation and leaf expansion. Coconut water contains 
high levels of natural phytohormones such as cytokinins, 
gibberellins and auxins, which can directly accelerate cell 
division, shoot growth, and tissue regeneration (Smith & 
Read, 2017). The combination of mycorrhizal inoculation and 
coconut water application created an optimal physiological 
environment, in which the increased nutrition provided by 
mycorrhizae enhanced the effectiveness of the phytohormones 
in coconut water, significantly accelerating bud emergence. 
Thus, the synergy between mycorrhizae, synthetic growth-
promoting substance (BAP), and natural phytohormones 
in coconut water collectively enhanced the physiological 
efficiency of plants in accelerating shoot growth in grafted 
Liberica coffee seedlings.

These improvements in growth parameters, as 
previously mentioned, have direct implications for the 
physiological quality of the seedlings, as reflected by the 
highest seedling quality index in the application of BAP, 
either with or without mycorrhizal inoculation. These findings 
indicated that BAP was effective at stimulating meristematic 
activity, cell division, and tissue expansion and increasing 
vegetative growth, which overall were integrated into the 
seedling quality index (Smith & Read, 2017; Zhai et al., 
2021). These findings confirm that the application of synthetic 
cytokinins such as BAP might optimize vegetative growth and 
accelerate the recovery of grafted tissue. On the other hand, 
coconut water contains various natural phytohormones, such as 
auxins, cytokinins, and gibberellins, which can also stimulate 
shoot and root growth and accelerate the recovery of grafted 
tissue (Kartika et al., 2023). The combination of mycorrhizae 
with natural plant growth regulators, such as coconut water, 
creates a synergistic effect that improves seedling quality, as 
reflected by high seedling quality index values.
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Compared with that in non-mycorrhizal-inoculated 
seedlings, the quality index in mycorrhizal-inoculated 
seedlings was greater across all the applied growth-promoting 
substances. These findings confirm the role of mycorrhizae in 
enhancing nutrient uptake and hormonal balance that support 
vegetative growth. Mycorrhizae also increase the activity 
of antioxidant enzymes and the production of endogenous 
hormones, such as cytokinins and auxins, that contribute to 
biomass formation and leaf area (Wu et al., 2022). Moreover, 
in the absence of growth-promoting substances, the seedling 
quality index was lowest because exogenous hormonal 
stimuli were absent, which accelerated physiological and 
morphogenetic activities in the plants. Growth-promoting 
substances such as BAP and IBA accelerate the formation of 
vascular tissue and increase the distribution of photosynthetic 
products to actively growing tissues (Cortleven et al., 2019; 
Taiz et al., 2015). The application of these hormones could 
increase the height, stem diameter, and dry weight of grafted 
Robusta coffee seedlings (Kamilah et al., 2024). Thus, the low 
seedling quality index in the absence of growth-promoting 
substances was due to limited hormonal signals that regulate 
cell division and tissue differentiation, resulting in slow 
vegetative growth despite the mycorrhizal association.

5 CONCLUSIONS

The application of plant growth-promoting substances 
and mycorrhizal inoculation were critical for improving the 
graft union, growth and quality of Liberica coffee seedlings 
grown in peat soil. The best performance was obtained when 
the grafts were treated with the synthetic growth-promoting 
substance BAP and grown on mycorrhizal-inoculated soil. 
Natural growth-promoting substances such as coconut water, 
bean sprout extract, and shallot extract also contributed 
positively, but their effects were weaker than those of synthetic 
growth-promoting substances such as BAP and IBA.

6 ACKNOWLEDGMENTS

The authors would like to thank the Rector, Dean of the 
Faculty of Agriculture, and Head of Research and Community 
Service Institute University of Jambi for their support of this 
research. This research was funded by a University of Jambi Internal 
Research Grant under “Applied Research” Scheme, Contract No: 
300/UN21.11/PT01.05/SPK/2024, dated 16 June 2024.

7 AUTHORS’ CONTRIBUTIONS

Conceptual Idea: Duaja, M.D.; Gusniwati, G.; Kartika, E.; 
Zulkarnain, Z.; Methodology design: Duaja, M.D.; Gusniwati, 
G.; Kartika, E.; Zulkarnain, Z.; Data collection: Duaja, M.D.; 
Gusniwati, G.; Kartika, E.; Data analysis and interpretation: 

Duaja, M.D.; Gusniwati, G.; Kartika, E.; Zulkarnain, Z.; and 
Writing and editing: Kartika, E.; Zulkarnain, Z.

8 DATA AVAILABILITY STATEMENT

Data available upon request to authors.

9 REFERENCES

Ahammed, G. J. et al. (2020). Role of melatonin in arbuscular 
mycorrhizal fungi-induced resistance to Fusarium wilt in 
cucumber. Phytopathology, 110:999-1009. 

Ahmed, N. et al. (2024). Symbiotic synergy: How arbuscular 
mycorrhizal fungi enhance nutrient uptake, stress 
tolerance, and soil health through molecular mechanisms 
and hormonal regulation. IMA Fungus, 16:e144989. 

Aishwarya, A. et al. (2022). Coconut water as a root 
hormone: Biological and chemical composition 
and applications. The Pharma Innovation Journal, 
11(12):1678-1681.

Alkaç, O. S. et al. (2023). The effects of Bacillus cereus, 
Pseudomonas putida and mycorrhiza applications on root 
growth of softwood rose cuttings. Turkish Journal of 
Agriculture - Food Science and Technology, 11(3):447-453. 

Aroca, R. et al. (2013). Arbuscular mycorrhizal symbiosis 
influences strigolactone production under salinity and 
alleviates salt stress in lettuce plants. Journal of Plant 
Physiology, 170(1):47-55. 

Ashour, H. A. et al. (2021). Responses of different quality 
parameters of Chia to arbuscular mycorrhiza and plant 
growth regulator. Advances in Horticultural Science, 
35(2):139-150. 

Ashwin, R. et al. (2018). Evaluation of different arbuscular 
mycorrhizal fungi for selecting the best for inoculating 
soybean cultivars MAUS 2 and MAUS 212. Pertanika 
Journal of Tropical Agricultural Science, 41(4):1587-
1598.

Atakan, A. et al. (2018). Effects of arbuscular mycorrhizal 
fungi (AMF) on heavy metal and salt stress. Turkish 
Journal of Agriculture - Food Science and Technology, 
6(11):1569-1574. 

Begum, N. et al. (2019). Role of arbuscular mycorrhizal fungi 
in plant growth regulation: Implications in abiotic stress 
tolerance. Frontiers in Plant Science, 10:1068. 

Campo, S. et al. (2020). Effect of root colonization by 
arbuscular mycorrhizal fungi on growth, productivity and 
blast resistance in Rice. Rice, 13:42. 



Coffee Science, 21:e212491, 2026

Synergistic Effects of Mycorrhizae and Growth-Promoting Substances on the Success of Grafting and the Quality of Liberica Coffee Seedlings

Carvalho, J. P. F. et al. (2015). Dynamics of macronutrients 
in Coffea canephora genotypes with potential for use as 
rootstock. Coffee Science, 10(2):76-183.

Cortleven, A. et al. (2019). Cytokinin action in response 
to abiotic and biotic stresses in plants. Plant, Cell and 
Environment, 42(3):998-1018. 

Deja-Sikora, E. et al. (2020). Arbuscular mycorrhiza changes 
the impact of Potato Virus Y on growth and stress 
tolerance of Solanum tuberosum L. in vitro. Frontiers in 
Microbiology, 10:2971. 

Dickson, A. et al. (1960). Quality appraisal of white spruce 
and white pine seedling stock in nurseries. Forest 
Chronicle, 36(1):10-13. 

Dowarah, B. et al. (2021). Arbuscular mycorrhizal fungi in 
conferring tolerance to biotic stresses in plants. Journal of 
Plant Growth Regulation, 41(4):1429-1444. 

El Omari, B., & El Ghachtouli, N. (2021). Arbuscular 
mycorrhizal fungi-weeds interaction in cropping and 
unmanaged ecosystems: A review. Symbiosis, 83:279-292. 

Emamverdian, A. et al. (2015). Heavy metal stress and some 
mechanisms of plant defense response. The Scientific 
World Journal, 756120, 18 pages.

Espíndula, M. C. et al. (2018). Quality evaluation of Coffea 
canephora ‘Apoatã’ seeds for rootstock production. Coffee 
Science, 13(1):1-8.

Evelin, H. et al. (2019). Mitigation of salinity stress in 
plants by arbuscular mycorrhizal symbiosis: Current 
understanding and new challenges. Frontiers of Plant 
Science, 10:470. 

Feng, M. et al. (2024). Plant grafting: Molecular mechanisms 
and applications. Molecular Plant, 17(1):75-91. 

Ferreira, A. D. et al. (2009). Physiological index of seedlings 
of Coffea arabica grafted on Coffea canephora. Coffee 
Science, 4(1):27-34.

Ferreira, A. D. et al. (2011). Vegetative development of 
cultivars Coffea arabica L. grafted in Apoatã IAC 2258 
(Coffea canephora Pierre ex A. Froehner). Coffee Science, 
6(1):20-26.

França, A. C. et al. (2016). Mycorrhizal fungi increase coffee 
plants competitiveness against Bidens pilosa interference. 
Pesquisa Agropecuaria Tropical, 46(2):132-139. 

Frew, A., & Price, J. N. (2019). Mycorrhizal mediated plant-
herbivore interactions in a high CO2 world. Fuctional 
Ecology, 33(8):1376-1385. 

Gao, X. et al. (2023). Individual and combined effects 
of arbuscular mycorrhizal fungi and phytohormones 
on the growth and hysiobiochemical characteristics 
of tea cutting seedlings. Frontiers in Plant Science, 
14:1140267. 

Gardner, F. P. et al. (2017). Physiology of crop plants (2nd 
ed.). India: Scientific Publishers. 327p.

Goh, D. M. et al. (2019). A stimulatory role for cytokinin in 
the arbuscular mycorrhizal symbiosis of pea. Frontiers in 
Plant Science, 10:262. 

Gong, X., & Tian, D. Q. (2019). Study on the effect 
mechanism of Arbuscular Mycorrhiza on the absorption 
of heavy metal elements in soil by plants. IOP 
Conference Series: Earth and Environmental Science, 
267(5):052064. 

Haque, S. I., & Matsubara, Y.-I. (2018). Salinity tolerance 
and sodium localization in mycorrhizal strawberry plants. 
Communications in Soil Science and Plant Analysis, 
49(22):2782-2792. 

Jiang, F. et al. (2021). Arbuscular mycorrhizal fungi enhance 
mineralisation of organic phosphorus by carrying bacteria 
along their extraradical hyphae. New Phytologist, 
230(1):304-315. 

Jogaiah, S., & Porika, H. (2023). Scion preconditioning 
and cytokinin treatment improved graft compatibility in 
Red Globe grape grafted on Dogridge rootstock. Indian 
Journal of Horticulture, 80(2):165-170. 

Jones, J. B. (2001). Laboratory guide for conducting soil tests 
and plant analysis. Boca Raton, FL: CRC Press. 464p.

Kamilah, A. D. et al. (2024). The effect of auxin and 
cytokinin hormones on the growth of Robusta coffee 
(Coffea canephora) seedlings in the grafting propagation 
method of plagiotrop rootstock cuttings. International 
Conference on Biology Education, Natural Science, and 
Technology, 2(1):118-122.

Kartika, E. et al. (2016). The growth of immature oil palm 
plant (phase 1) to indigenous mycorrhizal and organic 
fertilizer doses application on marginal land. Biospesies, 
9(1):29-37. 

Kartika, E. et al. (2019). Diversity of arbuscular mycorrhizal 
fungi from Liberica Tungkal Jambi coffee plant 
rhizosphere on peatland. IOP Conference Series: Earth 
and Environmental Science, 391:012058.

Kartika, E. et al. (2022). Responses of mycorrhizal liberica 
coffee plants in peatlands to the inorganic fertilizers 
application. Jurnal Agro, 9(2):178-192. 



Coffee Science, 21:e212491, 2026

KARTIKA, E. et al.

Kartika, E. et al. (2023). Interaction between arbuscular 
mycorrhizal and antagonistic rhizosphere fungi in peat 
soil enhancing growth of Coffea liberica seedlings. 
Agrivita, 45(3):534-547. 

Kartika, E. et al. (2021). Response of liberica coffee grafted 
with robusta on various scion length and mycorrhizal 
fungi inoculated. Jurnal Agro, 8:164-177. 

Kartika, E., & Gusniwati, G. (2019). The success of grafting 
and grafted robusta coffee (Coffea robusta L.) seedlings 
growth on mycorrhizae application and rootstock height. 
Biospesies, 12(2):9-19. 

Kartika, E. et al. (2018). Jatropha curcas L. responses to 
indigenous mycorrhizae and P fertilizers at coal post-
mining land. Biospesies, 11(1):10-18. 

Kieber, J. J., & Schaller, G. E. (2018). Cytokinin signaling in 
plant development. Development, 145(4):149344. 

Kormanik, P. P., & McGraw, A.-C. (1982). Quantification 
of vesicular-arbuscular mycorrhizae in plant root. In N. 
Schenck (Ed.). Methods and principles of mycorrhizae 
research. The American Phytopathology Society, 
(pp.37-45).

Köse, C., & Güleryüz, M. (2006). ffects of auxins and 
cytokinins on graft union of grapevine (Vitis vinifera). 
New Zealand Journal of Crop and Horticultural Science, 
34(2):45-150. 

Li, J. et al. (2025). Arbuscular mycorrhizal fungi enhance 
drought resistance and alter microbial communities in 
maize rhizosphere soil. Environmental Technology and 
Innovation, 37:103947.

Li, M. et al. (2016). Meta-analysis of crop and weed growth 
responses to arbuscular mycorrhizal fungi: Implications 
for integrated weed management. Weed Science, 64:642-
652. 

Liu, L. et al. (2021). Combined application of arbuscular 
mycorrhizal fungi and exogenous melatonin alleviates 
drought stress and improves plant growth in tobacco 
seedlings. Journal of Plant Growth Regulation, 40:1074-
1087. 

Lu, Y. et al. (2023). Arbuscular mycorrhizal fungi enhance 
phosphate uptake and alter bacterial communities in 
maize rhizosphere soil. Frontiers in Plant Science, 
14:1206870. 

Nahak, S. A. et al. (2018). Application of mycorrhizal 
dosages and the plant growth regulator indole butyric acid 

on the yield of Siam citrus (Citrus nobilis var. microcarpa 
L.). Gema Agro, 23(2):167-175. 

Onofri, A., & Pannacci, E. (2014). Spreadsheet tools 
for biometry classes in crop science programmes. 
Communications in Biometry and Crop Science, 9(2):43-53.

Ramayana, S. et al. (2022). Benzyl amino purine (BAP) 
growth regulator application and shoot origin stem 
lai (Durio kutejensis) against growth durian (Durio 
zibethinus Murr) grafting seedlings. Advances in 
Biological Sciences Research, 17:26-33. 

Rasool, A. et al. (2020). Mechanisms underlying graft union 
formation and rootstock–scion interaction in horticultural 
plants. Frontiers in Plant Science, 11:590847. 

Rehman, M. U. et al. (2023). Effect of BAP 
(6-Benzylaminopurine) and NAA (α-Napthalene Acetic 
Acid) treatment on micropropagation of Adansonia 
digitata L. Plant Cell Biotechnology and Molecular 
Biology, 23(3-4):42-51. 

Santander, C. et al. (2017). Arbuscular mycorrhiza effects 
on plant performance under osmotic stress. Mycorrhyza, 
27(7):639-657. 

Selim, S. et al. (2023). BAP (6-Benzylaminopurine) seed-
priming enhanced growth, antioxidant accumulation and 
anthocyanin metabolism in olive sprouts. Horticulturae, 
9(9):1055. 

Smith, S. E., & Read, D. (2017). Mycorrhizal symbiosis (3rd 
ed.). New York: Elsevier Ltd. 787p.

Suparno, A. et al. (2015). Inoculation of arbuscular 
mycorrhizal fungi increase the growth of cocoa and coffee 
seedling applied with ayamaru phosphate rock. Journal of 
Agricultural Science, 7(5):199-210. 

Taiz, L. et al. (2015). Plant physiology and development (6th 
ed.). Sunderland, Massachusetts: Sinauer Associates. 761 p.

Wu, T. et al. (2022). Arbuscular mycorrhizal fungi enhanced 
the growth, phosphorus uptake and Pht expression 
of olive (Olea europaea L.) plantlets. PeerJ Life and 
Environment, 10:e13813. 

Wu, Y. et al. (2024). Inoculation with arbuscular mycorrhizal 
fungi improves plant biomass and nitrogen and phosphorus 
nutrients: A meta-analysis. BMC Plant Biology, 24:960. 

Zhai, L. et al. (2021). Molecular and physiological 
characterization of the effects of auxin-enriched rootstock 
on grafting. Horticulture Research, 8:74. 


