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A B S T R A C T

Containerized plant cultivation is central to urban greening, horticulture, nurseries, and small-scale food pro
duction but is often limited by root circling, poor aeration, and inefficient resource use. Conventional air-pruning 
pots alleviate circling but cause water loss, nutrient leaching, and lack adaptability to diverse root systems. To 
address these limitations, we developed meshball-mediated air-pruning, a scalable method embedding stainless- 
steel spheres into soil to create localized aeration pockets, enabling targeted root pruning while minimizing 
water and soil loss. Testing across four species revealed strong benefits for ornamental shrubs: in dwarf ixora 
(Ixora coccinea), shoot fresh weight increased by 120 %, branch number by 55 %, and root biomass by 139 %, 
while firebush (Hamelia patens) showed 87 % greater height and 59 % higher root biomass compared with 
controls. These effects were linked to early disruption of apical dominance, stimulation of lateral roots, and 
improved root–shoot signaling. By contrast, pak choi (Brassica rapa var. chinensis) showed no measurable change, 
and white teak (Gmelina arborea) seedlings displayed reduced root biomass, underscoring species-specific re
sponses. Structural evaluation confirmed meshballs provided stable aeration for six months without corrosion or 
soil intrusion. Overall, meshball-mediated air-pruning represents a resource-efficient alternative to conventional 
containers, particularly effective for ornamental shrubs in urban landscapes, and offers a sustainable approach to 
enhance root architecture, plant vigor, and survival in horticulture, forestry, and greening applications.

1. Introduction

As cities expand and temperatures rise, urban landscapes face 
increasing pressure to provide both livability and ecological stability. 
Green spaces are now recognized as essential infrastructure that deliver 
ecosystem services, mitigate urban heat islands, and support biodiver
sity (Norton et al., 2015; Tzoulas et al., 2007). From large botanical 
gardens to community and rooftop gardens, such initiatives not only 
enhance aesthetic and recreational value but also improve air quality, 
regulate stormwater, and sustain pollinator habitats.

The success of greening strategies depends strongly on efficient 
seedling establishment, which determines plant survival, growth, and 
long-term ecological contributions (Grossnickle, 2012). Root system 
architecture plays a central role: fibrous, well-branched roots enhance 
soil exploration, nutrient acquisition, water uptake, and shoot vigor 
(Trubat et al., 2010). In contrast, containerized cultivation often causes 

root circling, girdling, and poor aeration, leading to reduced transplant 
success and limited long-term growth (Marshall and Gilman, 1998; 
Ortega et al., 2006; Tsakaldimi et al., 2005). For ornamental shrubs and 
fast-growing species, root quality also influences plant stability, 
aesthetic appeal, and delivery of ecosystem services (Sánchez-Gómez 
et al., 2006).

Root air-pruning provides a promising solution to these challenges. 
By exposing root tips to air, apical dominance is disrupted, stimulating 
lateral root initiation and enhancing fibrous root density (Elsysy and 
Einhorn, 2022; Marler and Musser, 2016). These changes improve water 
and nutrient uptake (Lynch, 2019) and promote shoot development 
through root–shoot signaling (Aloni et al., 2006; Vysotskaya et al., 2001; 
Werner et al., 2010). Conventional air-pruning containers have shown 
benefits in seedling quality and transplant performance (Marshall and 
Gilman, 1998; Ortega et al., 2006). However, their reliance on contin
uous sidewall perforations accelerates water loss, promotes nutrient 
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leaching, and restricts adaptability across species and production sys
tems. This highlights the need for simpler, resource-efficient approaches 
that enable localized air exposure without compromising water-use 
efficiency.

In this study, we evaluated a novel method of embedding stainless- 
steel meshballs into soil to create localized aeration pockets that pro
mote root air-pruning. We tested the system in four contrasting species: 
dwarf ixora (Ixora coccinea), firebush (Hamelia patens), pak choi (Bras
sica rapa var. chinensis), and white teak (Gmelina arborea). These were 
chosen to represent distinct functional categories. Dwarf ixora, a pop
ular ornamental with compact growth and vibrant flowers, is widely 
used in urban gardens and streetscapes (Baliga and Kurian, 2012). 
Firebush is valued for its striking blooms and ecological role as a nectar 
source for butterflies and hummingbirds (Lasso and Naranjo, 2006; 
Palathoti et al., 2022). Pak choi, a staple leafy vegetable in Asian diets, 
exemplifies the urban farming sector where rapid and healthy seedling 
establishment is essential (Nieto et al., 2025; Wang et al., 2023). White 
teak, a fast-growing tropical hardwood, is important for reforestation, 
timber production, and ecological restoration, where root vigor un
derpins long-term survival (Dvorak, 2004).

By systematically comparing species with diverse growth habits and 
ecological roles, this study demonstrates how meshball-mediated air- 
pruning can overcome the limitations of conventional containers. Cur
rent practices often waste water, restrict root development due to the 
extreme root circling, and limit adaptability—factors that undermine 
the success of urban greening and sustainable horticulture. Our work 
positions meshballs as a scalable, resource-efficient strategy to improve 
seedling quality, accelerate establishment, and strengthen resilience in 
both food and ornamental systems.

2. Materials and methods

2.1. Plant material and propagation

Dwarf ixora (Ixora coccinea), firebush (Hamelia patens), pak choi 
(Brassica rapa var. chinensis), and white teak (Gmelina arborea) were used 
in this study. Dwarf ixora cuttings were rooted in IAA and transplanted 
after one month. Firebush plants were directly transplanted. Pak choi 
seedlings were germinated and maintained under controlled conditions 
(22 ◦C, 60 % RH, 16 h light/8 h dark). In addition, no additional fer
tilizer was supplied during pak choi cultivation, as the commercial soil 
substrate contained nutrient levels sufficient to support growth 
throughout the short four-week experimental period. White teak seed
lings were collected from natural regeneration, acclimatized, and grown 
under greenhouse conditions. Dwarf ixora, firebush, and white teak 
were harvested six months after transplanting, while pak choi was 
harvested at four weeks.

2.2. Air-pruning treatment

Dwarf ixora, firebush, and white teak were grown in 7.5 L pots, while 
pak choi was cultivated in 0.3 L pots. The commercial BVB substrate was 
mixed with sand at a 15:1 ratio to improve drainage.

For the control treatment, the substrate mixture was filled directly 
into the pots. For the air-pruning treatment, the bottom layer of each pot 
was filled with the substrate mixture, followed by placement of three 
stainless-steel mesh balls. The mixture was then added to cover the mesh 
balls completely, after which three additional mesh balls were posi
tioned at mid-depth to establish aeration pockets (Supplementary 
Figure S1). Each pot contained about 4 Kg of substrate mixture.

Mesh ball sizes were adjusted based on species: 9 cm for dwarf ixora, 
firebush, and white teak, and 5 cm for pak choi (Supplementary 
Figure S2). For all plant species, a minimum of 6 replicates were used per 
condition in each experiment, and the study was repeated three times.

After transplanting, dwarf ixora, firebush, and white teak plants were 
grown for six months and received monthly applications of NPK 

15–15–15 granular fertilizer at a concentration of 4 g per pot. Pak choi 
plants were grown for four weeks without application of fertilizers.

2.3. Growth and physiological measurements

Dwarf ixora, firebush, and white teak plants were grown for six 
months, whereas pak choi was cultivated for four weeks prior to har
vesting. Plants were imaged, and shoot and root traits—including 
biomass, plant height, leaf or branch number, and root morpholo
gy—were recorded (Supplementary Fig. S1).

2.4. Statistical analysis

All statistical analyses were performed using Microsoft Excel. Data 
are presented as mean ± standard deviation. Treatment comparisons 
were conducted using two-tailed Student’s t-tests. Statistical signifi
cance was defined as ***p < 0.001, **p < 0.01, *p < 0.05.

3. Results and discussion

3.1. Structural and functional assessment of meshball-mediated air- 
pruning

Upon harvesting, soil removal revealed that meshballs remained 
unfilled, confirming maintenance of localized air pockets for root 
pruning. Roots entering the meshballs were predominantly pruned, with 
multiple lateral roots emerging from these sites (Supplementary 
Figure S3), forming denser root systems adjacent to the meshballs. No 
corrosion was observed on stainless-steel meshballs after prolonged 
exposure to wet soil, although corrosion-resistant plastics could be 
considered for long-term applications. These findings demonstrate that 
meshballs effectively maintain air pockets, stimulate lateral root pro
liferation, and provide durable performance in soil environments.

3.2. Species-Specific responses

Meshball-mediated air-pruning effectiveness varied among species 
due to differences in growth habit and responsiveness to root pruning. 
Dwarf ixora and firebush exhibited marked growth enhancements under 
air-pruning conditions. In dwarf ixora, shoot fresh weight increased by 
120 %, branch number by 55 %, and root biomass by 139 % (Fig. 1, 
Table 1). Firebush showed an 87 % increase in plant height and a 59 % 
increase in root biomass (Fig. 2, Table 2). The stronger response 
observed in dwarf ixora is likely attributable to early-stage trans
plantation into air-pruning pots, which enabled root system reshaping 
from the onset of establishment. In contrast, firebush plants were 
transplanted at an adult stage from conventional pots, where existing 
root structures were already formed. This likely limited the degree to 
which air-pruning could redirect root growth, resulting in a moderate 
but still substantial improvement in shoot height and root biomass.

These findings underscore the importance of transplantation timing 
as a determinant of air-pruning efficacy. The improvements observed in 
firebush, although significant, may not represent the upper limit of 
achievable benefits. Future studies that systematically vary the devel
opmental stage at transplantation—from seedlings to progressively 
mature plants—will be essential to identify the optimal window for 
meshball introduction in this species. Such optimization has practical 
relevance for ornamental horticulture and landscape management, 
where maximizing root health and shoot vigor is critical for performance 
under field conditions. A species-specific approach to transplant timing 
may therefore enhance the broader applicability and economic value of 
meshball-based air-pruning systems.

The observed growth enhancements align with the effects of root 
apical pruning, which disrupts apical dominance, redistributes auxin 
locally, and stimulates lateral root initiation (Aloni et al., 2006; Fukaki 
and Tasaka, 2009; Lavenus et al., 2013; Miller and Graves, 2019; 
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Overvoorde et al., 2010; Roy et al., 2025). Dense, fibrous root systems 
likely improved nutrient and water uptake, while strengthened 
root-to-shoot signaling facilitated vegetative branching and shoot 
elongation. In firebush, increased plant height may involve 
cytokinin-mediated responses, as reported in Arabidopsis, tobacco, and 
wheat (Aloni et al., 2006; Werner et al., 2010; Zhang et al., 2024).

In contrast, pak choi showed no measurable improvement in shoot or 
root biomass or leaf number (Supplementary Figure S4, Table S3), and 
white teak seedlings exhibited reduced root biomass in air-pruning pots 
(Supplementary Figures S5, S6, Table S4). Fast-growing tree species 

typically allocate biomass to dominant roots for anchorage and water 
acquisition (South and Mitchell, 1999). Air-pruning may disrupt this 
developmental strategy, reducing overall root biomass without 
compensatory lateral root proliferation. Similar effects have been 
observed in Pinus and Eucalyptus nursery seedlings, where constrained 
root development compromised transplant performance (Lindström and 
Rune, 1999; Löf et al., 2012; Ortega et al., 2006).

3.3. Limitations of conventional air-pruning pots and advantages of the 
meshball design

Conventional air-pruning pots reduce root circling and promote 

Fig. 1. Growth and root responses of dwarf ixora seedlings under control and meshball-mediated air-pruning conditions. (A) Six representative seedlings per 
treatment immediately after transplanting. (B) The same treatments six months post-transplanting, where meshball-mediated air-pruning promoted greater height 
and biomass than controls. (C) Shoot and root morphology at six months post-transplanting. Top: representative shoots; Bottom: corresponding root systems. Plants 
exposed to meshball-mediated air-pruning displayed longer shoots and larger root systems compared with controls, highlighting the role of localized root pruning in 
enhancing overall growth.

Table 1 
Effect of meshball-mediated air-pruning treatment on growth parameters of 
dwarf ixora seedlings.

Parameter Control Test

Shoot Fresh Weight (g) 7.54 ± 2.09 16.61 ± 3.13***
Number of Branches 3 ± 0.63 4.67 ± 0.82**
Plant Height (cm) 16.54 ± 2.34 20.94 ± 1.33**
Root Fresh Weight (g) 3.28 ± 1.67 7.84 ± 1.11***
Root Length (cm) 56.47 ± 23.39 86.02 ± 15.49*
Whole Plant Dry Weight (g) 3.41 ± 1.08 6.97 ± 1.07***

Data are presented as mean ± standard deviation. Treatment comparisons were 
conducted using two-tailed Student’s t-tests. Statistical significance was defined 
as ***p < 0.001, **p < 0.01, *p < 0.05. p-values are given in Supplementary 
Table S1.

Fig. 2. Growth and root responses of firebush plants under control and meshball-mediated air-pruning conditions. (A) Six representative seedlings per treatment 
immediately after transplanting. (B) The same treatments six months post-transplanting, where meshball-mediated air-pruning promoted greater shoot height 
compared with controls. (C) Root morphology at the start of the experiment (immediately before transplanting). (D) Root systems six months post-transplanting, 
showing increased root fresh weight in plants subjected to meshball-mediated air-pruning.

Table 2 
Effect of meshball-mediated air-pruning treatment on growth parameters of 
firebush plants.

Parameter Control Test

Shoot Fresh Weight (g) 41.45 ± 13.92 40.52 ± 14.56
Increase in Plant Height ( %) 14.92 ± 13.43 27.97 ± 11.62*
Root Fresh Weight (g) 5.34 ± 3.68 8.49 ± 4.93*
Root Length (cm) 22.86 ± 9.73 33.1 ± 16.13
Whole Plant Dry Weight (g) 15.89 ± 5.39 15.05 ± 4.15

Data are presented as mean ± standard deviation. Treatment comparisons were 
conducted using two-tailed Student’s t-tests. Statistical significance was defined 
as *p < 0.05. p-values are given in Supplementary Table S2.
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lateral root branching, but sidewall perforations accelerate water loss, 
delaying effective pruning during early seedling development (Marshall 
and Gilman, 1998; Ortega et al., 2006). Traditional pots can also induce 
spiraled or girdling roots, impairing nutrient uptake and long-term 
stability (Marshall and Gilman, 1998; Tsakaldimi et al., 2005), a crit
ical concern for ornamental shrubs with aesthetic and commercial value 
(Gilman and Beeson, 1996; Topic et al., 2006).

The meshball system overcomes these limitations by providing 
localized aeration that minimizes water loss while enabling early and 
effective root pruning. Sequential pruning points at mid- and basal 
depths reduce root circling and stimulate lateral root formation (Fig. 3, 
Supplementary Figure S7). Meshball size and placement can be 
customized: central placement benefits straight-growing roots, whereas 
side-aligned meshballs enhance adventitious root development. This 
approach promotes uniform and timely pruning while reducing soil 
volume requirements, enhancing resource efficiency without compro
mising growth.

Meshball feasibility varies by plant type, requiring tailored config
urations for optimal performance. Herbaceous species benefit from 
shallow meshball placement (5–10 cm), which stimulates lateral root 
proliferation in fibrous root zones. Slower-rooting herbs or transplant- 
sensitive species warrant further evaluation (Leskovar and Stoffella, 
1995).

Ornamental shrubs respond favorably to centrally positioned 

meshballs at multiple depths. This configuration prevents root circling, 
promotes fibrous architecture, and improves transplant establish
ment—key requirements for nursery production (Marshall and Gilman, 
1998; Gilman and Beeson, 1996). Dwarf ixora and firebush demon
strated substantial growth enhancement, suggesting moderate-growth 
shrubs are ideal candidates. Early-stage meshball introduction maxi
mizes architectural benefits (Burdett, 1990).

Climbing plants gain advantages from peripherally distributed 
meshballs, which trigger adventitious rooting along stems. This supports 
vertical growth habits and provides stable anchorage in constrained 
volumes (Stuepp et al., 2018), making the approach suitable for living 
walls and container-based vertical systems.

Tree seedlings present challenges, as white teak exhibited reduced 
root biomass under air-pruning. Species investing heavily in tap roots for 
anchorage and water access may experience developmental disruption 
rather than improvement (South and Mitchell, 1999; Lindström and 
Rune, 1999). Meshball application to woody seedlings requires 
species-specific assessment of natural root strategies and end-use 
requirements.

Beyond functional advantages, meshballs offer scalable and sus
tainable solutions for diverse contexts, including household gardening, 
commercial nurseries, and urban greening projects. By improving water- 
use efficiency and reducing soil requirements, meshballs provide prac
tical, economically viable strategies for sustainable cultivation. 

Fig. 3. Conceptual model illustrating the effect of meshball-mediated air-pruning on ornamental plants at the end of the experiment. Plants grown in control pots 
were shorter, had lower shoot and root biomass, and exhibited root circling. In contrast, meshball-mediated air-pruning promoted taller growth, increased biomass, 
more branches, and reduced root circling, highlighting the proposed mechanism by which localized root pruning enhances overall plant development.
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Overcoming the structural and functional limitations of conventional 
pots, the meshball system represents a versatile, scalable, and sustain
able advancement in containerized plant cultivation.

4. Conclusion

This study shows that meshball-mediated air-pruning enhances 
growth and root architecture in ornamental shrubs, though species re
sponses vary. The meshball design addresses limitations of conventional 
air-pruning pots by enabling customizable aeration, reducing soil and 
water use, and improving root quality without issues like root circling. 
While particularly beneficial for ornamental horticulture and urban 
greening, limited effects in leafy vegetables and negative impacts on tree 
seedlings highlight the need for species-specific optimization. Overall, 
meshballs offer a versatile, sustainable approach to containerized 
cultivation, with strong potential to improve plant quality, survival, and 
ecological performance.
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