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Abstract
Arbuscular mycorrhizal fungi (AMF) can be used as microbial fertilizers. Hydroponic cultivation offers 
significant advantages by reducing factors that cause damage during traditional soil-based cultivation. 
Furthermore, mycorrhiza helper bacteria (MHB) can improve mycorrhizal fungal colonization. The 
objective of this study was to examine the function of Funneliformis mosseae in promoting rice growth 
under soilless culture using a hydroponic cultivation system with two different levels of nutrient supply: 
A and B (high and low levels). Furthermore, Bacillus methylotrophicus was isolated from Funneliformis 
mosseae spores to examine its potential to promote rice growth in combination with AMF. The findings 
illustrated that three-month-old rice plants at the ripening stage inoculated with Funneliformis mosseae 
showed the highest increases in height, fresh weight of leaves and roots, and dry root weight under low 
levels of nutrient supply, with successful AMF root colonization of 78.67%. Additionally, co-cultivation 
of Funneliformis mosseae and Bacillus methylotrophicus significantly enhanced plant height, fresh 
weight of leaves and roots, and dry root weight under low levels of nutrient supply compared to 
uninoculated plants under high levels of nutrient supply. High levels of nutrient supply significantly 
decreased Funneliformis mosseae colonization of rice roots. These findings suggest that optimal levels 
of nutrient supply are necessary for rice growth with AMF colonization because high nutrient supply 
restricts plant growth and reduces AMF root colonization. However, Bacillus methylotrophicus did not 
demonstrate a strong relationship with AMF colonization. Based on these findings, AMF can be applied 
to hydroponic cultivation systems. Nevertheless, the MHB-AMF relationship should be studied further.
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INTRODUCTION

	 Arbuscular mycorrhizal fungi (AMF) are 
a class of soil fungi that have been thoroughly 
investigated for their ability to improve plant 
development in several ways. They improve 
nutrient absorption even in soils with limited 
nutrient availability,1 confer plant defense 
mechanisms,2 and synthesize compounds that 
function similarly to plant hormones, which are 
crucial for plant development and growth.3 AMF 
are obligatory plant root symbionts that establish 
symbiotic relationships with a diverse range of host 
plants.4 Their hosts comprise approximately 80% 
of all land-based plant species.5,6 AMF are known 
to be beneficial in soil-based crops; however, their 
effects on plants cultivated in soilless systems 
remain less understood.7 Recently, soilless 
cultivation within greenhouses has emerged as a 
predominant approach for improving productivity 
by enabling precise control over environmental 
and nutrient factors, while simultaneously 
reducing water consumption.
	 Hydroponic systems are agricultural 
methods used for cultivating plants using 
nutrient-rich solutions in soilless environments. 
Hydroponic farming enhances the efficiency of 
fertilizer and water use, boosts crop productivity, 
and improves crop quality. The use of fewer 
chemical fertilizers when growing vegetables 
hydroponically by incorporating AMF has led to 
various beneficial outcomes. Apart from reducing 
the reliance on chemical fertilizers, plants can 
efficiently utilize nutrients in water, resulting in 
equivalent or improved crop quality. Moreover, the 
wastewater from hydroponic cultivation contains 
fewer inorganic substances, making it more 
environmentally friendly. Hydroponic cultivation, 
being soilless, allows for cleaner root systems that 
can host AMF more effectively than soil-based 
cultivation.8 The commercial production of AMF 
remains unpopular because of the challenging 
production process, which is often complicated by 
contamination from various soil factors. However, 
hydroponics-based AMF production can mitigate 
these issues. A significant challenge in using AMF 
is ensuring long-term survival and colonization of 
plant roots. 
	 The group of beneficial bacteria that 
stimulate the establishment, development, and 

efficiency of mycorrhizal symbiotic relationships is 
known as mycorrhiza helper bacteria (MHB). The 
concept of MHB has since expanded to include 
interactions with other major mycorrhizal types, 
including arbuscular mycorrhizal fungi (AMF) and 
orchid mycorrhizal fungi (OMF).9 These bacteria 
typically inhabit the mycorrhizosphere, which is 
directly influenced by the combined activity of 
plant roots and mycorrhizal fungal hyphae, where 
biochemical signaling and nutrient exchange shape 
tripartite plant-fungus-bacterium interactions. 
Therefore, integrating mycorrhiza helper bacteria 
can enhance root colonization, potentially yielding 
higher quantities of suitable AMF inocula for 
commercial purposes and ensuring quality in 
future studies.
	 MHB can enhance mycorrhizal formation 
and function through several mechanisms10: (i) 
increasing root receptivity to fungal colonization; (ii) 
facilitating recognition between fungal propagules 
and plant roots; (iii) stimulating fungal growth, 
including spore germination and hyphal branching; 
(iv) modifying soil physicochemical properties in 
ways that favor mycorrhizal establishment; and 
(v) enhancing germination of fungal propagules. 
Many MHB also produce phytohormones (e.g., 
auxins) that promote lateral root formation or 
alter root exudate profiles, indirectly improving 
fungal infection sites.9 In addition, MHB frequently 
solubilizes phosphorus, fixes atmospheric nitrogen, 
and releases siderophores that increase iron 
availability, thereby improving nutrient acquisition 
by both fungi and plants.11

	 KDML105 (Khao Dawk Mali 105) is a 
variety of Thai jasmine rice that can be cultivated 
throughout the country. KDML105 is known for 
its soft texture after cooking, long slender white 
grains, and a distinctive jasmine-like aroma.12 
Thailand has long been an agricultural society, with 
rice cultivation playing a central role in the country’s 
agriculture. Rice is one of the most important 
nourishment and sustenance foods consumed by 
approximately half of the world’s population,13 and 
Thailand is capable of cultivating rice in all regions. 
Rice is also a critical economic crop that contributes 
significantly to national income through exports. 
However, rice farming involves substantial costs 
for farmers, including expenditures on chemical 
fertilizers, herbicides, and pesticides, which have 
continuously increased production costs.14 This 
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study focused on investigating the propagation 
of arbuscular mycorrhizal fungi (AMF) using a 
hydroponic cultivation system to identify and 
classify associated mycorrhiza helper bacteria 
(MHB) and assess the synergistic effects of AMF-
MHB interactions on enhancing plant development 
under high and low levels of nutrient supply.

MATERIALS AND METHODS

Plant and fungus used, and experimental 
parameters
	 Thai jasmine rice variety Khao Dawk Mali 
105 (Oryza sativa L. KDML105) was used in this 
experiment. The rice seeds were surface-sterilized 
and washed with 6% (w/v) NaOCl and sterile water. 
Seeds were germinated on wet sterilized tissue 
paper, and germinated seedlings were selected 
and then transferred to a hydroponic growth box 
with 18 holes.
	 The mycorrhizal inoculum was a mixture 
of Funneliformis mosseae spores in soil, consisting 
of 40 spores g-1.
	 The experiment was conducted in a 
glasshouse within the hydroponic system sector 
at Kasetsart University, Bangkok, Thailand. A Deep 
Flow Technique (DFT) was used for the hydroponic 
system. The hydroponic nutrient solution was 
prepared by mixing two stock solutions, nutrient 
solution A (NSa) and nutrient solution B (NSb). 
NSa contained MgSO4 50 g L-1, KNO3 80 g L-1, (NH4)2 
HPO4 12.5 g L-1, and  KH2PO4 8.5 g L-1, while NSb 
contained Ca(NO3)2 100 g L-1 and Fe-EDTA 3 g L-1. 
The appropriate volumes of NSa and NSb were 
mixed with water to prepare the final hydroponic 
nutrient solution. Two nutrient supply levels were 
subsequently established by varying the amount 
of nutrient solution B added: NS1 (high nutrient 
supply) and NS2 (low nutrient supply). The pH of 
the nutrient solutions was pH 6.0.

I so lat ion,  pur i f icat ion,  and molecular 
identification of mycorrhiza helper bacteria from 
Funneliformis mosseae spores
	 Single-spore isolation of Funneliformis 
mosseae from the mycorrhiza inoculum for 
the purpose of selecting mycorrhiza helper 
bacteria (MHB) was carried out using the wet 
sieving and decanting technique15 with sucrose 
centrifugation.16 For microscopic examination, 

a single spore of Funneliformis mosseae was 
collected and placed on nutrient agar (NA) 
medium. Cultures were incubated for 48 hrs 
before the cross-streak technique was used to 
isolate single bacterial colonies. Morphological 
traits of each bacterial isolate were investigated 
using a microscope. Bacteria were screened 
based on Gram staining and the frequency of 
occurrence across all experimental replicates. 
Additional selection criteria included the ability 
to produce slime (an extracellular polysaccharide). 
The selected isolates were used for further 
experimental analyses.
	 For bacterial identification by Sanger 
sequencing, genomic DNA was extracted from 
all bacterial isolates. The 16S rRNA gene from 
the isolated DNA was amplified by Polymerase 
Chain Reaction (PCR) using bacterial universal 
primers 27F (5'-AGAGTTTGATCMTGGCTCAG-3') 
and 1492R (5'-GGTTACCTTGTTACGACTT-3'). PCR 
was performed using 2X PCR Master Mix Solution 
(i-StarMAXTMII). The PCR programme initiated with 
an initial denaturation of template DNA at 94 °C 
for 4 min, followed by 30 cycles: denaturation 
at 94 °C for 1 min, annealing at 46 °C for 1 min, 
and extension at 72 °C for 1.30 min. A single final 
extension step was performed at 72 °C for 10 
min. DNA quality was evaluated using agarose gel 
electrophoresis. A 1.25% agarose gel was prepared 
in 1X TAE buffer. DNA samples were mixed with 
6X Purple Gel Loading Dye at a 5:1 ratio before 
loading. A SiZer™-1,000 DNA ladder was included 
as a molecular weight marker for fragment size 
estimation. Electrophoresis was performed at 
100 V for 30 min and DNA bands were visualized 
under UV light to assess DNA integrity and product 
quality. Purified PCR products were sequenced 
using Sanger sequencing (U2Bio (Thailand) Co. 
Ltd., Thailand). The obtained sequences were 
analysed for similarities to other known sequences 
found in the GenBank database using the BLAST 
programme of the NCBI database. Bacterial species 
with the phylogenetic analysis neighbor 98%-100% 
similarity were identified by phylogenetic analysis.

Germination of rice seedlings for cultivation in 
pipette tips
	 KDML105 seeds were soaked in sterile 
distilled water at room temperature for 48 hrs 
to initiate germination. After soaking, the seeds 
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were transferred to a refrigerator and incubated 
overnight. After refrigeration, the seeds were kept 
in the dark until coleoptile emergence and root 
protrusion from the tip. Germinated seeds were 
then placed on autoclaved tissue paper that had 
been soaked in sterile water until the seedlings 
reached the appropriate developmental stage for 
pipette tip cultivation. Seedlings with emerging 
roots were transferred to pipette tips. 
	 The tip-racks for the 1 mL pipette tips was 
enveloped in aluminum foil to avoid light exposure 
and prevent the development of microalgae.17 
Cotton wool was inserted into the cut pipette tips 
(using 1 mL tips), ensuring that half protruded 
to function as a wick, facilitating the transfer of 
nutrients to the plant. Sterile water (750 mL) was 
added to each box of pipette tips. The tip-wick 
combinations were pinched through a layer of 
aluminum foil and positioned within the orifices 
of the 1 mL tip rack. Seedlings were transferred to 
cut pipette tips, with one rice seedling allocated 
to each pipette tip, and subsequently wrapped 
in cotton wool. Nutrient solutions (NS) A and B 
were added at a rate of 0.5 mL per one liter of 
sterile water, with an electrical conductivity (EC) 
of 0.68 ± 0.25 dS m-1. One gram (40 AMF spores) 
and two grams (80 AMF spores) of soil inoculum 
were inoculated into the tip-rack after two weeks 
of seedling growth, whereas non-inoculated 
seedlings were used as the control. Root samples 
were collected after one month of seedling 
growth to assess AMF root colonization using the 
ink and vinegar method.17 The stained structures 
of mycorrhizal fungi (arbuscules, vesicles, and 
intraradical hyphae) were evaluated for AMF root 
colonization.

Greenhouse experimental setup and design
	 The greenhouse experiment was 
conducted at the Kasetsart University, Thailand. 
A hydroponic growth box with eighteen holes 
was used. Twenty-four liters of tap water was 
added to each box and left to stand for three 
days to allow for the dissipation of residual 
chemical substances such as chlorine. Electrical 
conductivity (EC) was adjusted and maintained 
at 1.1-1.6 ± 0.05 dS m-1. The experiment utilized 
a split-plot design with six replications. Three 
experimental factors were evaluated: nutrient 
supply, mycorrhiza helper bacteria (MHB; Bacillus 

methylotrophicus), and arbuscular mycorrhizal 
fungi (AMF; Funneliformis mosseae), resulting in 
eight treatment combinations. Two nutrient supply 
levels were established: NS1 (high nutrient supply), 
prepared by mixing 72 mL L-1 of nutrient solution 
A (NSa) and 72 mL L-1 of nutrient solution B (NSb) 
with 1 L of sterilized water, and NS2 (low nutrient 
supply), prepared by mixing 72 mL L-1 of NSa and 36 
mL L-1 of NSb with 1 L of sterilized water. The effects 
of MHB and AMF were evaluated individually 
and in combination under both nutrient supply 
levels. The following treatments constituted the 
majority of the experiment: (1) Control with no 
microorganism inoculation in NS1; (2) Control 
with no microorganism inoculation using NS2; 
(3) Single inoculation of AMF with NS1; (4) Single 
inoculation of AMF with NS2; (5) Single inoculation 
of MHB with NS1; (6) Single inoculation of MHB 
with NS2; (7) Co-inoculation of AMF and MHB at 
NS1; (8) Co-inoculation of AMF and MHB at NS2.

Plant growth conditions
	 Seeds of rice variety KDML105 were 
rinsed with 70% (v/v) ethanol for one minute and 
then treated with 6% (w/v) NaOCl for four minutes. 
The rice seeds were thoroughly cleaned with 
sterile water and germinated on damp filter paper 
for two days before planting. The AMF treatment 
box was inoculated with 120-150 spores per liter 
of water after 14 days of rice seedling growth. 
For bacterial inoculum preparation, the selected 
bacterial isolate (Bacillus methylotrophicus) was 
cultivated in 10 mL of Tryptic Soy Broth (TSB). For 
incubation, the bacterial culture was placed on an 
orbital shaker (125 rpm) at 28 °C. After 48 hrs, the 
primary bacterial culture was inoculated in 100 mL 
of TSB at an optical density (OD) of 0.1 at 600 nm 
and then incubated under the same conditions 
(28 °C and orbital agitation at 125 rpm) for 3 days.  
Five mL of bacterial suspension was inoculated 
per rice seedling, and after 30 days, the rice 
plants were examined. A bacterial suspension was 
prepared to an OD600 nm of 0.5 ± 0.02 to a density 
of bacteria (107-108 CFU mL-1).18

	 Three months after planting, the rice 
plants were harvested. The height, fresh weight 
of leaves and roots, and dry root weight were 
determined. Rice leaves and roots were collected 
for fresh weight measurements. To remove 
adhering debris, the roots were thoroughly 
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washed. Root samples were used to evaluate AMF 
colonization. Subsequently, root samples were air 
dried at 70 °C for 5 days prior to measuring root 
dry weight. 

Determination of root AMF colonization
	 The percentage of AMF colonization 
of roots was determined using the gridline 
intersection method under a light microscope19 
following staining with ink and vinegar.17 Briefly, 
the fine-root samples were cleared in 10% 
(w/v) KOH at 80 °C for 30 min. The roots were 
subsequently subjected to 10 mL of 1% (v/v) 
HCl solution for acidification and left at room 
temperature for 30 min, followed by washing 
with 10 mL sterilized water. The roots were then 
put in 10 mL of a 5% (v/v) ink-vinegar solution, 
prepared by combining the black Parker ink (Parker 
Quink™) with household vinegar (5% (v/v) acetic 
acid). All root sample tubes were heated in an  
80 °C water bath for 30 min. The ink-vinegar 
solution was removed, and the root samples were 
covered with a 50% (v/v) glycerin solution to assess 
root colonization.

Statistical analyses
	 R version 4.0.2 was used for statistical 
analyses. A one-way analysis of variance (ANOVA) 
was used to examine all agronomic data, with 
treatments acting as variables. Tukey’s HSD was 
used with a significance level of P ≤ 0.05.

RESULTS 

I so lat ion,  character izat ion,  molecular 
identification, and selection of mycorrhiza helper 
bacteria
	 Six bacterial isolates with different colony 
morphologies were obtained from Funneliformis 
mosseae spores. PCR amplification using primers 
27F and 1492R was successful for all samples, 
yielding products of the expected size (~1500 
bp), as determined by agarose gel electrophoresis 
(Figure 1). The 16S rRNA sequences were 
taxonomically identified. Isolate RL1 was closely 
related to Bacillus methylotrophicus with 98.68% 
sequence similarity, isolate RL2 to Fictibacillus 
barbaricus with 99.02% sequence similarity, 
isolate RL3 to Fictibacillus barbaricus with 99.37% 
sequence similarity, isolate RL6 to Stutzerimonas 
stutzeri with 98.94% sequence similarity, isolate 
RL7 to Bacillus aryabhattai with 99.44% sequence 
similarity, and isolate RL8 to Priestia aryabhattai 
with 98.82% sequence similarity (Figure 2 and 
Table 1).

Table 1. All bacterial strains identified through NCBI 
Blast analysis and their percentage of sequence 
similarity

Bacterial	 Bacterial species	 Percentage of 
code		  sequence 
		  similarity (%)

RL1	 Bacillus methylotrophicus	 98.68%
RL2	 Fictibacillus barbaricus	 99.02%
RL3	 Fictibacillus barbaricus	 99.37%
RL6	 Stutzerimonas stutzeri	 98.94%
RL7	 Bacillus aryabhattai	 99.44%
RL8	 Priestia aryabhattai	 98.82% Figure 1. Agarose gel electrophoresis result of the 

amplification of the 16S rRNA gene of all 6 bacterial 
isolates
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	 In the present study, one bacterial 
isolate, Bacillus methylotrophicus (RL1), was 
selected (Figure 3). Colony morphology on a 
streak agar plate showed creamy-white, opaque, 
raised colonies with irregular and lobate margins 
(Figure 3A). This isolate demonstrated a strong 
ability to produce exopolysaccharides (EPS), as 
shown in Figure 3B (purple arrow) and was the 
most frequently detected across all experimental 
replicates. Because of its EPS-producing capacity, 
Bacillus methylotrophicus is expected to adhere 
effectively to both AMF spores and plant roots 
during hydroponic cultivation. Additionally, EPS 
promotes adherence to plant root surfaces to 
form mycorrhizal colonies. Gram staining and 
microscopic examination revealed that Bacillus 
methylotrophicus is a Gram-positive, rod-shaped 
bacterium (Figure 3C). This strain was selected for 
use in the greenhouse experiments. 

Effect of AMF colonization of rice seedlings in 
pipette tips cultivation
	 The aim of this study was to assess 
whether AMF can colonize rice roots growing 
under hydroponic conditions supported in pipette 
tips. Based on the results of rice seedling cultivation 
using pipette tips (Figure 4), seedling growth was 
observed across all three treatments. Treatments 
supplemented with 1 or 2 g of arbuscular 
mycorrhizal fungi (AMF) soil inoculum exhibited 
superior growth compared with the control group, 
which did not receive AMF inoculation. 
	 According to the experimental results 
presented in Table 2, 1 g of soil inoculum was 
sufficient to serve as an AMF starter culture 
and demonstrated the potential to promote 
AMF proliferation in the nutrient solution. This 
was confirmed by microscopic examination of 
root colonization (Figure 5). These preliminary 

Figure 2. Neighbor-joining phylogenetic tree analysis of all bacterial isolates
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Figure 3. Morphological characteristics of Bacillus methylotrophicus (RL1). (A) Colony morphology on a streak agar 
plate. (B) Colony surface morphology observed under a stereomicroscope after 48 hours of incubation. (C) Gram-
positive staining, observed at 1500× magnification

Table 2. AMF colonization at soil inoculum application 
rates of 1 and 2

control (non-	 1 g soil	 2 g soil
inoculated	 inoculum	 inoculum
with AMF)

-	 +	 +

"–" indicates the absence of AMF root colonization, 
whereas "+" indicates the presence of AMF root 
colonization

findings suggest that hydroponic cultivation 
systems can accommodate AMF inoculation, 
thereby supporting the feasibility of up-scaling to 
greenhouse experiments in subsequent research 
phases. 

Greenhouse experiment
	 The hydroponic cultivation experiment 
conducted under greenhouse conditions (Figure 
6) demonstrated that plant growth in treatments 
that received the fully recommended nutrient 
solution application rate (NS1) was inferior to that 
observed in treatments with reduced nutrient 
solution application (NS2). The interaction effects 
of arbuscular mycorrhizal fungi (Funneliformis 
mosseae), mycorrhiza helper bacteria (Bacillus 
methylotrophicus), and nutritional solution 
(NS) concentrations on rice growth and AMF 
colonization (Table 3 and Figure 6) showed that 
agronomic data, including plant height, fresh 
weight of leaves and roots, and root dry weight, 
including AMF colonization percentage, were 

significantly affected by treatments (P < 0.0001), 
indicating strong interactions between microbial 
inoculation and nutrient availability. AMF with 
low amounts of nutrient supply exhibited the 
highest degree of root colonization; however, AMF 
colonization levels varied considerably among 
treatments. In contrast, no AMF colonization 
was detected in the non-inoculated controls 
throughout the experimental period. Plant height 
varied significantly among treatments, with AMF 
and low levels of nutrient supply producing the 
tallest plants. 
	 Rice plant growth was restricted in all 
treatments under the high nutrient solution level 
(NS1), and microbial inoculation did not result in 
significant improvements in rice plant height or 
biomass compared to the control treatment (Table 
3). Although AMF colonization was observed in 
AMF-inoculated treatments, with colonization 
rates of 21.17% in the AMF alone and 32.50% in 
the AMF + MHB treatment, these colonization 
levels did not result in increased plant growth. This 
response implies that the functional advantages 
of AMF are limited, because increasing nutritional 
availability decreased plant dependence on 
mycorrhizal symbiosis. 
	 In contrast, under low-nutrient conditions 
(NS2), rice growth was markedly enhanced 
(Table 3), particularly in AMF-inoculated plants. 
The AMF (NS2) treatment produced the tallest 
plants, largest fresh weight of leaves and roots, 
and largest root dry weight, accompanied by a 
significantly higher AMF colonization rate (78.67%) 
than the other treatments. AMF are important for 
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improving nutrient acquisition under nutrient-
limited conditions, as evidenced by the substantial 
correlation between AMF colonization and higher 
biomass. 
	 These results further indicated that 
excessive nutrient supply constrained plant growth 
(Table 3). The low nutrient supply treatments did 
not significantly differ in the fresh weight of leaves 
and roots or root dry weight of the rice plants; 
however, these parameters were consistently 
higher than those recorded in treatments receiving 
the full nutrient solution rate. 

	 Application of MHB alone under NS2 
improved plant growth relative to NS1 treatments, 
but did not induce AMF colonization, indicating 
that nutritional availability, not microbial 
symbiosis, was the main factor driving the 
observed responses in plant growth. When AMF 
and MHB were co-cultured under NS2, plant 
growth and AMF colonization were intermediate 
compared with AMF alone. AMF colonization in 
the combined treatment (39.67%) was significantly 
lower than that observed in AMF (NS2), indicating 
that the selected MHB strain did not enhance AMF 

Figure 4. Results of the pipette tip rice cultivation experiment using soil inoculum treatments: (1) non-inoculated 
control; (2) 1 g soil inoculum; (3) 2 g soil inoculum

Figure 5. Microscopic evaluation of AMF colonization in the rice roots from the pipette tip cultivation system. 
AMF-colonized root segments showing characteristic fungal structures following Parker ink staining, (A) and (B) 
arbuscule structures formed within cortical root cells, observed at 400× magnification
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establishment or function under the experimental 
conditions.
	 Overall, these results demonstrated 
that the effectiveness of AMF and MHB was 
strongly influenced by nutrient availability. 
AMF significantly promoted plant growth under 
low-nutrient conditions, whereas the benefits 
diminished under high-nutrient conditions. The 
absence of synergistic effects between AMF 
and MHB highlights the importance of selecting 

appropriate microbial strains and environmental 
conditions to develop microbial consortia for 
sustainable rice production. 

DISCUSSION

	 Our findings revealed that the selection 
of MHB (Bacillus methylotrophicus) was focused 
on isolates that produce exopolysaccharides 
(EPS). Bacterial association with AMF spores 

Table 3. Interactive effect of arbuscular mycorrhizal fungus (Funneliformis mosseae) and mycorrhiza helper bacteria 
(Bacillus methylotrophicus) on height, fresh weight of leaves and roots, dry root weight, and AMF colonization 
percentage of rice

Treatment	 Height	 Fresh weight	 Fresh root	 Dry root	 AMF 
	 (In)	 (g Plant-1)	 weight	 weight	 Colonization 
			   (g Plant-1)	 (g Plant-1) 	 (%)

1. Control (NS1)	 9.10 ± 0.72a	 0.07 ± 0.02a	 1.02 ± 0.02a	 0.00 ± 0.00a	 0.00a

2. Control (NS2)	 40.87 ± 1.05bc	 46.35 ± 9.91b	 27.45 ± 4.23b  	 2.62 ± 0.69b	 0.00a

3. AMF (NS1)	 12.17 ± 0.57a	 0.19 ± 0.03a	 1.10 ± 0.03a 	 0.00 ± 0.00a	 21.17 ± 4.96b

4. AMF (NS2)	 46.14 ± 1.71c	 59.46 ± 13.41b	 33.79 ± 5.36b	 3.17 ± 0.86b	 78.67 ± 4.87d

5. MHB (NS1)	 12.18 ± 1.81a	 0.00 ± 0.00a	 1.14 ± 0.09a	 0.00 ± 0.00a	 0.00a

6. MHB (NS2)	 40.37 ± 1.53bc	 43.42 ± 5.82b	 25.05 ± 3.83b	 2.52 ± 0.54b	 0.00a

7. AMF + MHB (NS1)	 12.73 ± 1.24a	 0.00 ± 0.00a	 1.04 ± 0.04a 	 0.00 ± 0.00a	 32.50 ± 2.17bc

8. AMF + MHB (NS2)	 39.02 ± 2.70b	 45.53 ± 12.36b	 20.92 ± 5.00b 	 2.50 ± 0.71b	 39.67 ± 1.71c

ANOVA P-value
Treatment	 <0.0001	 <0.0001	 <0.0001	 <0.0001	 <0.0001

Numbers following the means represent the standard error (±SE) of six replicates. Means followed by the same letter do not 
significantly differ among treatments according to Tukey’s HSD test (P ≤ 0.05). NS1 is high levels of nutrient solutions A and B. 
NS2 is low levels of nutrient solutions A and B

Figure 6. The hydroponic cultivation under greenhouse conditions: (1) Control with no microorganism inoculation at 
NS1; (2) Control with no microorganism inoculation at NS2; (3) Single inoculation of AMF at NS1; (4) Single inoculation 
of AMF at NS2; (5) Single inoculation of MHB at NS1; (6) Single inoculation of MHB at NS2; (7) Co-inoculation of 
AMF and MHB at NS1; (8) Co-inoculation of AMF and MHB at NS2. NS1 is high levels of nutrient solutions A and B. 
NS2 is low levels of nutrient solutions A and B
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and intraradical hyphae has been linked to EPS 
synthesis, which supports MHB aggregation and 
attachment to AMF spore walls.20 EPS formation 
also simplifies nutrient and water retention, and 
induces systemic plant tolerance in in vitro and 
in vivo studies.21,22 In addition, EPS can promote 
the growth of roots and shoots.23 Because of 
EPS production, MHB can increase plant stress 
tolerance of plants.22 Moreover, MHB increases the 
fungal spore production.24,25 The isolate Bacillus 
methylotrophicus from AMF spores in this study 
was a Gram-positive bacterium. Many Gram-
positive MHB are beneficial microbes that facilitate 
the development of mycorrhizal symbiosis; 
additionally, they help plants absorb nutrients 
more effectively and promote plant growth.26-28 
The role of direct physical interactions in the MHB-
mediated enhancement of spore germination 
has also been emphasized.29 Selvakumar et al.20 
reported that more Gram-positive bacteria than 
Gram-negative bacteria were linked to AMF 
spores. Similarly, many studies have observed 
a synergistic interaction between Funneliformis 
mosseae and many Gram-positive bacteria.30,31 
Therefore, this bacterial isolate was selected for 
the present study.
	 In the current study, AMF colonized rice 
roots during pipette tip cultivation. Das et al.32 
revealed that the tip-wick hydroponic format was 
successfully utilized for AMF root colonization. 
The tip-wick method supports AMF inoculation 
and guides AMF-colonized roots into a nutrient 
solution that is aerated for rice planting.32 AMF 
initially developed within the wool layer and 
subsequently grew toward the roots, which were 
freely suspended in the nutrient solution.32 Several 
studies have reported that hydroponic techniques 
have the potential to enhance AMF spore 
production; both AMF and plants utilize water and 
nutrient solutions as growth media.33,34 Romero-
Ceciliano et al.35 discussed how the hydroponic 
technique offers advantages over conventional 
methods using soil as a substrate, increasing 
the production of spores or propagules several 
times, while using less time and space. However, 
no studies have reported the optimal inoculum 
density for AMF cultivation in hydroponic systems. 
The results of the present study demonstrated that 

inoculum density had no significant effect on the 
hydroponic system.
	 Othman et al.36 concluded that using AMF 
in hydroponic systems is a sustainable and eco-
friendly way to increase antioxidant compounds, 
improve crop quality and output, and reduce 
reliance on chemical fertilizers. However, our 
findings showed that high levels of nutrient supply 
restricted rice plant growth and AMF colonization 
of rice roots. Similar findings have been reported 
in previous studies, in which increased nutrient 
levels, particularly phosphorus, suppressed the 
contribution of AMF to plant growth because 
of reduced carbon allocation from the host 
plants.37,38 Under low-nutrient conditions, rice 
growth is enhanced by AMF, consistent with 
numerous reports demonstrating that AMF 
enhance phosphorus uptake, root development, 
and overall nutrient-use-efficiency, especially in 
low-input agricultural systems.39,40

	 The nutrient solution B (NSb), which 
contained Ca(NO3)‚ and Fe-EDTA, is likely to 
inhibit AMF colonization. Pandit et al.33 also 
suggested that nitrate-rich solutions result in 
reduced AMF colonization, plant growth, and 
AMF spore production in hydroponic systems. 
Overall, the AMF and low nutrient solution 
treatments exhibited a consistent trend toward 
superior performance across all measured growth 
parameters compared to the other treatments. 
Nurbaity et al.8 also suggested that hydroponic 
culture of mycorrhiza has the potential for 
harvesting roots and fungal propagules without 
contamination; furthermore, lower nutrient supply 
than normal could reduce the production of AMF. 
However, the symbiotic effects of AMF on host 
plants in hydroponic cultivation systems have not 
been well studied.33

	 Co-culture of AMF and MHB demonstrated 
that MHB did not promote AMF colonization. The 
lack of synergistic interactions has been reported 
previously and may result from competition 
for root colonization sites, alterations in the 
rhizosphere microbial balance, or strain-specific 
incompatibility between AMF and MHB.9,41 
However, these findings support the targeted 
application of AMF as a biofertilizer in low-input 
systems to enhance crop performance while 
reducing dependence on chemical fertilizers.42,43



	  www.microbiologyjournal.org11Journal of Pure and Applied Microbiology

Mungsachat et al | J Pure Appl Microbiol. 2026. https://doi.org/10.22207/JPAM.20.3.27

CONCLUSION

	 The present study revealed AMF 
colonization occurred in hydroponic rice cultivation 
using both pipette tips and greenhouse cultivation. 
The growth results of rice plants, including height, 
fresh weight of leaves and roots, and root dry 
weight, in the treatment with reduced nutrient 
supply A and B did not show significant differences 
compared to the other treatments. This study 
utilized excellent conditions for plant growth 
and offered several advantages. Roots grown in 
hydroponic systems are not typically contaminated 
with soil or other impurities. This reduces the risk 
of contamination and plant diseases. Therefore, 
research related to root growth and function in 
hydroponic systems are facilitated and are more 
efficient for analyzing and studying root-related 
phenomena in plants.
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