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Promotive or suppressive effects of ultrafine bubbles on crop growth depended 
on bubble concentration and crop species
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aGraduate School of Agricultural Sciences, Kindai University, Nara, Japan; bResearch Institute for Sustainable Humanosphere, Kyoto University, 
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ABSTRACT
Previous research into the effects of ultrafine bubbles (UFB) on plant growth have been contra
dictory. To facilitate the resolution of these contradictions, the aim of the present study was to 
clarify the interspecific differences in growth responses among cereal/leguminous species under 
different levels of UFB concentrations. Seedlings of six species were grown hydroponically with 
three different UFB concentrations and two levels of plant nutrition to evaluate biomass and 
elongation growth. UFB growth promotion under zero-nutrition occurred in all species. 
Interspecific differences were noted in response to differing UFB concentration levels. Rice and 
soybean had higher above-ground biomass production at both low and high concentrations. 
Conversely, other crops exhibited promoted growth at only one of the concentrations. Negative 
effects occurred in full nutrient conditions except for root elongation. This study demonstrated 
that growth-promoting effects with UFB depended on the crop species being tested and the 
concentration of UFB used.
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Introduction

Currently, experimental results with regard to the 
effects of ultrafine bubbles (hereinafter UFB) on 
plant growth are inconsistent. Some studies have 
reported growth-promoting effects (Ebina et al., 
2013; Liu et al., 2016, 2017; Park & Kurata, 2009; 
Purwanto et al., 2019), while others revealed negative 
or statistically similar growth to the control in some 
agronomic traits (for example, Ahmed et al., 2018; 
Minamikawa et al., 2015; Mochizuki et al., 2018). In 
case of the latter set of studies, the main purpose 
was to compare different gaseous sources of UFB 
(Ahmed et al., 2018), UFB effects on soil microorgan
isms (Minamikawa et al., 2015), and to apply a growth 
model (Mochizuki et al, 2018). Each study has made 
a valuable contribution to our basic understanding of 
UFB in agriculture. However, previous studies that 
obtained negative plant growth data possibly have 
not been published as original research articles by 
other researchers (personal communication). Growth 
inhibition could depend on the UFB concentrations, 
plant species, and/or other environmental conditions 
involved in plant growth. Therefore, it is necessary to 
clarify the growth conditions that always promote the 
growth of major crop species by UFB application. In 
our previous report on UFB effects on plant growth, 
the environmental conditions of the water culture 
such as nutrient levels, fluid movement, and aeration 
effects were investigated (Iijima et al., 2020). The 
results clearly showed that the growth promotion of 
young soybean seedling (8 days after germination) 
was remarkable under nutrient stress when cultured 
using a deionized water medium with UFB. However, 
under full nutrient conditions, no growth promotion 
was observed and an inhibition of shoot biomass 
production occurred in non-stirring conditions. 
Ahmed et al. (2018) discussed the toxic threshold 
for negative plant growth, which implies the concen
tration of UFB itself may contribute to the plant 
growth inhibition/promotion effects. Not only the 
environmental conditions for plant growth but also 
the test plant species may contribute to the UFB 
growth inhibition/promotion effects. To date, the 
experimental evidence of both interspecific variations 
to UFB applications and/or UFB concentration effects 
on plant growth remain unknown. We aim to clarify 
the differences in growth response among major cer
eal/leguminous species in different levels of UFB con
centrations. We standardized the environmental 
growth conditions for the different crop species in 
the young seedling stage with a standard nutrient 
culture in a growth room.

Materials and methods

This short-term experiment was performed using the 
same conditions described in our previous report (Iijima 
et al., 2020). Briefly, plants were grown in different 
levels of Hoagland solution in a plant growth room at 
28/23°C day/night temperature, under 14 h photoper
iod and 318 ± 2 µmol m−2 s−1 of photosynthetically 
active radiation (PAR) at the top canopy level. The 
cereals wheat (Triticum aestivum ‘Norin 61ʹ), rice (Oryza 
sativa ‘Nipponbare’), and maize (Zea maize ‘Launchar 
82ʹ) and legumes soybean (Glycine max ‘Fukuyutaka’), 
cowpea (Vigna unguiculate ‘Akadane sanshaku’), and 
adzuki bean (Vigna angularis ‘Dainagon’) were the 
major food crop species used to evaluate interspecific 
responses to UFB application. All of these are well 
known and widely used commercial cultivars in Japan. 
UFB water was created using an Ultra-fine Bubble 
Generator (EAT-SWHI, Eatech Co. Ltd., Japan). The bub
ble-size distribution was measured by nanoparticle 
tracking analysis using NanoSight LM10 (Malvern 
Panalytical, Tokyo, Japan). The bubble number concen
tration with particle sizes from 20 to 1,000 nm (herein
after UFB concentration) changes depending on the 
number of times deionized water circulates in the gen
erator. Three levels of UFB concentration treatments 
were set up: control (zero circulation), low (1 time 
circulation), and high (10 times circulation). As shown 
in Figure 1, the UFB concentration of the low and high 
were 2.23ｘ107 ml−1 and 7.07ｘ107 ml−1, respectively. 
Therefore, the UFB concentration for the high treat
ment is 3.2 times higher than that for the low treat
ment. The average diameter of UFB was 220 and 
156 nm for low and high treatments, respectively. Two 
nutrient levels were used in this experiment, zero and 
full. Zero nutrition is a nutrient stress condition where 
plants are grown in de-ionized water without any nutri
ents added during the whole experimental period. Full 
nutrition treatments were stress-free ideal nutrient sup
ply conditions where plants were grown in 1/4 strength 
Hoagland solution for the first 4 days and then 
increased to 1/2 strength Hoagland solution for the 
remainder of the growth period. Six seedlings were 
grown in each container, and the effects of the two 
factors were analyzed for each crop species. To simplify 
the environmental conditions, we included continuous 
aeration (2.0 L air min−1 5 L container−1) and stirring 
(1,500 rpm) by a magnetic stirrer during the experimen
tal period. The solution was replaced every two days. As 
observed in our previous study (Iijima et al., 2020), UFB 
treatment did not affect pH, electrical conductivity (EC), 
and dissolved oxygen (DO) during seedling growth. 
Pre-germination was done at 30°C in the dark for 28, 
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30, 48, 28, 30, and 48 hours for wheat, rice, maize, 
soybean, cowpea, and adzuki bean, respectively, as 
identified by preliminary trials. Plants were harvested 
at 12 and 8 days after sowing for cereals and legumes, 
respectively. At sampling, the length and weight of 
both shoot and root were measured as the agronomic 
parameters. For root elongation data, we measured the 
embryo origin roots, i.e. seminal roots (cereals) or tap 
roots (legumes). For wheat and maize, the longest root 

was measured among the six or three seminal (adven
titious) roots. All statistical analyses were performed 
using Excel Statistics Version 2012 software (SSRI). 
Treatment effects were evaluated using a two-way 
Analysis of Variance of each plant species 
(Supplemental Table 1). Tukey–Kramer multiple com
parison tests were conducted among the three UFB 
concentration treatments.

Results and discussion

Figure 2 illustrates typical plant responses to UFB appli
cation. The effects of UFB were evident for both root and 
shoot elongation. As shown in Figure 3, the effect of UFB 
concentration on biomass production differed depend
ing on the level of medium nutrition and crop species. 
First, shoot growth promotion under zero-nutrition 
(Figure 3 (a)) occurred in all six species tested. This is 
consistent with previous research results (Iijima et al., 
2020). A clearly defined interspecific difference was 
observed in the UFB concentration effects. Wheat, rice, 
cowpea, and adzuki bean showed growth promotion at 
the low UFB concentration. At the high UFB concentra
tion for these species, however, the growth was either 
intermediate between the control and low (wheat and 
rice), or equivalent to the control (cowpea and adzuki 
bean). Conversely, maize and soybean were promoted 
by high concentrations. In summary, the above-ground 
biomass production showed that rice and soybean 
growth was promoted by both low and high UFB con
centrations. The other crops showed growth promotion 
in only one treatment (low or high UFB). Our results 

Figure 1. Bubble size distribution in de-ionized water (control), 
in water containing two levels of UFBs (Low, 2.23ｘ107 ml−1; 
High, 7.07ｘ107 ml−1). The tracking motion picture recorded 
every 30 s and distributions were calculated using Nanosight 
LM10. Bubble size distribution was measured three times for 
each condition, and the average values are provided.

Figure 2. Images of wheat seedlings grown in the control non-UFB water (nUFB) and higher concentration (7.07ｘ107 ml−1) UFB water 
(UFB) with zero nutrients (12 days after seeding).
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suggest that if an experiment is conducted using only 
maize with a lower level of UFB concentration, the 
experimental results may lead to the conclusion that 
UFBs did not promote crop growth. If the experiment 
used a higher concentration of UFB, we may conclude 
that UFB effects do not occur in wheat, cowpea, and 
adzuki bean. The only exception is soybean, as its 
growth was promoted by both UFB concentrations. 
Therefore, results depend on the species and the con
centration of UFB used, and the growth-promoting 
effects of UFB may or may not be confirmed. This may 
explain the inconsistency in plant growth responses to 

UFBs reported in previous studies. For example, small (or 
statistically insignificant) enhancement (Mochizuki et al., 
2019) and significant inhibition (Ahmed et al., 2018) have 
been reported for leaf development of seedling toma
toes using air UFB.

Similarly, for root biomass at zero nutrition (Figure 3 
(b) upper), experiments using rice, cowpea, and adzuki 
bean lead to the conclusion that growth promotion was 
not observed at either low or high concentrations. 
Conversely, in full nutrition (Figure 3 (a) lower, (b) 
lower), the growth promoting effects of UFB were not 
observed in both shoot and root biomass for all the 

Figure 3. Biomass production of six crop species for the control (de-ionized water), low (2.23ｘ107 ml−1), and high (7.07ｘ107 ml−1) 
UFB concentrations under zero and full nutrient levels. Data are means ± standard error (SE) (n = 6). Means followed by the same 
lowercase letter were not significantly different at P < 0.05, according to Tukey-Kramer multiple comparison test.
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species tested, consistent with our previous research 
(Iijima et al., 2020). In soybean shoot growth, UFB even 
showed statistically suppressive effect in the low level 
UFB concentration, which supports the result of tomato 
grown in air UFB (Armed et al., 2018).

Figure 4 summarizes the effects of UFB concentration 
on the elongation growth of both shoots and represen
tative roots using the longest seminal root (cereals) and 
taproot (legumes). First, in zero nutrition, the growth 
response of plant height and the longest root length 
were similar to the biomass production of shoot and 
roots, respectively. The only exceptions were wheat 

(plant height), and rice and soybean (roots). In the full 
nutrition treatments, however, wheat, soybean, and 
adzuki bean showed slight promotion of root or shoot 
elongations in UFB. This would agree with previous 
studies that showed positive effects of UFB in water 
culture (Ebina et al., 2013; Park & Kurata, 2009). At pre
sent, the reason for this phenomenon remains unknown. 
The results of this study suggest that the crop growth- 
promoting effect of UFB may be limited, especially under 
hydroponic conditions where sufficient nutrients are 
always available, such as in plant factories. However, 
due to the complex heterogeneity of soils, nutrient 

Figure 4. Elongation growth of six crop species among control (de-ionized water), low (2.23ｘ107 ml−1), and high (7.07ｘ107 ml−1) 
UFB concentrations under zero and full nutrient levels. Data are means ± standard error (SE) (n = 6). Means followed by the same 
lowercase letter were not significantly different at P < 0.05, according to Tukey-Kramer multiple comparison test.
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stresses may occur. To assess the impact of UFB on 
agriculture, it is therefore essential to study crop perfor
mance under field conditions.

In conclusion, this study clearly demonstrated that 
there are UFB concentrations that promote or sup
press crop growth, depending on the crop species. 
The mechanism of both interspecific differences and 
contrasting responses to the nutrient conditions are 
unknown at the moments. Perhaps the thresholds of 
endogenous reactive oxygen species (Liu et al., 2016) 
and/or plant growth regulators produced by the pre
sence of UFB differs between species. We expected 
that a comprehensive diagnosis of endogenous pro
duction in both plant growth regulators and reactive 
oxygen species may improve our understanding of 
the effects of UFB on plant growth.
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