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21 Summary

22  Vertical farming is a type of indoor agriculture where plants are cultivated in stacked 

23 systems. It forms a rapidly growing sector with new emerging technologies. Indoor 

24 farms often use soil-free techniques such as hydroponics and aeroponics.

25  Aeroponics involves the application to roots of a nutrient aerosol, which can lead to 

26 greater plant productivity than hydroponic cultivation. Aeroponics is thought to 

27 resolve a variety of plant physiological constraints that occur within hydroponic 

28 systems.

29  We synthesize existing studies of the physiology and development of crops cultivated 

30 under aeroponic conditions and identify key knowledge gaps.

31  We identify future research areas to accelerate the sustainable intensification of 

32 vertical farming using aeroponic systems.

33
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34 Introduction

35 A period of rapid development in agricultural technology is underway, with precision dosing, 

36 machine learning, process automation, robotics, gene editing, and indoor farming paving a 

37 revolution in agricultural productivity (Rose & Chilvers, 2018; Klerkx & Rose, 2020). Indoor 

38 farming has expanded quickly within the horticultural sector due to yield consistency and 

39 environmental control capabilities (Benke & Tomkins, 2017). Indoor farming divides into two 

40 broad sectors: greenhouse and vertical farming. Vertical farming has emerged as an 

41 increasingly economic strategy within horticulture, enabling improvements in resource- and 

42 land-use efficiency.

43 Vertical farming involves plant cultivation in vertically stacked irrigation systems, using 

44 artificial or natural light (Fig. 1). This commonly uses soil-free growing environments and 

45 hydroponic or aeroponic irrigation technology (Benke & Tomkins, 2017). Benefits include 

46 urban food production, fewer food miles, seasonal independence of crop production, price 

47 stabilization, product consistency, isolation from pathogen pressures, cultivation at latitudes 

48 incompatible with certain crops (e.g. desert and arctic areas), and utilization of space 

49 including disused buildings or tunnels (Despommier, 2011; Specht et al., 2014; Benke & 

50 Tomkins, 2017). Further benefits include crop production without impacting soil health, and 

51 nutrient recapture and recycling (Benke & Tomkins, 2017). This makes vertical farming land- 

52 and water-use efficient (Despommier, 2011). One commercial forecast suggests that the 

53 vertical farming industry will have annual compound growth of 21.3% to reach an estimated 

54 value of $9.96 billion by 2025 (Grand View Research, 2019). The potential benefits and 

55 value of indoor vertical farming has caused the proliferation of cultivation technologies 

56 (Benke & Tomkins, 2017; Shamshiri et al., 2018).

57 A driver of technological innovation for vertical farms is minimizing operational costs whilst 

58 maximising productivity. One such expanding technology is aeroponics (Fig. 1). For 

59 example, the number of “aeroponic” patents filed increased from 320 between 1975 and 
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60 2010 to over 1000 in the last decade (Google Patents, 2020). Aeroponics is thought to 

61 resolve several plant physiological constraints occurring during hydroponic cultivation. This 

62 can include greater oxygen availability within the root bed and enhanced water use 

63 efficiency (Jackson, 1985; Mobini et al., 2015). However, the variety of aeroponic 

64 technologies, species cultivated, and growth conditions makes systematic comparisons of 

65 technologies and growth conditions challenging. Whilst aeroponics can provide advantages 

66 for plant performance, it also requires more extensive farm infrastructure and control 

67 technology compared with the more mature technologies of hydroponics. Therefore, 

68 aeroponics might be less compatible with certain economics, crops, or locations with 

69 intermittent electricity supply. To refine the commercial implementation of aeroponic 

70 horticulture, we examine the effects of aeroponic cultivation upon several aspects of plant 

71 physiology, development and productivity. We identify knowledge gaps and areas for future 

72 plant sciences research to advance this field.

73 What is aeroponic cultivation?

74 Aeroponics exposes plant roots to nutrient-containing aerosol droplets (Fig. 1). This 

75 contrasts hydroponics, which includes partial or complete root immersion in a nutrient 

76 solution, and drip irrigation involving application of nutrient solution to the rhizosphere (Fig. 

77 1) (Keeratiurai, 2013; Benke & Tomkins, 2017; Lakhiar et al., 2018). Within the context of 

78 aeroponics, an aerosol is an ensemble of solid particles or liquid droplets suspended in a 

79 gas phase (Hinds, 1999). In nature, plants including epiphytic orchids and bromeliads 

80 absorb naturally occurring aerosols such as mist through leaves and aerial roots (Zotz & 

81 Winkler, 2013). In horticulture, the most commonly used aerosol generation technology is 

82 high pressure atomisation, where high pressure liquids are forced through a small orifice, 

83 breaking the liquid stream into droplets. This typically generates aerosol droplets of 10-100 

84 m (Lakhiar et al., 2018). Other atomization methods include inkjet printer droplet on-
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85 demand generators, low pressure atomisation, and ultrasonic atomisation, which generate 

86 varied droplet size distributions (Reis et al., 2005; Lakhiar et al., 2018).

87 Aerosol deposition, capture and nutrient uptake on the root surface

88 We propose that aeroponic cultivation involves a cycle of aerosol deposition and capture 

89 (Fig. 2a, b). We reason that aerosol droplets become deposited on the root surface, and 

90 coalesce to form a thin, nutrient-dense aqueous film (Fig. 2a). The mechanisms of nutrient 

91 and water uptake during hydroponic and aeroponic cultivation might be similar, because 

92 both involve interaction between an aqueous nutrient solution and plant root. We predict that 

93 root surface thin-film formation is likely governed by aerosol composition, plant root 

94 architecture and environmental properties (Table 1).

95 The thickness of known biological thin-films, such as bacterial biofilms and alveolar 

96 surfactants, range from micrometres to millimetres (Murga et al., 1995; Adams & McLean, 

97 1999; Siebert & Rugonyi, 2008). Therefore, we reason that root surface thin-films might 

98 occupy this range. However, root surface aerosol droplet capture and thin-film formation is 

99 likely to be dynamic and have spatiotemporal heterogeneity (Fig. 2a, b). Mathematical 

100 modelling and experimentation with Artemisia annua hairy root cultures predicts that aerosol 

101 droplet size, root architectural properties and root hairs influence droplet deposition and 

102 aerosol capture efficiency (Wyslouzil et al., 1997). Aerosol droplets < 2 μm are thought 

103 unlikely to deposit on the root surface, whilst the deposition efficiency of droplets > 2 μm 

104 increases with greater droplet size (Wyslouzil et al., 1997). Root hairs increase droplet 

105 capture efficiency compared with hairless roots (Wyslouzil et al., 1997).

106 Investigation of the formation, thickness, composition and residency times of aeroponically-

107 produced root surface thin-films could allow aeroponic cultivation systems to be tuned for the 

108 optimal performance of specific crops (Table 1). It would be informative to assess the 

109 interplay between these parameters during root surface thin-film formation and retention for 

110 different crops. This might inform aerosol delivery regimes and characteristics for specific 
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111 crops at defined developmental stages to ensure water, nutrient and oxygen uptake 

112 supports optimal plant performance.

113 Productivity within aeroponic cultivation

114 Yields from aeroponic cultivation can exceed compost or hydroponic cultivation for certain 

115 crops (Wyslouzil et al., 1997; Souret & Weathers, 2000; Ritter et al., 2001; Hayden et al., 

116 2004; Kratsch et al., 2006; Chandra et al., 2014). One study reported that yields of 

117 aeroponically cultivated basil, parsley, cherry tomato, squash, bell pepper and red kale 

118 increased by 19%, 21%, 35%, 50%, 53% and 65% compared to soil culture, respectively  

119 (Chandra et al., 2014). Greater saffron bulb growth and unaltered saffron yield has also 

120 been reported under aeroponic horticulture (Souret & Weathers, 2000). Aeroponic cultivation 

121 was also reported to achieve greater tomato fruit mass when aeroponic and hydroponic 

122 cultivation was compared directly (1.95 g/fruit from aeroponics; 1.56 g/fruit from 

123 hydroponics) (Wang et al., 2019).

124 The effectiveness of root crop cultivation by aeroponics depends upon crop variety and 

125 method of cultivation. One study reported a mean root storage increase of more than 20 g 

126 dry weight for cassava cultivated aeroponically compared with drip hydroponic cultivation 

127 (Selvaraj et al., 2019). Another reported potato tuberization to occur 6-8 days earlier than 

128 during aeroponic cultivation (Chang et al., 2012). On the other hand, a separate study 

129 identified that whilst potato minituber yield increased by 70% compared with hydroponic 

130 cultivation, the mean tuber weight was 33% lower (Ritter et al., 2001). In that study, delayed 

131 tuberization only allowed one productive cycle over a year, compared with two productive 

132 cycles for hydroponically grown potatoes (Ritter et al., 2001). Furthermore, whilst aeroponic-

133 cultivated burdock was reported to accumulate 49% more aerial biomass compared with soil 

134 cultivation, the harvestable root biomass was unaltered (Hayden et al., 2004). We speculate 

135 that differences between these studies might arise from differing cultivation platforms and 

136 environmental- and genotypic variability. For example, (Ritter et al., 2001) attributed delayed 
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137 tuber formation to enhanced vegetative growth caused by an unlimited nitrogen supply, 

138 whilst (Chang et al., 2012) and (Tokunaga et al., 2020) identified variation between tuber 

139 yield of distinct potato and cassava cultivars during aeroponic cultivation. Therefore, it would 

140 be informative in future to compare and understand the performance of different varieties of 

141 specific crops cultivated aeroponically, under various environmental conditions, to identify 

142 traits compatible with aeroponic cultivation in particular climates.

143 Root zone oxygen, plant productivity and aeroponic cultivation

144 Root zone aeration supports plant productivity by allowing root respiration (Fig. 3a) 

145 (Armstrong, 1980; Soffer et al., 1991). Reduced root zone oxygen decreases yield, growth 

146 rates, mineral and water uptake (Rosen & Carlson, 1984; Tachibana, 1988; Soffer et al., 

147 1991). In closed growing systems, aeration also prevents the release of gaseous hormones 

148 such as ethylene that can inhibit growth (Weathers & Zobel, 1992; Raviv et al., 2008). 

149 Aeroponic systems provide the advantage that roots can, theoretically, access all available 

150 root zone oxygen, whereas in hydroponic culture, the low water solubility of oxygen means 

151 that dissolved oxygen concentrations may need to be closely monitored when cultivating 

152 certain plant species to ensure that dissolved oxygen concentrations do not become limiting 

153 for plant growth (Jackson, 1985; Goto et al., 1996; Ritter et al., 2001; Wang & Qi, 2010; 

154 Mobini et al., 2015; Gopinath et al., 2017). This can be optimized during hydroponics 

155 through regular nutrient solution cycling, or bubbling oxygen into the nutrient solution (Fig. 

156 1).

157 Aeroponics allows artificial elevation of root zone O2 to enhance yield. One study identified in 

158 tomato and cucumber a positive linear relationship between root zone O2 concentration and 

159 growth rates, when root zone gaseous O2 increased between 5% (v/v) and 30% (v/v), 

160 plateauing above ~35% O2 (v/v) (Nichols et al., 2002). However, to evaluate the viability of 

161 this strategy it would be helpful to gain better understanding of the relationship between O2 

162 concentration and growth rate for other aeroponic-cultivated species. 
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163 Relationship between root zone temperature and CO2 within aeroponic cultivation

164 In vertical farms, high root zone temperatures inhibit root growth and cause nutrient 

165 deficiency, reducing photosynthetic efficiency (Tan et al., 2002; He et al., 2007; He et al., 

166 2010; He et al., 2013; Choong et al., 2016). This inhibition can be reversed in aeroponic 

167 horticulture by root zone cooling or CO2 supplementation (Tan et al., 2002; He et al., 2010; 

168 He et al., 2013). For example, cooling the root zone of aeroponic-cultivated lettuce to 20°C 

169 increased root surface area and root/shoot mineral content compared with plants grown at 

170 tropical temperatures (23 - 38°C) (Tan et al., 2002), and similar root-zone cooling in tropical 

171 greenhouses increased lettuce shoot yields (Choong et al., 2016). Furthermore, root zone 

172 CO2 supplementation of aeroponically grown lettuce, with root zone temperatures of 20 - 

173 38°C, increased the Rubisco concentration and protected plants against photoinhibition, 

174 potentially due to increased NO3
- uptake (He et al., 2013). This increased the dry weight of 

175 lettuce shoots and roots by 1.8 and 2.5-fold, respectively, but decreased the shoot:root ratio 

176 at CO2 ≥ 10,000 ppm (He et al., 2010). Therefore, adjusting the root zone temperature and 

177 CO2 concentration can improve growth, mineral uptake and nutritional content.

178 Root exudation and microbial interactions during aeroponic cultivation

179 Plants release an estimated 20% of assimilated carbon as root exudates, which includes 

180 high and low molecular weight compounds that can inhibit or benefit growth (Kuzyakov & 

181 Domanski, 2000; Badri & Vivanco, 2009; Baetz & Martinoia, 2014; Delory et al., 2016; 

182 Mommer et al., 2016; Huang et al., 2019). It is important to understand the effects of root 

183 exudation during aeroponic cultivation because the nutrient solution is recycled for some 

184 time within closed systems (Fig. 3a). For example, plant autotoxicity can arise from exuded 

185 organic acids within recycled nutrient solutions (Yu & Matsui, 1993; Yu & Matsui, 1994; Asao 

186 et al., 2003; Hosseinzadeh et al., 2017). However, little is known about the types, 

187 concentrations and variation in recycled root exudates for distinct crop species grown using 

188 aeroponic systems, and its consequences for plant performance. Because the physical and 
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189 chemical properties of nutrient solutions alter when atomized into aerosols (Hinds, 1999), 

190 root exudates might alter chemically or precipitate, changing the effects of exudates on plant 

191 and/or microbial growth. Plants also release volatile organic compounds (VOCs) into the root 

192 zone (Dudareva et al., 2006; Widhalm et al., 2015; Delory et al., 2016; Pickett & Khan, 2016; 

193 Vivaldo et al., 2017) that might partition into the aerosol phase (Odum et al., 1996; Sander, 

194 2015) and, therefore, incorporate autotoxic compounds into aerosol droplets (Fig. 3a). 

195 Incorporation of VOCs into aerosol droplets will change the aerosol vapour pressure, 

196 potentially altering the concentrations of nutrients delivered to the roots. Since root exudate 

197 compounds such as the polysaccharide xyloglucan increase substrate cohesion (Galloway 

198 et al., 2018), exudate compound(s) might alter thin-film retention and nutrient uptake by 

199 changing cohesion and adhesion characteristics at the interface between thin-films and root 

200 surfaces (Fig. 2b, Fig. 3a).

201 Root exudates are important for microbial growth and shaping rhizosphere microbial 

202 communities (De-la-Peña et al., 2008; Chaparro et al., 2014; Hugoni et al., 2018; Sasse et 

203 al., 2018). There are relatively few studies of root microbiome development during aeroponic 

204 cultivation (Fig 3a). One recent study identified that the root-associated microbial community 

205 of aeroponically grown-lettuce was dominated by proteobacteria and distinct from microbial 

206 communities present on the germination trays or nutrient solution (Edmonds et al., 2020). 

207 Given that some bacterial species are unculturable after aerosol dispersion (Reponen et al., 

208 1997; Dabisch et al., 2012; Zhen et al., 2013) and each atomization method affects bacterial 

209 membrane integrity and cell survival differently (Fernandez et al., 2019), more extensive 

210 characterization of microbial communities at the root-aerosol interface and within the nutrient 

211 solution will be informative. This might identify beneficial or inhibitory effects of these 

212 microbial communities upon the aeroponic productivity, for a variety of crops throughout their 

213 development. This could inform the development of probiotic microbial treatments to support 

214 biofertilization and biocontrol, including protection of the crop and aeroponic system from 

215 invasion by human and plant pathogens. One method to introduce such probiotics could be 
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216 to inoculate the seeds at the point when they are moistened to break dormancy and induce 

217 germination.

218 Root morphology and anatomy in aeroponic cultivation

219 Root morphology and architecture affects aerosol capture and thin-film formation. For 

220 example, aeroponically grown roots can have increased root hair abundance compared with 

221 hydroponically grown roots (Kratsch et al., 2006), which will in turn influence aerosol capture 

222 (Fig. 3b). Given that root hair development is both dynamic and influenced by environmental 

223 heterogeneity and the nutrient or water status of plants (Gilroy & Jones, 2000; Vissenberg et 

224 al., 2020), it will be valuable to assess how root hairs develop on aeroponically-grown plant 

225 species at a variety of developmental stages. More research is required to establish which 

226 microscale and/or macroscale root traits are important for aerosol capture at various 

227 developmental stages, considering differences between crops. This knowledge might 

228 influence the aerosol properties (e.g. droplet size) and nutrient dosing regimen that are 

229 administered at each developmental stage to optimize aerosol capture and nutrient- and 

230 water-uptake.

231 Because the anatomy of root cell layers influences nutrient and water uptake (Enstone et al., 

232 2002), it is important to understand how root anatomy might be influenced by aeroponic 

233 cultivation. For example, the exodermal hydrophobic barriers differ between the maize root 

234 hypodermis following aeroponic and hydroponic culture (Fig. 3b) (Zimmermann & Steudle, 

235 1998; Freundl et al., 2000; Meyer et al., 2009; Redjala et al., 2011). Hydroponically grown 

236 maize roots lacked exodermal hydrophobic barriers, whilst hydrophobic barriers were 

237 present in the exodermis, 30 - 70 mm from the root tips, following aeroponic cultivation  (Fig. 

238 3b) (Zimmermann & Steudle, 1998). Greater depth of knowledge of root anatomical 

239 specializations during aeroponic culture would be informative across a wider range of crops, 

240 at various developmental stages. We speculate that species with thicker hydrophobic 
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241 barriers might require longer aerosol atomisation periods, using droplets containing greater 

242 nutrient concentrations.

243 Diel cycles and photoperiod in aeroponic cultivation

244 The light conditions in indoor farms can be tuned to crop requirements. For example, the 

245 photoperiod influences the growth and development of many plant species (Turner et al., 

246 2005; Song et al., 2015). Since the light spectrum influences the morphology and metabolite 

247 content, altering the spectrum can adjust the shape, flavour, fragrance or nutrient content of 

248 vertically farmed crops (Darko et al., 2014; Dou et al., 2017; Fraser et al., 2017; Holopainen 

249 et al., 2018).

250 The specificity in the timing and intensity of aeroponic nutrient dosing provides opportunities 

251 to align daily aeroponic and lighting regimes for optimal growth (Fig. 3a). Daily fluctuations in 

252 fertilization could be applied, such as day- and night-specific nutrient mixes. This strategy 

253 has been proposed to manipulate the nutrient composition of salad crops (Albornoz et al., 

254 2014), capitalizing on diurnal stomatal opening and transpiration stream activity. By 

255 providing greater nitrogen concentrations to the roots during the dark period and lower 

256 concentrations during the light period, nitrogen over-accumulation within leaves can be 

257 prevented (Albornoz et al., 2014). Diel fluctuations in nutrient concentrations also appear to 

258 increase the yield of some tomato varieties (Santamaria et al., 2004).

259 The relationship between the light/dark cycle and the endogenous circadian rhythm 

260 influences plant growth and development. Laboratory experiments with Arabidopsis thaliana 

261 identified that mismatch between the endogenous circadian period and period of the 

262 day/night cycle reduces growth and causes mismanagement of transitory starch reserves 

263 (Dodd et al., 2005; Graf et al., 2010). This relationship between circadian rhythms and light 

264 conditions is important for vertical farms. For example, lettuce growth rates can be estimated 

265 from circadian rhythm parameters of the seedlings, and this information used to transfer the 

266 best-performing seedlings from the nursery to the farm (Moriyuki & Fukuda, 2016). This can 
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267 maximise the number of individual plants meeting certain growth criteria (Moriyuki & Fukuda, 

268 2016). Similarly, the timing of artificial light and dark cycles during tomato cultivation 

269 influences tomato growth and survival (Highkin & Hanson, 1954). This might explain why 

270 humans selected for a longer circadian period and later circadian phase during tomato 

271 domestication to higher latitudes with longer photoperiods (Müller et al., 2016; Müller et al., 

272 2018). Therefore, knowledge of circadian biology can be exploited to optimize daily lighting 

273 regimes in vertical farms to maximise productivity. In future, it might be possible to exploit 

274 integrated plant growth models that incorporate knowledge of circadian rhythms (Chew et 

275 al., 2014) to optimize photo- and thermoperiodic conditions for specific vertically farmed crop 

276 varieties.

277 Conclusions and recommendations for future work

278 We conclude by suggesting strategic areas of future research to underpin increased 

279 productivity and sustainability of aeroponic vertical farms.

280 1. Understand why aeroponic cultivation can be more productive than hydroponic or soil 

281 cultivation, to inform crop breeding and farm engineering. Potential testable hypotheses 

282 concern altered photosynthetic performance, oxygen availability, stomatal physiology and 

283 water relations, nutrient supply, carbohydrate partitioning, and resource competition within 

284 the root- and aerial-phases of plants in growing trays. This also involves the identification of 

285 why certain genotypes are better suited to aeroponic cultivation, because this might allow 

286 the breeding of varieties with enhanced performance during aeroponic cultivation or 

287 extension of the range of crops that can be cultivated with aeroponics.

288 2. Understand root developmental architecture under standardized aeroponic conditions for 

289 a key range of crops at a variety of developmental stages, and how this differs from 

290 hydroponic- and soil-based cultivation. Growing conditions reflect the local environment, 

291 technologies and crop varieties, so comparing model crops under standardised conditions 

292 might provide insights to inform cultivation conditions.
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293 3. Understand the relationship between aeroponic droplet size, nutrient content, droplet 

294 deposition and plant performance. This is important to identify aerosol generation technology 

295 or regimes that are appropriate and most profitable for each crop at a variety of 

296 developmental stages. It will also inform optimization of crop quality and nutrition within 

297 aeroponic systems.

298 4. Understand the relationship between aeroponic fertilization and daily (24 h) cycles upon 

299 crop performance. The relationship between daily cycles of environmental conditions (e.g. 

300 lighting, airflow, temperature, humidity), aerosol supply and composition, and crop 

301 metabolism presents opportunities to adjust crop performance, appearance, nutrient 

302 composition and flavour.

303 5. Establish experimental and analytical frameworks for comparison of vertical farming 

304 technologies for a range of crops. Frameworks should collate productivity metrics and 

305 resource consumption to allow assessment of the environmental and economic sustainability 

306 of each technology. This could underpin more rapid technological development and 

307 collaboration towards improved food security.

308 6. Understand the nature and recycling of root exudates within the nutrient solutions of 

309 closed aeroponic systems. This includes identification of recirculated compound types, their 

310 crop species-dependency, chemical and physical changes in exudates caused by aerosol 

311 generation, and crop performance impacts. This is important for greenhouse and vertical 

312 farm engineering, and pairing crops with optimum cultivation technologies.

313 7. Understand how different aeroponic atomization methods affect microbial community 

314 structure at the root-aerosol interface, and the consequences for crop productivity, crop 

315 protection, food safety and farm engineering.
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325 Figure legends

326 Figure 1: Hydroponic irrigation methods include drip irrigation, deep water culture, nutrient 

327 film technique and flood and drain. In drip irrigation systems, a nutrient solution is fed into a 

328 variable growing medium that supports the root system. Deep water culture submerges roots 

329 in nutrient solution, with plants supported by a membrane preventing aerial tissue 

330 immersion. Nutrient film method exposes the bottom of the root bed to a flowing nutrient 

331 solution whilst the top of the root bed remains exposed to air. Flood and drain systems 

332 immerse the root system with a nutrient solution for a period of time. Subsequently, this is 

333 drained and collected into a reservoir to aerate the root bed. Aeroponics atomizes the 

334 nutrient solution, which deposit onto the root surface. Aero-hydro systems atomize nutrient 

335 solution whilst exposing the lower root bed to recirculated nutrient solution. Air pumps are 

336 common during deep water culture and can be added to other systems to increase root zone 

337 oxygen.

338 Figure 2. Models for irrigation cycle and nutrient exchange during aeroponic horticulture. (a) 

339 Proposed aeroponic thin-film replenishment cycle. During the deposition phase, aerosol 

340 droplets deposit onto the root surface. Smaller aerosol droplets might access spaces 

341 between root hairs. Droplets might also collide, gain volume and exit the aerosol, landing on 

342 roots or collecting into the nutrient solution at the bottom of the bed. Retention refers to the 

343 accumulation of thin-films over areas of the root surface that persist for a period of time. 

344 These are likely to be heterogeneous, leading to heterogeneous gas exchange and nutrient 

345 uptake. During the decay phase, thin-films will be removed by evaporation and gravity in a 

346 manner dependent upon root architecture, surface tension and relative humidity. Thin-films 

347 are replenished by generation of further aerosol. (b) Model for nutrient uptake and gas 

348 exchange within an aeroponic system. As aerosol droplets become deposited, the quantity 

349 of gas exchange between the root and the environment will decrease and nutrient availability 

350 increase.
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351 Figure 3. Interactions between aeroponically grown plants and their environment. (a) 

352 Interactions between the aerial and root phases and their environment. Light/dark conditions 

353 and diel nutrient supply cycles might be optimized to enhance plant productivity. The root 

354 zone CO2 and O2 concentrations affect plant productivity and have potential for manipulation 

355 to enhance productivity. Volatile organic compounds (VOCs) released into the root zone 

356 might alter the aerosol properties and nutrient availability. Interactions between root exudate 

357 compounds and nutrient solution ions will affect thin-film development and retention. Root 

358 exudates will shape the aeroponic microbial community and microbial exudates might, in 

359 turn, affect crop productivity and protection. (b) Root architecture and anatomy can differ 

360 between hydroponic and aeroponic cultivation, with aeroponically-cultivated roots having 

361 increased root hair abundance and hydrophobic barriers in the exodermis (shown in red) 

362 compared with hydroponic cultivation.

363

Page 16 of 28New Phytologist



16

364

365 Table 1. A variety of factors will influence root thin-film thickness and retention during 

366 aeroponic cultivation. The aerosol phase describes factors that influence airborne aerosol 

367 properties, and the thin-film phase refers to factors that influence the deposition, retention 

368 and decay of root-surface aqueous films. In addition to aerosol physics and chemistry, thin-

369 film thickness and retention will depend upon crop type.

Property Characteristics Outcomes References

Aerosol 
particle size 
distribution

Most atomisation 
techniques will not 
generate a 
monodisperse 
ensemble of 
aerosol. Aerosol 
droplet size may 
change after 
generation.  

Increases in size 
distribution introduce 
variation in 
deposition efficiency 
across the root 
system. Larger 
droplets are more 
likely to deposit on 
roots close to the 
point of aerosol 
generation. 

(Shum et al., 
1993)

(Nuyttens et al., 
2007)

Aerosol 
particle 
velocity

After generation, 
aerosol droplet 
velocity is 
generally likely to 
decrease.

Aerosol particle 
velocity will impact 
the aerosol 
distribution 
throughout the root 
system, impacting 
uniformity of aerosol 
capture efficiency.

(Shum et al., 
1993)

Aerosol 
Phase

Hygroscopicity The chemical 
composition of an 
aerosol will 
determine its 
reaction to 
changes in the 
relative humidity of 
the surrounding 
gas phase. Water 
will evaporate out 
of, or condense 
into, the droplet in 
response to 
imbalances 

Changes in droplet 
size distribution.

Changes to nutrient 
solution electrical 
conductivity and pH.

(Mitchem et al., 
2006)

(Odum et al., 
1996)

(Topping et al., 
2005)
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between the water 
activity of the 
droplet and root 
chamber 
environmental 
conditions.

Electrostatic 
Effects

Some atomization 
processes can 
induce electrostatic 
charges in aerosol. 

Given that both the 
root and aerosol 
phase can have 
charge effects, 
aerosol droplets 
might be repelled or 
attracted to the root 
system.

(Xi et al., 2014)

Evaporation 
rate

Rate of water 
evaporation from 
the thin-film to the 
gas phase.

We predict that 
evaporation of water 
from the thin-film will 
alter pH and 
electrical conductivity 
of thin-film nutrient 
solution.

(Sultan et al., 
2005)

Gravity We speculate that 
at a certain 
volume, the thin-
film will accumulate 
sufficient mass that 
gravity will cause it 
to drip from the 
root.

We speculate that 
gravity effects will 
produce crop-specific 
and developmental 
stage variation in the 
refresh rate of the 
nutrient solution on 
the plant root. 

This is a 
testable 
hypothesis

Root system 
architecture

Spatial 
configuration of all 
roots (primary, 
lateral, accessory 
roots) in three 
dimensions, which 
changes during 
plant development.

Root system density 
and configuration is 
predicted to affect 
aerosol droplet 
capture efficiency, 
thin-film thickness, 
and thin-film 
residency- and 
replenishment rate 

(Wyslouzil et al., 
1997)

(Osmont et al., 
2007)

Thin-film 
Phase

Root hair 
density and 
length

Root hairs are 
tubular epidermal 
protrusions from 
the root surface. 
Root hair 
properties such as 

Increased root hair 
density and length is 
predicted to capture 
droplets more 
effectively than 
glabrous roots or 

(Wyslouzil et al., 
1997)

(Grierson et al., 
2014)
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density and length 
affect the root 
surface area 
available for 
absorption of water 
and nutrients.

roots with shorter/ 
fewer hairs, which 
will affect thin-film 
formation and 
residence time.

Root surface 
properties and 
root exudation 

Topological 
features of root 
surface, and 
variety of 
compounds that 
roots exude by 
passive and active 
processes.  

We predict that root 
surface 
characteristics and 
the root exudate 
mixture will affect the 
formation and 
residency of thin-
films by altering 
adherence/coherenc
e of aqueous 
droplets on the root 
surface.

(Badri & 
Vivanco, 2009)

(Galloway et al., 
2018)

370

371

Page 19 of 28 New Phytologist



19

372 References 

373 Adams JL, McLean RJ. 1999. Impact of rpoS deletion on Escherichia coli biofilms. Applied 
374 and environmental microbiology 65(9): 4285-4287.
375 Albornoz F, Lieth JH, González-Fuentes JA. 2014. Effect of different day and night 
376 nutrient solution concentrations on growth, photosynthesis, and leaf NO3- content of 
377 aeroponically grown lettuce. Chilean journal of agricultural research 74: 240-245.
378 Armstrong W. 1980. Aeration in higher plants. Advances in Botanical Research 7: 225-331.
379 Asao T, Hasegawa K, Sueda Y, Tomita K, Taniguchi K, Hosoki T, Pramanik MHR, 
380 Matsui Y. 2003. Autotoxicity of root exudates from taro. Scientia Horticulturae 97(3): 
381 389-396.
382 Badri DV, Vivanco JM. 2009. Regulation and function of root exudates. Plant, Cell & 
383 Environment 32(6): 666-681.
384 Baetz U, Martinoia E. 2014. Root exudates: the hidden part of plant defense. Trends in 
385 Plant Science 19(2): 90-98.
386 Benke K, Tomkins B. 2017. Future food-production systems: vertical farming and 
387 controlled-environment agriculture. Sustainability: Science, Practice and Policy 13(1): 
388 13-26.
389 Chandra S, Khan S, Avula B, Lata H, Yang MH, A. EM, Khan IA. 2014. Assessment of 
390 total phenolic and flavonoid content, antioxidant properties, and yield of aeroponically 
391 and conventionally grown leafy vegetables and fruit crops: a comparative study. 
392 Evidence-based complementary and alternative medicine: 2014: article 253875.
393 Chang DC, Park CS, Kim SY, Lee YB. 2012. Growth and tuberization of hydroponically 
394 grown potatoes. Potato Research 55(1): 69-81.
395 Chaparro JM, Badri DV, Vivanco JM. 2014. Rhizosphere microbiome assemblage is 
396 affected by plant development. The ISME Journal 8(4): 790-803.
397 Chew YH, Wenden B, Flis A, Mengin V, Taylor J, Davey CL, Tindal C, Thomas H, 
398 Ougham HJ, de Reffye P, et al. 2014. Multiscale digital Arabidopsis predicts 
399 individual organ and whole-organism growth. Proceedings of the National Academy 
400 of Sciences 111(39): E4127-E4136.
401 Choong T-W, He J, Lee SK, Dodd IC. 2016. Growing different Lactuca genotypes 
402 aeroponically within a tropical greenhouse- cool rootzone temperatures decreased 
403 rootzone ethylene concentrations and increased shoot growth. Frontiers in 
404 Physiology 7: article 405.
405 Dabisch P, Bower K, Dorsey B, Wronka L. 2012. Recovery efficiencies for Burkholderia 
406 thailandensis from various aerosol sampling media. Frontiers in Cellular and Infection 
407 Microbiology 2: article 78.
408 Darko E, Heydarizadeh P, Schoefs B, Sabzalian MR. 2014. Photosynthesis under artificial 
409 light: the shift in primary and secondary metabolism. Philosophical Transactions of 
410 the Royal Society B: Biological Sciences 369(1640): article 20130243.
411 De-la-Peña C, Lei Z, Watson BS, Sumner LW, Vivanco JM. 2008. Root-microbe 
412 communication through protein secretion. Journal of Biological Chemistry 283(37): 
413 25247-25255.
414 Delory BM, Delaplace P, Fauconnier M-L, du Jardin P. 2016. Root-emitted volatile 
415 organic compounds: can they mediate belowground plant-plant interactions? Plant 
416 and Soil 402(1/2): 1-26.
417 Despommier D. 2011. The vertical farm: controlled environment agriculture carried out in 
418 tall buildings would create greater food safety and security for large urban 
419 populations. Journal für Verbraucherschutz und Lebensmittelsicherheit 6(2): 233-
420 236.
421 Dodd AN, Salathia N, Hall A, Kévei E, Tóth R, Nagy F, Hibberd JM, Millar AJ, Webb 
422 AAR. 2005. Plant circadian clocks increase photosynthesis, growth, survival, and 
423 competitive advantage. Science 309(5734): 630-633.

Page 20 of 28New Phytologist



20

424 Dou H, Niu G, Gu M, Masabni JG. 2017. Effects of light quality on growth and phytonutrient 
425 accumulation of herbs under controlled environments. Horticulturae 3: article 36.
426 Dudareva N, Negre F, Nagegowda DA, Orlova I. 2006. Plant volatiles: recent advances 
427 and future perspectives. Critical Reviews in Plant Sciences 25(5): 417-440.
428 Edmonds JW, Sackett JD, Lomprey H, Hudson HL, Moser DP. 2020. The aeroponic 
429 rhizosphere microbiome: community dynamics in early succession suggest strong 
430 selectional forces. Antonie Van Leeuwenhoek 113: 83-99.
431 Enstone DE, Peterson CA, Ma F. 2002. Root endodermis and exodermis: structure, 
432 function, and responses to the environment. Journal of Plant Growth Regulation 
433 21(4): 335-351.
434 Fernandez MO, Thomas RJ, Garton NJ, Hudson A, Haddrell A, Reid JP. 2019. 
435 Assessing the airborne survival of bacteria in populations of aerosol droplets with a 
436 novel technology. Journal of The Royal Society Interface 16(150): article 20180779.
437 Fraser DP, Sharma A, Fletcher T, Budge S, Moncrieff C, Dodd AN, Franklin KA. 2017. 
438 UV-B antagonises shade avoidance and increases levels of the flavonoid quercetin 
439 in coriander (Coriandrum sativum). Scientific Reports 7(1): article 17758.
440 Freundl E, Steudle E, Hartung W. 2000. Apoplastic transport of abscisic acid through roots 
441 of maize: effect of the exodermis. Planta 210(2): 222-231.
442 Galloway AF, Pedersen MJ, Merry B, Marcus SE, Blacker J, Benning LG, Field KJ, 
443 Knox JP. 2018. Xyloglucan is released by plants and promotes soil particle 
444 aggregation. New Phytologist 217(3): 1128-1136.
445 Gilroy S, Jones DL. 2000. Through form to function: root hair development and nutrient 
446 uptake. Trends in Plant Science 5(2): 56-60.
447 Gopinath P, Vethamoni PI, Gomathi M. 2017. Aeroponics soilless cultivation system for 
448 vegetable crops. Chemical Science Review and Letters 6: 838-849.
449 Goto E, Both AJ, Albright LD, Langhans RW, Leed AR. 1996. Effect of dissolved oxygen 
450 concentration on lettuce growth in floating hydroponics. ISHS Acta 
451 Horticulturae(440): 205-210.
452 Graf A, Schlereth A, Stitt M, Smith AM. 2010. Circadian control of carbohydrate availability 
453 for growth in Arabidopsis plants at night. Proceedings of the National Academy of 
454 Sciences 107(20): 9458-9463.
455 Grand View Research 2019. Vertical farming market analysis report by offering (lighting, 
456 climate control), by growing mechanism (hydroponics, aquaponics), by structure, by 
457 fruits, vegetables & herbs, and segment forecasts, 2019 - 2025. 
458 https://www.grandviewresearch.com/industry-analysis/vertical-farming-market 
459 [accessed 19 September 2019].
460 Grierson C, Nielsen E, Ketelaarc T, Schiefelbein J. 2014. Root hairs. The Arabidopsis 
461 book 12: e0172-e0172.
462 Hayden AL, Yokelsen TN, Giacomelli GA, Hoffmann JJ 2004. Aeroponics: An alternative 
463 production system for high-value root crops: International Society for Horticultural 
464 Science (ISHS), Leuven, Belgium. 207-213.
465 He J, Aminda Chua NY, Qin L. 2007. Interaction between iron stress and root-zone 
466 temperature on physiological aspects of aeroponically grown Chinese broccoli. 
467 Journal of Plant Nutrition 31(1): 173-192.
468 He J, Austin PT, Lee SK. 2010. Effects of elevated root zone CO2 and air temperature on 
469 photosynthetic gas exchange, nitrate uptake, and total reduced nitrogen content in 
470 aeroponically grown lettuce plants. Journal of Experimental Botany 61(14): 3959-
471 3969.
472 He J, Qin L, Lee SK. 2013. Root-zone CO2 and root-zone temperature effects on 
473 photosynthesis and nitrogen metabolism of aeroponically grown lettuce (Lactuca 
474 sativa L.) in the tropics. Photosynthetica 51(3): 330-340.
475 Highkin HR, Hanson JB. 1954. Possible Interaction between light-dark cycles and 
476 endogenous daily rhythms on the growth of tomato plants. Plant physiology 29(3): 
477 301-302.

Page 21 of 28 New Phytologist



21

478 Hinds WC. 1999. Aerosol technology: properties, behavior, and measurement of airborne 
479 particles: John Wiley and Sons (New York).
480 Holopainen JK, Kivimäenpää M, Julkunen-Tiitto R. 2018. New light for phytochemicals. 
481 Trends in Biotechnology 36(1): 7-10.
482 Hosseinzadeh S, Verheust Y, Bonarrigo G, Van Hulle S. 2017. Closed hydroponic 
483 systems: operational parameters, root exudates occurrence and related water 
484 treatment. Reviews in Environmental Science and Bio/Technology 16(1): 59-79.
485 Huang AC, Jiang T, Liu Y-X, Bai Y-C, Reed J, Qu B, Goossens A, Nützmann H-W, Bai 
486 Y, Osbourn A. 2019. A specialized metabolic network selectively modulates 
487 Arabidopsis root microbiota. Science 364(6440): article eaau6389.
488 Hugoni M, Luis P, Guyonnet J, Haichar FeZ. 2018. Plant host habitat and root exudates 
489 shape fungal diversity. Mycorrhiza 28(5): 451-463.
490 Jackson MB. 1985. Ethylene and responses of plants to soil waterlogging and 
491 submergence. Annual Review of Plant Physiology 36: 145-174.
492 Keeratiurai P. 2013. Comparison of drip and sprinkler irrigation system for the cultivation 
493 plants vertically. Journal of Agricultural and Biological Science 8: 740-744.
494 Klerkx L, Rose D. 2020. Dealing with the game-changing technologies of Agriculture 4.0: 
495 How do we manage diversity and responsibility in food system transition pathways? 
496 Global Food Security 24: article 100347.
497 Kratsch HA, Graves WR, Gladon RJ. 2006. Aeroponic system for control of root-zone 
498 atmosphere. Environmental and Experimental Botany 55(1): 70-76.
499 Kuzyakov Y, Domanski G. 2000. Carbon input by plants into the soil. Review. Journal of 
500 Plant Nutrition and Soil Science 163(4): 421-431.
501 Lakhiar IA, Gao J, Syed TN, Chandio FA, Buttar NA. 2018. Modern plant cultivation 
502 technologies in agriculture under controlled environment: a review on aeroponics. 
503 Journal of Plant Interactions 13(1): 338-352.
504 Meyer CJ, Seago JL, Jr., Peterson CA. 2009. Environmental effects on the maturation of 
505 the endodermis and multiseriate exodermis of Iris germanica roots. Annals of Botany 
506 103(5): 687-702.
507 Mitchem L, Buajarern J, Hopkins RJ, Ward AD, Gilham RJJ, Johnston RL, Reid JP. 
508 2006. Spectroscopy of growing and evaporating water droplets:  exploring the 
509 variation in equilibrium droplet size with relative humidity. The Journal of Physical 
510 Chemistry A 110(26): 8116-8125.
511 Mobini SH, Ismail MR, Aroiuee H. 2015. The impact of aeration on potato (Solanum 
512 tuberosum L.) minituber production under soilless conditions. African Journal of 
513 Biotechnology 14: article 11.
514 Mommer L, Kirkegaard J, van Ruijven J. 2016. Root–Root interactions: towards a 
515 rhizosphere framework. Trends in Plant Science 21(3): 209-217.
516 Moriyuki S, Fukuda H. 2016. High-throughput growth prediction for Lactuca sativa L. 
517 seedlings using chlorophyll fluorescence in a plant factory with artificial lighting. 
518 Frontiers in Plant Science 7: article 394.
519 Müller NA, Wijnen CL, Srinivasan A, Ryngajllo M, Ofner I, Lin T, Ranjan A, West D, 
520 Maloof JN, Sinha NR, et al. 2016. Domestication selected for deceleration of the 
521 circadian clock in cultivated tomato. Nature Genetics 48(1): 89-93.
522 Müller NA, Zhang L, Koornneef M, Jiménez-Gómez JM. 2018. Mutations in EID1 and 
523 LNK2 caused light-conditional clock deceleration during tomato domestication. 
524 Proceedings of the National Academy of Sciences 115(27): 7135-7140.
525 Murga R, Stewart PS, Daly D. 1995. Quantitative analysis of biofilm thickness variability. 
526 Biotechnology and Bioengineering 45(6): 503-510.
527 Nichols MA, Woolley DJ, Christie CB. 2002. Effect of oxygen and carbon dioxide 
528 concentration in the root zone on the growth of vegetables. Acta Horticulturae 578: 
529 119-122.
530 Nuyttens D, Baetens K, De Schampheleire M, Sonck B. 2007. Effect of nozzle type, size 
531 and pressure on spray droplet characteristics. Biosystems Engineering 97(3): 333-
532 345.

Page 22 of 28New Phytologist



22

533 Odum JR, Hoffmann T, Bowman F, Collins D, Flagan RC, Seinfeld JH. 1996. 
534 Gas/particle partitioning and secondary organic aerosol yields. Environmental 
535 Science & Technology 30(8): 2580-2585.
536 Osmont KS, Sibout R, Hardtke CS. 2007. Hidden branches: developments in root system 
537 architecture. Annual Review of Plant Biology 58(1): 93-113.
538 Pickett JA, Khan ZR. 2016. Plant volatile-mediated signalling and its application in 
539 agriculture: successes and challenges. New Phytologist 212(4): 856-870.
540 Raviv M, Lieth JH, Batal A, Siber A 2008. Growing plants in soilless culture: operational 
541 conclusions. In: Raviv M, Lieth JH eds. Soilless culture: theory and practice: Elsevier 
542 (Amsterdam), 545-571.
543 Redjala T, Zelko I, Sterckeman T, Legué V, Lux A. 2011. Relationship between root 
544 structure and root cadmium uptake in maize. Environmental and Experimental 
545 Botany 71(2): 241-248.
546 Reis N, Ainsley C, Derby B. 2005. Ink-jet delivery of particle suspensions by piezoelectric 
547 droplet ejectors. Journal of Applied Physics 97: article 094903.
548 Reponen T, Willeke K, Ulevicius V, Grinshpun SA, Donnelly J. 1997. Techniques for 
549 dispersion of microorganisms into air. Aerosol Science and Technology 27(3): 405-
550 421.
551 Ritter E, Angulo B, Riga P, Herrán C, Relloso J, San Jose M. 2001. Comparison of 
552 hydroponic and aeroponic cultivation systems for the production of potato minitubers. 
553 Potato Research 44(2): 127-135.
554 Rose DC, Chilvers J. 2018. Agriculture 4.0: Broadening responsible innovation in an era of 
555 smart farming. Frontiers in Sustainable Food Systems 2: article 87.
556 Rosen CJ, Carlson RM. 1984. Influence of root zone oxygen stress on potassium and 
557 ammonium absorption by Myrobalan plum rootstock. Plant Soil 80: 345-353.
558 Sander R. 2015. Compilation of Henry's Law constants (version 4.0) for water as solvent. 
559 Atmospheric Chemistry and Physics 15: 4399-4981.
560 Santamaria P, Cantore V, Conversa G, Serio F. 2004. Effect of night salinity level on water 
561 use, physiological responses, yield and quality of tomato. The Journal of Horticultural 
562 Science and Biotechnology 79(1): 59-66.
563 Sasse J, Martinoia E, Northen T. 2018. Feed your friends: do plant exudates shape the 
564 root microbiome? Trends in Plant Science 23(1): 25-41.
565 Selvaraj MG, Montoya-P ME, Atanbori J, French AP, Pridmore T. 2019. A low-cost 
566 aeroponic phenotyping system for storage root development: unravelling the below-
567 ground secrets of cassava (Manihot esculenta). Plant Methods 15(1): article 131.
568 Shamshiri R, Kalantari F, Ting KC, Thorp KR, Hameed IA, Weltzein C, Ahmad D, Shad 
569 ZM. 2018. Advances in greenhouse automation and controlled environment 
570 agriculture: A transition to plant factories and urban agriculture. NTNU Open 11: 1-
571 22.
572 Shum SCK, Johnson SK, Pang H-M, Houk RS. 1993. Spatially resolved measurements of 
573 size and velocity distributions of aerosol droplets from a direct injection nebulizer. 
574 Applied Spectroscopy 47(5): 575-583.
575 Siebert TA, Rugonyi S. 2008. Influence of liquid-layer thickness on pulmonary surfactant 
576 spreading and collapse. Biophysical Journal 95(10): 4549-4559.
577 Soffer H, Burger DW, Lieth H. 1991. Plant growth and development of Crysanthemum and 
578 Ficus in aero-hydroponics: response to low dissolved oxygen concentrations. 
579 Scientia Horticulturae 45: 287-294.
580 Song YH, Shim JS, Kinmonth-Schultz HA, Imaizumi T. 2015. Photoperiodic flowering: 
581 time measurement mechanisms in leaves. Annual Review of Plant Biology 66(1): 
582 441-464.
583 Souret FF, Weathers PJ. 2000. The growth of saffron (Crocus sativus L.) in aeroponics and 
584 hydroponics. Journal of Herbs, Spices & Medicinal Plants 7(3): 25-35.
585 Specht K, Siebert R, Hartmann I, Freisinger UB, Sawicka M, Werner A, Thomaier S, 
586 Henckel D, Walk H, Dierich A. 2014. Urban agriculture of the future: an overview of 

Page 23 of 28 New Phytologist



23

587 sustainability aspects of food production in and on buildings. Agriculture and Human 
588 Values 31(1): 33-51.
589 Sultan E, Boudaoud A, Amar MB. 2005. Evaporation of a thin film: diffusion of the vapour 
590 and Marangoni instabilities. Journal of Fluid Mechanics 543: 183-202.
591 Tachibana S. 1988. The influence of withholding oxygen supply to roots by day and night on 
592 the blossom-end-rot of tomatoes in water culture. Soilless Culture 4: 41-50.
593 Tan LP, He J, Lee SK. 2002. Effects of root-zone temperature on the root development and 
594 nutrient uptake of Lactuca sativa L. “Panama” grown in an aeroponic system in the 
595 tropics. Journal of Plant Nutrition 25(2): 297-314.
596 Tokunaga H, Anh NH, Dong NV, Ham LH, Hanh NT, Hung N, Ishitani M, Tuan LN, 
597 Utsumi Y, Vu NA, et al. 2020. An efficient method of propagating cassava plants 
598 using aeroponic culture. Journal of Crop Improvement 34(1): 64-83.
599 Topping DO, Mcfiggans GB, Coe H. 2005. A curved multi-component aerosol 
600 hygroscopicity model framework: Part 1 - Inorganic compounds. Atmospheric 
601 Chemistry and Physics 5(5): 1205-1222.
602 Turner A, Beales J, Faure S, Dunford RP, Laurie DA. 2005. The pseudo-response 
603 regulator Ppd-H1 provides adaptation to photoperiod in barley. Science 310(5750): 
604 1031-1034.
605 Vissenberg K, Claeijs N, Balcerowicz D, Schoenaers S. 2020. Hormonal regulation of 
606 root hair growth and responses to the environment in Arabidopsis. Journal of 
607 Experimental Botany 71(8): 2412-2427.
608 Vivaldo G, Masi E, Taiti C, Caldarelli G, Mancuso S. 2017. The network of plants volatile 
609 organic compounds. Scientific Reports 7(1): article 11050.
610 Wang GR, Qi NM. 2010. Influence of mist intervals and aeration rate on growth and 
611 metabolite production of Pseudostellaria heterophylla adventitious roots in a siphon-
612 mist bioreactor. Biotechnology and Bioprocess Engineering 15: 1059-1064.
613 Wang M, Dong C, Gao W. 2019. Evaluation of the growth, photosynthetic characteristics, 
614 antioxidant capacity, biomass yield and quality of tomato using aeroponics, 
615 hydroponics and porous tube-vermiculite systems in bio-regenerative life support 
616 systems. Life Sciences in Space Research 22: 68-75.
617 Weathers P, Zobel RW. 1992. Aeroponics for the culture of organisms, tissues and cells. 
618 Biotechnology Advances 10: 93-115.
619 Widhalm JR, Jaini R, Morgan JA, Dudareva N. 2015. Rethinking how volatiles are 
620 released from plant cells. Trends in Plant Science 20(9): 545-550.
621 Wyslouzil BE, Whipple M, Chatterjee C, Walcerz DB, Weathers PJ, Hart DP. 1997. Mist 
622 deposition onto hairy root cultures: Aerosol modeling and experiments. 
623 Biotechnology Progress 13(2): 185-194.
624 Xi J, Si X, Longest W. 2014. Electrostatic charge effects on pharmaceutical aerosol 
625 deposition in human nasal-laryngeal airways. Pharmaceutics 6: 26-35.
626 Yu JQ, Matsui Y. 1993. Extraction and identification of phytotoxic substances accumulated 
627 in nutrient solution for the hydroponic culture of tomato. Soil Science and Plant 
628 Nutrition 39(4): 691-700.
629 Yu JQ, Matsui Y. 1994. Phytotoxic substances in root exudates of cucumber (Cucumis 
630 sativus L.). Journal of Chemical Ecology 20(1): 21-31.
631 Zhen H, Han T, Fennell DE, Mainelis G. 2013. Release of free DNA by membrane-
632 impaired bacterial aerosols due to aerosolization and air sampling. Applied and 
633 Environmental Microbiology 79(24): 7780-7789.
634 Zimmermann HM, Steudle E. 1998. Apoplastic transport across young maize roots: effect 
635 of the exodermis. Planta 206(1): 7-19.
636 Zotz G, Winkler U. 2013. Aerial roots of epiphytic orchids: the velamen radicum and its role 
637 in water and nutrient uptake. Oecologia 171(3): 733-741.

638

Page 24 of 28New Phytologist



24

639

Page 25 of 28 New Phytologist



Drip irrigation

Deep water culture

Nutrient film technique

Flood and drain (ebb and flow)

High pressure atomization

Aero-hydro system

Hydroponics

Aeroponics

Solution
pump

Air pump

Solution
outlet Overflow

drain

Aerosol-generating
nozzles

Solution pump

Overflow
drain

Aerosol-generating
nozzles with pump

Solution outlet

Solution pump

Solution
pump

Solution pump

Eldridge et al. Fig. 1

Page 26 of 28New Phytologist



1. Deposition

3. Decay 2. Retention

Root hairs

(a)

(b)

Eldridge et al. Fig. 2

CO2

O2 O2

O2

CO2

CO2

O2

CO2O2

O2

O2 CO2

Nutrients

Nutrients

Nutrients O2
CO2

O2 CO2

Nutrients

O2
CO2

O2

CO2 O2

O2

O2

1. Deposition 2. Retention 3. Decay

Time

Page 27 of 28 New Phytologist



CO2

O2 O2

O2

CO2CO2

O2

CO2

O2

H H
O

H H
O

H H
O

H H
O

5)

H H
O

H H
O

H H
O

H H
O

H H
O

H H
O

Day Night

Epidermis
Exodermis (Hypodermis)
Cortex

Endodermis

Casparian strips

Vascular tissue

Root hairs

Aeroponics Hydroponics

Root
exudates

Microbes

Microbial
exudates

Root
exudates

VOCs

(a)

(b)

Aero- Hydro-

Root hairs

Eldridge et al. Fig. 3

Page 28 of 28New Phytologist


