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Abstract 

 

Drought is a major jeopardy to global food security. Soil adjuvants such as 

organosilicone surfactants are a possible tool to increase crop drought tolerance. In 

this study, the effect of the interaction between organosilicone surfactants and 

arbuscular mycorrhizal fungi (AMF) on crop drought tolerance was investigated. An 

in vitro ecotoxicology study revealed that exposure to organosilicone surfactants did 

not affect germination of AMF spores but reduce length of hyphae produced by 

spores in the asymbiosis growth phase. The organosilicone surfactants significantly 

improved water retention of hydrophobic soils and impacted nutrient accumulation 

and distribution in both Zea mays L. and Vicia faba L.. There was an antagonistic 

relationship between phosphorus and calcium uptake and silicon uptake in Z. mays, 

while distribution of potassium and silicon was altered in the presence of the 

surfactant, favouring aboveground accumulation. Nitrogen accumulation in Z. mays 

facilitated by AMF was inhibited by the surfactants. Increased concentration of the 

osmolyte proline in V. faba indicated heightened drought stress in the presence of 

the surfactant. Both soil water retention benefits and ecotoxicological impacts of the 

surfactant were greater when the surfactant was present at a low concentration 

compared to the higher concentrations tested. These findings suggest that while 

organosilicone surfactants enhance soil water retention, their application alongside 

AMF biofertilizer may adversely affect arbuscular mycorrhizal symbiosis, plant 

nutrient uptake, and stress response mechanisms, potentially exacerbating drought 

stress by compromising the symbiotic relationship between plants and AMF and 

impeding their ability to efficiently cope with water scarcity and environmental 

stressors. These results demonstrate the importance of careful consideration when 

utilizing organosilicone surfactants in agricultural systems, highlighting the intricate 

balance between soil water management, symbiotic relationships, and nutrient 

dynamics crucial for sustainable crop resilience in the face of escalating climate 

challenges.   
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1 General introduction  

1.1 The impacts of global climate change on crop cultivation and 

agricultural practices  

 

Climate change has emerged as one of the most significant global challenges of the 

present era, posing threats to ecosystems, economies, and human well-being (Friel 

et al., 2014; IPCC, 2022). Climate change is a global phenomenon caused by an 

abnormal increase in atmospheric greenhouse gases such as carbon dioxide (CO2), 

nitrous oxide (N2O) and methane (CH4). Greenhouse gases absorb the sun’s heat 

and prevent it from leaving the atmosphere, thus artificially increasing average global 

temperatures (Manabe & Wetherald, 1967; Davis et al., 2010; Meehl & Tebaldi, 

2004; Yang et al., 2022). These gases are released as a result of anthropogenic 

activities such as burning fossil fuels and high intensity rearing of ruminant animals 

(Cassia et al., 2018; Lynas et al., 2021).  

The effects of climate change manifest in varying magnitude as alterations in 

temperature, precipitation patterns, extreme weather events or a combination of 

these factors depending on local geography, latitude, and ecosystems (IPCC, 2014; 

Trenberth et al., 2014; Barker et al., 2015; Rubel & Kottek, 2010). High temperatures 

and reduced rainfall can lead to drought, extended periods of uncharacteristically low 

precipitation or moisture levels in a specific region resulting in prolonged dryness 

(Tate & Gustard, 2000). The manifestations of drought cause severe impacts on 

agriculture, ecosystems, and various socio-economic aspects of a community or 

region (Dumenu & Obeng, 2016; Vicente-Serrano et al., 2010). Furthermore, certain 

outcomes of drought, such as biodiversity loss leading to species extinctions and, in 

some cases, loss of entire ecosystems, are irreversible (Avila-Flores et al., 2012; 

Harrison, 2000; Kéfi et al., 2007). Considering the frequency and severity of droughts 

are predicted to increase as global temperatures rise (Spinoni et al., 2018), finding 

ways to successfully adapt to drought is vital for the continuation of human life.  

A major effect of drought is a reduction in soil moisture content (Otkin et al., 2018), 

with the rate depending on drought severity, regional climate, soil composition and 

depth, and vegetation density (Tang & Piechota, 2009; Du et al., 2024). Reduced soil 
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moisture content can significantly affect the soil biota including the soil microbiome 

population. This, in turn, may impact the soil functions that they contribute to, 

including soil carbon (C) cycling and storage (Evans & Wallenstein, 2014; Munjonji et 

al., 2020). Also, reduced soil organic matter decomposition by soil microbes 

decreases soil respiration and C and nitrogen (N) mineralisation, reducing nutrient 

availability (Toberman et al., 2008; Plaza-Bonilla et al., 2015). A reduction in the soil 

volumetric water flux also impedes the flow of nutrients through the soil matrix 

(Butcher et al., 2020). Therefore, reduced soil moisture content results in degraded 

soils which have reduced fertility and structure, diminishing their potential as a 

growth substrate for plants and their associated microbes.  

Low soil moisture content impacts plant growth from the initial germination stage 

throughout plant development by altering photosynthesis, respiration, and molecular 

pathways involved in plant stress responses; these alterations to plant growth 

ultimately decrease crop quality and yield (Hatfield & Prueger, 2015; Barnabás et al., 

2008; Verma et al., 2016). Many plant-stress responses are species-specific, but 

common ones include partial or complete stomatal closure to prevent water loss 

during transpiration, limiting the entry of CO2 and reducing photosynthesis hence 

carbon fixation (Flexas & Medrano, 2002; Van Ha et al., 2014). Thus, plants affected 

by drought stress typically have reduced biomass (Chaves, 2002; Lloret et al., 2017). 

Longer and more frequent drought periods are intensifying crop yield reductions 

(Lobell et al., 2011; Prodhan et al., 2022). Overall, soil degradation caused by 

drought reduces food security, particularly when combined with other pressures 

associated with a growing human population such as rising food demand and 

increasing competition for land and water (van Dijk et al., 2021; Hertel, 2011).  

Over time, reduced soil moisture content leads to land degradation, especially when 

combined with other stresses, such as wind erosion, overgrazing by livestock and 

tilling practices (Cook et al., 2009; Lal, 2003). Extensive tilling breaks down the soil 

structure, reducing soil pore space (Panday & Nkongolo, 2021) and organic matter 

content (Jakab et al., 2023). This contributes to soil compaction (Voltr et al., 2021) 

and reduced soil fertility (Lv et al., 2023), creating anaerobic conditions that are 

unfavourable for many soil microbes. Mycorrhizal networks are also damaged 

through disruption to fungal hyphae (Tatewaki et al., 2023). Thus, the microbial 

community is limited in its capacity to maintain soil quality, so soil degradation is 



General introduction 

25 
 

perpetuated (Sun et al., 2018). Degraded soils have reduced soil water holding 

capacity (SWHC; the maximum amount of water that soil can retain after excess 

water has drained away), meaning that even after normal precipitation levels are 

resumed, soil water content remains low relative to its original state (Zhang et al., 

2020a; Groh et al., 2020). Significant periods without tilling after the return of normal 

precipitation are necessary to enable the revival of soil biota and nutrient cycling that 

recover degraded soils (Deng et al., 2023). However, constant demand for arable 

land use means that breaks in tilling practices are often not possible (Kopittke et al., 

2019). As a result, agricultural soils remain degraded following drought periods 

(Görlach et al., 2004).  

Current conventional agricultural systems use intensive synthetic inputs 

(agrochemicals) in large scale monoculture crops and manipulate soil physical 

properties through rigorous tilling. This maximises yields and economic outputs (both 

factors of which are vital for meeting food demands and supporting economies) 

(Sumberg & Giller, 2022). When synthetic agrochemicals enter the environment 

(through application to plants or via disposal routes), they can have unintended 

effects on non-target organisms, including humans, either through accumulative or 

direct toxicity from the chemical or its degradation products (Scholtz & Bidleman, 

2007; Kim et al., 2017). Nonetheless, conventional agricultural practices have 

developed over time as the cheapest strategy for coping with biotic and abiotic 

stresses in crop cultivation. Until recent decades, the use of synthetic pesticides and 

fertilisers has been successful in producing the highest yields possible (Tilman et al., 

2011). However, the cumulative effects of agrochemical inputs, tilling practices and 

instability in environmental conditions caused by climate change has reduced the 

efficacy of conventional agricultural practices. In fact, global crop yields are 

decreasing despite growing food demands (IPCC, 2014). Transformation of 

conventional agricultural practices to be more sustainable is now necessary to adapt 

to the rapid environmental changes caused by climate change and produce enough 

food for the global population.  

Sustainable agriculture is an alternative approach to farming and food production 

that seeks to meet current food demands using practices that are environmentally 

sound, socially responsible, and economically viable (Springmann et al., 2018). 

Practices following these principles maintain equal inputs and outputs (Janker et al., 
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2018). Adopting sustainable agricultural practices could enhance drought resilience 

by promoting soil quality and biodiversity through reduced agrochemical usage 

(Foley et al., 2011; Kassie et al., 2013; Teklewold et al., 2013). However, the 

transition from conventional to sustainable agriculture may not currently be a viable 

option for many farmers due to economic or systemic constraints. These constraints 

may include factors such as institutional policies, market structures, infrastructure 

limitations, or socio-economic dynamics that impede the adoption of sustainable 

agriculture methods (Siebrecht, 2020). Therefore, there is a need for the 

development of technologies that are both economical and can be supplemented 

into current conventional agricultural practices to enable transition to sustainable 

agriculture (Rockström et al., 2016).  

 

1.2 Arbuscular mycorrhizal fungi and their symbiotic associations  

 

Arbuscular mycorrhizal fungi (AMF) form mutualistic symbiotic associations with the 

roots of approximately 80% of land plants, in which photosynthetic carbohydrates 

and lipids are exchanged for enhanced water and nutrient uptake (Smith & Read, 

2010a; Salmeron-Santiago et al., 2023; Keymer et al., 2017). These beneficial fungi 

belong to the phylum Glomeromycota and have a unique anatomical structure that 

develops within the cortical cells of roots (Corradi & Bonfante, 2012). There are 

various stages to an established AMF- plant association, which begins prior to 

physical contact between fungi and root (Tian et al., 2019). When a host plant 

becomes nutrient deficient, it releases root secretions, chemical compounds such as 

strigolactones, into the soil (Besserer et al., 2006). Strigolactones function as 

signalling molecules in the rhizosphere, triggering genes involved in AMF spore 

germination and hyphal branching to become activated (Akiyama et al., 2005). In 

response, AMF release various chemical signals known as mycorrhizal factors, 

including lipochitooligosaccarides, which trigger activation of genes in the common 

symbiosis signalling pathway – a signalling pathway conserved in all plants capable 

of forming mycorrhizal relationships (Cope et al., 2019). This causes calcium (Ca) 

ion channels to open, triggering Ca spikes in the cytosol of root epidermal cells 

(Navazio et al., 2007). Downstream effects include the activation of genes that are 



General introduction 

27 
 

involved in structurally preparing the plant for entry of hyphae into the cell (Kosuta et 

al., 2003). Specifically, the nucleus of the root cell anticipating fungal entry migrates 

towards the anticipated entry point (Parniske, 2008). A pre-penetration apparatus 

(PPA), a bridge across the cell vacuole formed by clustering of endoplasmic 

reticulum and cytoskeleton, is then formed in the plant cell, which enables the plant 

to pre-determine the path in which fungal hyphae enter and colonise the root cell 

(Genre et al., 2008). Upon contact with root epidermal cells, the fungus produces a 

hyphopodium, a specific hyphal branch comprising of 1-2 lobed cells (Bruijn, 2020). 

This specialised structure allows the fungus to attach and move through the root 

epidermis and enter the root cortex via the PPA (Genre et al., 2005). Within the 

cortex, intraradical hyphae are produced and colonise along the root, terminating in 

cortical cells with the formation of highly branched, tree-like arbuscules (Floss et al., 

2013). The establishment of arbuscules in the root cortex provides a large surface 

area for nutrient and water exchange between plant and fungus. Following 

establishment in the root cells, fine filamentous extraradical hyphae develop and 

extend into the soil, increasing the size of the depletion zone that the plant has 

access to, thus improving water and nutrient access for the host plant (Gutjahr & 

Paszkowski, 2013). When the AMF receive energy resources from the host plant, 

some species can produce lipid storage organs called vesicles (Smith & Smith, 

1997).  An overview of the AMF structures which form within root cells and the 

benefits that the mycorrhizal relationship can provide for host plants are shown in 

Figure 1.1.  
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Figure 1.1. Arbuscular mycorrhizal fungi (AMF) have specialised anatomical structures which 

enable them to initiate and support a mutualistic relationship with a host plant. Through 

specific morphological changes in both the fungus and plant, AMF enter root cortical cells 

and produce arbuscules to enable water and nutrient exchange. Macro- and micro- nutrients 

acquired through the soil phase hyphal or mycelial network are passed between AMF and 

the host plant via the arbuscules. Some AMF species store C sources acquired from the 

host plant in vesicles, while plants use nutrients accessed by the AMF to improve 

photosynthetic rate and immune responses, reduce oxidative stress, increase biomass, 

ultimately increasing crop yields. Through this interaction, both organisms are able to survive 

symbiotically in stressful environments. Up arrows indicate an increase in biomass, nutrient 

content, drought tolerance and yield, and down arrows show a decrease in oxidative stress, 

as a result of AM symbiosis. Diagram created with BioRender.com.  

 

An established mycorrhizal relationship can provide the host plant with a range of 

benefits. By virtue of their size, extraradical mycelia are able to access water in soil 

pores which are too small for host plant roots to access (Kakouridis et al., 2022). 

Moreover, the glycoprotein glomalin, present on the surface of AMF extraradical 
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hyphae, binds soil particles together to increase soil aggregation, thus frequency of 

soil pores (Syamsiyah et al., 2018). These soil structural changes improve soil water 

retention and hydraulic conductivity, thus water (Pauwels et al., 2023) and water-

soluble nutrient availability (Clark & Zeto, 2000) for the host plant. Organic acids 

released by AMF and roots into the soil interact with insoluble forms of phosphorus 

(P) such as such as calcium phosphate or iron phosphate (Andrino et al., 2021). 

There is some evidence that these interactions result in the solubilization of bound P, 

converting it into forms that are more readily available for plant uptake (Tawaraya et 

al., 2006). Improved uptake of essential nutrients can improve photosynthetic rate, 

leading to significant increases in host plant height and biomass (Shen et al., 2022). 

Mobilisation of metal ions such as zinc (Zn), boron (B) and iron (Fe) are also 

facilitated by the release of organic acids and phenols (Haselwandter et al., 2020). 

Secondary nutrients such as these are used in various structural, signalling and 

synthesis pathways throughout the plant system, hence improving uptake of these 

nutrients has significant positive impacts on plant growth and productivity 

(Marschner, 1995; Ishfaq et al., 2022; Narayan et al., 2022). Increased micronutrient 

uptake aids overall host plant resistance to biotic stresses, namely, presence of 

pathogenic bacteria, fungi, viruses, and nematodes, and increases tolerance of 

abiotic stresses such as high heavy metal and salt content in soil, or low 

temperatures (Zhu et al., 2022). Stress responses are also regulated by AMF 

through modulation of relevant molecular pathways (Kaur & Suseela, 2020), such as 

those controlling biostimulants such as polyamine (Zhang et al., 2020b), and channel 

proteins such as aquaporins that enable water to pass through cell membranes 

(Krajinski et al., 2000). Furthermore, AMF regulate plant responses to different levels 

of precipitation, such as reducing stomatal conductance so that water loss is reduced 

and upregulating osmolyte production to reduce cell damage during drought periods 

(Doubková et al., 2013; Hashem et al., 2016). Therefore, colonisation with AMF can 

be greatly beneficial for the growth and productivity of host plants.  

However, AM plants do not usually experience the benefits of the symbiotic 

relationship immediately after colonisation has occurred. In fact, AM plants can have 

decreased growth compared to non-AM plants during early establishment of AMF in 

host roots, as the host plant delivers resources to the AMF, but the external hyphal 

network has not yet been established (Ven et al., 2019). Moreover, if environmental 
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conditions limit photosynthetic capacity or plants are under stress, providing C to the 

fungus may become costly for the plant. This competition for C can lead to reduced 

plant growth and fitness (Wang et al., 2023). Nonetheless, fully established AM 

plants often out-perform non-AM plants, especially in low-moisture and nutrient-

deficient soils (Marro et al., 2022). AMF can entirely take over the P acquisition 

pathway in a host plant, such that although there may be no observable difference in 

plant P between AM- and non-AM plants, AM plants are able to acquire P from 

sources inaccessible to non-AM plants. This increases survival of AM plants in soils 

with much lower available P concentrations compared to non-AM plants (Smith et al., 

2003). Therefore, the relationship between AMF and their host plant can be an 

expensive, but ultimately beneficial, trade-off for plant resilience to fluctuations in soil 

conditions. 

AMF are important ecosystem engineers and key beneficial plant symbionts. As 

such, they can be used as biofertilizers by improving soil fertility and plant growth by 

enhancing the availability of nutrients to plants (Daniel et al., 2022). Evolution of 

biofertilizers such as AMF with plants makes them ideal for targeted crop 

enhancement (Redecker et al., 2000; Bahadur et al., 2019). However, by nature 

biofertilizers such as AMF are variable in delivering their intended benefits 

consistently, with different observed outcomes on crop productivity. This can be due 

to plant and AMF species combination, the quality and species of AMF inoculum 

(Deja-Sikora et al., 2023), the environmental context of the host plant (Zaller et al., 

2011), or the presence of synthetic fertilisers (Kim et al., 2017). The need for an 

undisturbed soil environment to gain the maximum benefits of AMF for host plants 

means that using AMF in current conventional agricultural systems is not necessarily 

possible or effective (Lu et al., 2018). Also, significant periods of edaphic drought 

can reduce P transfer from AMF to host plants (Bitterlich et al., 2024). Therefore, 

there is a need to find ways of adapting conventional agriculture so biofertilizers such 

as AMF can be employed under the variable conditions caused by climate change.  
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1.3 Defining soil adjuvants: their properties, biochemistry, and 

applications  

 

Adjuvants cover a spectrum of substances added to agrochemical formulations for 

foliar or soil spray applications, enhancing their efficacy. They may also be applied 

alone directly to the soil to optimise soil water dynamics. In this way, they are similar 

to soil conditioners that target soil structure and fertility. Adjuvants range from 

naturally derived products such as plant oils and extracts, to synthetically produced 

compounds such as surfactants and acidifiers (Lin et al., 2023; Baratella et al., 

2016). Adjuvants can be defined by the following categories: wetter-spreaders, which 

reduce the contact angle of water on organic matter to reduce water surface tension 

and increase water distribution and infiltration; stickers, nonevaporating materials 

that bind with agrochemicals and maintain them on a target surface (usually plant 

leaves); humectants, similar to stickers, but vary in that they maintain the active 

chemical in a liquid form, making it more bioavailable to target tissues; and 

penetration agents or activators, which aid the active chemical in infiltrating target 

tissues (if this is via leaves, this can involve softening or dissolving cuticular waxes to 

allow entry or stomatal infiltration; Hazen, 2000). Via these mechanisms, adjuvants 

are utilised to improve efficiency of agricultural processes both above- and 

belowground. 

Soil adjuvants are a group of compounds that can increase wetting, water infiltration 

and distribution in soils with a low SWHC by reducing water surface tension. They 

can also be applied to soilless growth substrates such as those composed of coir or 

rock-wool (Urrestarazu et al., 2008). This enables water and other liquid 

agrochemical formulations to absorb and spread evenly through the growth substrate 

(Karagunduz et al., 2001). These properties enable soil adjuvants to improve soil 

moisture and nutrient availability (Lehrsch et al., 2011; Starr et al., 2005). Moreover, 

they reduce rainfall run-off, by binding water molecules to organic matter and other 

soil colloids. Hard-to-wet soils often contain organic compounds or mineral coatings 

on soil particles that repel water, making it difficult for water to penetrate and be 

absorbed into the soil (Bauters et al., 2000). Thus, application of soil adjuvants to 

hard-to-wet soils helps to overcome issues related to water repellency or 

hydrophobicity (Moore et al., 2010), reducing pressure on water resources 
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(Baumhardt & Blanco-Canqui, 2014). The ability of soil adjuvants to reduce drought 

effects and improve agrochemical efficacy (Palma-Bautista et al., 2020) means that 

lower concentrations of agrochemicals can be used to aid crop cultivation (Magor et 

al., 2023), reducing the environmental impacts of conventional agricultural practices 

while maintaining crop yields (Singh et al., 2020). Thus, soil adjuvants are a vital tool 

for improving sustainability of conventional agricultural practices. However, 

excessive application of some surfactant-based adjuvants (SBA) can cause 

phytotoxicity in crop plants (Knoche et al., 1992; Räsch et al., 2018) and impacts on 

the wider ecosystem, particularly when applied with pesticides (Wernecke et al., 

2021). Considering diverse and abundant agroecosystems are vital for crop 

productivity and successful food production, the nature in which soil adjuvants are 

applied should be considered for long-term food security goals (Ruemmele & 

Amador, 1999; Moffett & Morton, 1975; Willett et al., 2019). Soil adjuvants that are 

more compatible with the surrounding ecosystem also provide opportunities to 

develop practices which can utilise biofertilizers such as AMF while maintaining more 

intensive growing methods to maintain high yields.  

SBA, more commonly utilised as spreader-wetters, are composed of amphipathic 

molecules (Daneshnia et al., 2016; Figure 1.2A). The hydrophilic side chains form 

cohesive bonds with water molecules and reduce their surface tension, improving 

the spreading and wetting properties of water or agricultural formulations. 

Meanwhile, the hydrophobic backbone binds to soil colloids such as organic matter 

and clay (Raeisi et al., 2021; Figure 1.2B). This unique structure enables SBA to 

decrease the contact angle between organic matter and water molecules, therefore 

reducing the water surface tension and helping it to spread more evenly in soil and 

other growth substrates (Figure 1.2C; Arriaga et al., 2009).  
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Figure 1.2. The unique chemical structure of surfactants enables them to improve water 

distribution and retention in soil. Figure 1.2A. Surfactants are amphipathic molecules 

composed of a hydrophobic head and hydrophilic tail. Figure 1.2B. This amphipathic 

structure allows the surfactant molecule to simultaneously bind soil particles and water 

molecules. Figure 1.2C. Thus, surfactants reduce the contact angle between water 

molecules and the soil particles, reducing surface tension. As a result, water can both 

spread and penetrate the soil surface more effectively. Adapted from Raeisi et al. (2021) and 

Akbari et al. (2018) and made using Biorender.com. 

 

SBA can also help plants to maintain ionic balance, thus increasing yield output for 

crops grown in water deficit and high salinity conditions (Chaichi et al., 2017; 

Mohammad et al., 2016). This is due to differences in ionic charge between SBA 

types. Some SBA are non-ionic (uncharged), while others can be anionic (negatively 

charged) or cationic (positively charged) (Hazen, 2000). Compatibility with 

agrochemical formulations often depends on the overall charge of the surfactant 

molecule (Ishiguro & Koopal, 2016). The lack of charge of non-ionic surfactant 

molecules makes them less chemically active than their charged counterparts, thus 

less toxic for plants, soil microorganisms and biological products such as 

biofertilizers (Reinikainen & Herranen, 1997). SBA come in powder and liquid form 

C.  
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for specific purposes and agrichemical combinations – this can be as specific as the 

soil or crop type to which they are designed to be applied. Table S1 provides a 

summary of some SBA currently commercially available that are effective as soil 

adjuvants and conditioners, their proposed properties in soil and benefits for plant 

growth. While SBA encompass a range of common benefits for soil water retention 

and distribution, there are unique selling points for many of them that make them 

more suitable for different application contexts. It is important to consider, however, 

that these unique selling points are often based on tests carried out by the 

associated company and therefore may be an under- or overrepresentation of the 

product’s capabilities. 

Organosilicone surfactant-based adjuvants, such as Silwet™ Power superwetter 

(SP; see Figure S1 for TDS), are non-ionic, making them better suited for 

sustainable agriculture than more reactive ionic products. They are commonly used 

either as standalone soil conditioners or as adjuvants alongside fertilizers and/or 

pesticides. Their role is to enhance water absorption in soils by improving infiltration, 

drainage, retention, and hydrophilicity. By optimizing these soil properties, 

organosilicone surfactants can also facilitate the efficient delivery of active 

ingredients, like fertilizers or pesticides, when incorporated together into the soil. 

Organosilicone surfactants typically consist of a hydrophobic silicon (Si)-based 

backbone and hydrophilic side chains (Baratella & Trinchera, 2018). Some 

organosilicone surfactants have the potential to degrade in the environment 

dependent on chemical structure, but it is recommended to test specific structures of 

interest for degradability (Ying, 2006). This is an important consideration for the 

longevity of the effects of organosilicone surfactants, as rewetting events may 

reduce their efficacy over time (Song et al., 2014). Chemically, organosilicone 

surfactants such as SP contain a backbone of dimethyl silyl, and hydrophobic methyl 

silyl groups in a blocked or random order. Pendant polyalkylene oxide, polyethylene 

oxide, or a combination of polyethylene oxide and polypropylene oxide, form the 

hydrophilic part of the molecule and enable the formation of a comb-like structure 

(Mojsiewicz-Pieńkowska et al., 2016; Figure 1.3).  
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Figure 1.3. Organosilicone surfactants are polymers composed primarily of repeating units of 

silicon (Si), oxygen (O) and carbon (C), where Z is CH2CH2CH2O-(CH2CH(R)O)-R1 and R1 is 

hydrogen (H), an alkyl group, or acetyl. The number of repeating units (represented by x and 

y above) and side chain composition significantly impacts organosilicone surfactant 

properties, making them highly adaptable tools for a range of different agricultural 

applications. Diagram provided by Dr George Policello (Momentive Performance, Tarrytown, 

NY, USA).  

 

This combination of hydrophobic and hydrophilic groups makes silicon polyether 

copolymers surface active, enabling it to reduce the surface tension of aqueous 

solutions. Differences in side chain composition determine chemical properties of 

organosilicone surfactants, such as variation in the ability of organosilicone 

surfactants to affect water surface tension, and thus increase spreading ability 

(Svitova et al., 1996; Lee et al., 2009). Also, the length of non-polar carbon chain 

regions determines the physical property of the surfactant, i.e., whether it is liquid or 

solid (Czajka et al., 2015). Silwet™ S408 super-spreader (S408; Figure S2) is a 

trisiloxane alkoxylate based organosilicone surfactant (Figure 1.4). Trisiloxane 

alkoxylates are highly effective in reducing surface tension, which allows liquids to 

spread more uniformly across surfaces. Therefore, they are more often used as 

adjuvants in pesticide formulations to enhance the coverage and penetration of 

pesticides, herbicides, and fertilizers. The ability to alter and fine-tune the properties 

of organosilicone surfactants makes them useful tools for a range of different 

settings, such as water management, soil structure improvement, and enhancement 

of delivery of biological products to ultimately protect crops against drought stress 

(Baratella & Trinchera, 2018).  

 

Si O Si O Si

Z

O Si
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Figure 1.4. The general chemical structure of trisiloxane alkoxylates, a sub-group of 

organosilicone surfactants which are typically utilised as “super-spreaders” due to their 

capabilities in reducing surface tension, which allows liquids to spread more uniformly across 

surfaces, enabling the formation of thin, even films of liquids. Si is silicon, O is oxygen and R 

is hydrogen, an alkyl group, or acetyl. Diagram provided by Dr George Policello (Momentive 

Performance, Tarrytown, NY, USA). 

 

The toxicity of organosilicone surfactants has been investigated, both for crop plants 

and their surrounding environment (Nobels et al., 2011; Falk et al., 1994). The 

Si−O−Si linkage in organosilicone surffactant molecules is hydrolysed in the 

presence of moisture, under acidic or basic conditions (i.e. outside the range of pH 

6.5-7.5).  Above or below this pH range trisiloxane alkoxylates are subject to rapid 

hydrolysis (Policello et al., 1995). SP is a degradable molecule, while S408 is readily 

biodegraded in the environment. Another benefit suggested among organosilicone 

surfactants is that they may enhance lateral root development, leading to improved 

establishment of plants (Baratella et al., 2016). Exploring the direct effects of 

organosilicone surfactants on the growth and development of specific crop species 
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could elucidate the mechanisms at play that lead to these phenotypes. Further, it 

could inform how these compounds might interact with root-associated microbes 

such as AMF and their host plants. There are currently no known studies 

investigating synergistic effects between organosilicone surfactants and soil 

microbes such as AMF. If there were evidence that certain organosilicone surfactant 

products are compatible with root-associated microbes, development of agricultural 

practices that includes the precision capabilities of organosilicone surfactants and 

the ecosystem synergy of AMF could be possible. The cumulative benefits of these 

soil additives could be valuable for protecting crops from droughts and other climate 

change-induced stresses. As products which have already accumulated field trial 

and laboratory-based evidence of their ameliorating effects on hydrophobic soils, SP 

and S408 are suitable candidates for further evaluation in this area. Their 

degradability and potential for crop-specific benefits are promising indicators that 

they could improve drought resilience and sustainability of agricultural practices. 

 

1.4 Project Aims   

 

Limited research has been conducted to investigate the combined use of AMF and 

soil adjuvants as tools for crop health (Chaichi et al., 2017). Furthermore, their 

combined application to improve crop drought tolerance and direct interactions 

between AMF and organosilicone surfactants have not yet been investigated. 

Addressing these gaps would provide valuable insights into the potential benefits or 

limitations of using adjuvants in conjunction with AMF for enhancing the growth and 

drought stress tolerance of important crop species. Therefore, this project aims to 

investigate the effects of different Silwet soil adjuvants on soil moisture content and 

explore the compatibility of organosilicone surfactants with AMF. Furthermore, it 

aims to explore whether Silwet Power can aid seed germination under drought 

conditions. Finally, crops cultivated with SP and AMF will be assessed to determine 

whether the two soil treatments produce synergistic effects for crop drought 

tolerance. 
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2 The effect of Silwet Power on germination of Vicia faba 

and Zea mays seeds and Rhizophagus irregularis 

spores   

2.1 Introduction  

Organosilicone surfactants are chemical tools that can alleviate drought stress in 

crops by retaining moisture in the root zone of the soil (Kostka et al., 2007; Martin et 

al., 2022). Enhancement of water retention at the root zone can increase seed 

germination and seedling emergence rate (McMillan et al., 2023). Organosilicone 

surfactants can be considered a sustainable solution to agricultural issues relating to 

water scarcity as they are inert chemicals which can break down in soil (Baratella & 

Trinchera, 2018). The compatibility of organosilicone surfactants with AMF 

biofertilizers has not been tested. If organosilicone surfactants prove to be 

compatible with AMF germination and symbiosis with host plants, then more 

sustainable agricultural systems could be developed which utilise both AMF and 

organosilicone surfactants to reduce reliance on synthetic agrochemical inputs while 

reducing crop drought stress. The following aims to give an overview of germination 

initiation in plant and AMF species, elucidate existing knowledge on the effects of 

organosilicone surfactants on germination of plants and AMF, and identify where 

further research is needed to delimit potential uses for organosilicone surfactants in 

germination processes. 

 

2.1.1 Germination in plants and arbuscular mycorrhizal fungi  

 

Germination is the process by which the first growth stages of a previously dormant 

seed or spore begin, triggered by favourable environmental conditions (Kozlowski & 

Pallardy, 1997; Giovannini et al., 2020). In plants, this is followed by postgerminative 

development of the enclosed embryo (the germ developing from a zygote [Ingensiep, 

2004]) and endosperm (the storage organ which feeds the germ [Li, 2017]) tissues, 

leading to the emergence of cotyledons (one in monocots and two in dicots) from the 

seed case and subsequent growth of a seedling (Rajjou et al., 2012). Leaf cell 
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division takes place at the apical meristem (base and site of cell division), of which 

cells eventually form shoots and leaf structures (Undersander, 2019). Development 

of these structures can dictate drought tolerance strategies. For example, differences 

in the site of leaf cell expansion gives rise to a typically broader, rounded leaf shape 

in dicots as opposed to the long, straight leaves of monocots (Nelissen et al., 2016; 

Fournier et al., 2005; Perico et al., 2022). Also, under drought conditions, monocot 

leaves have a lower stomatal density, preventing moisture loss through evaporation 

(Robertson et al., 2023), while stomatal density increases in some dicot species in 

order to maintain photosynthetic processes (Lei et al., 2018).  

For AMF, germination is more complex: environmental factors are thought to be 

responsible for the initiation of the asymbiotic phase of growth, in which spores can 

produce limited hyphae in the absence of a host plant (Giovannetti, 2000). However, 

a lack of host plant signalling molecules prevents asymbiotic spores from moving to 

the next phase of germination, namely presymbiosis, and as such the lifespan of 

asymbiotic spores is limited to a few weeks (Giovannetti et al., 2003). Development 

to the presymbiotic growth stage starts when signalling molecules known as 

strigolactones are secreted from host plant roots and detected by asymbiotic AMF, 

as described in section 1.2. Rhizophagus irregularis is a model AMF species whose 

spores are typically pale in colour and round or oval-shaped. They have an inner and 

outer wall layer (Rosas-Moreno et al., 2023; Kokkoris et al., 2023) but can also 

present dimorphically, in which spore colour and thickness of the second wall layer 

varies. R. irregularis spores produce aseptate hyphae that branch dichotomously 

(Lee, 2011). R. irregularis is commonly used as a biological product in agricultural 

practices due to its symbiosis with many crop species and enhancement of plant 

nutrient uptake, particularly P (Kokkoris et al., 2023; Manteghi et al., 2022; Wang et 

al., 2023). 

Although resilient by nature, AMF spore germination can be reduced or halted 

altogether in the presence of various chemical soil additives such as mineral 

fertilizers and synthetic pesticides (Karpouzas et al., 2014). Heavy fertiliser inputs 

reduce AMF colonisation of crop plants as the higher P availability in soil reduces 

plant reliance on AMF colonisation for P acquisition (Ma et al., 2021). Also, artificially 

increased N availability in soil reduces the soil N-to-P ratio, altering AMF species 

composition in soil microbial communities (Johnson et al., 2003). The active 
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ingredients of some pesticides have been shown to delay germination in 

R. irregularis (Buysens et al., 2015), or reduce the elongation of hyphae during the 

pre-symbiotic phase (Zocco et al., 2008). AMF are also affected by tilling practices in 

conventional agriculture which damage AMF hyphal networks (Alguacil et al., 2008). 

As such, the use of AMF as biofertilizers in conventional agriculture is slow, with the 

most common use currently in organic growing contexts (Gosling et al. 2006). 

Considering this, agricultural practices which enable widespread use of AMF would 

require minimal artificial inputs or physical manipulation of the soil. Soil adjuvants 

permit agricultural practices which utilise less water and chemicals with active 

properties (such as pesticides) whilst achieving high outputs. Thus, they could 

introduce an economic and sustainable security against drought stress in key crop 

species.  

 

2.1.2 Organosilicone surfactants: effects on plants and arbuscular 

mycorrhizal fungi  

 

SP is a powder organosilicone surfactant (see Figure S3) with a copolymer structure, 

comprised of trisiloxane and polyalkyleneoxide polymers (pers. comms. Dr. 

Benjamin Langendorf, Momentive [London, UK]). The trisiloxane component is 

hydrophobic with a binding affinity for organic matter (Yılgör et al., 1993), while 

polyalkyleneoxide is water soluble (Bailey & Koleske, 1990). The powder formulation 

of SP makes it suitable for both liquid and dry broadcast applications. Other benefits 

of SP reported by Momentive include improving soil-air exchange capacity of treated 

soil and promoting feeder root development by reducing soil compaction.  

Improvement of soil-air exchange capacity is reported to support a healthy soil 

microbiome (Howe & Smith, 2021) These soil enhancements can improve both crop 

yield and quality (Szatanik-Kloc et al., 2018). S408 is an organosilicone surfactant, 

also produced by Momentive. It is described as having similar benefits for water 

distribution and retention as SP, but is a liquid adjuvant, making it useful for different 

user applications such as in foliar sprays.  
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Considering their beneficial effect on water distribution and retention, both SP and 

S408 could be valuable for improving seed germination under drought conditions 

(Martinez-Ghersa et al., 1997; Lu et al., 2022). Preliminary tests carried out by 

Momentive showed that SP improves germination rate in T. aestivum, 

Arachis hypogaea and Z. mays (pers. comms. Dr. Benjamin Langendorf, Momentive 

[London, UK]). However, as with any chemical application to plants, organosilicone 

surfactants may also have detrimental impacts on plants during the vulnerable 

germination stage, such as increasing susceptibility to bacterial infections (Zidack et 

al., 1992), phytotoxicity (Volgas & Lopez, 2003) and preventing germination at high 

concentrations (Gálvez et al., 2018). Achieving the right balance is crucial for 

leveraging the benefits of organosilicone surfactants such as SP and S408 for seed 

germination under drought conditions, while also addressing their limitations. 

Therefore, studies which aim to define the appropriate contexts in which 

organosilicone surfactants can be used to benefit plant germination and cultivation 

are vital for the progression of sustainable agricultural practices.  

Organosilicone surfactants can be used as an adjuvant in combination with biological 

products such as biofertilizers. However, the combined use of these adjuvants with 

AMF has not yet become common practice, so the effects of organosilicone 

surfactants on AMF spore germination have not yet been reported. The inert nature 

of organosilicone surfactants suggests they may have no effect on the germination 

potential of AMF. Furthermore, in the field, organosilicone surfactants can reduce the 

need for heavy pesticide and fertiliser use, which would benefit AMF colonisation in 

most crop plants. Yet certain surfactants can be toxic to microbes as they disrupt 

microbial cell membranes or interfere with cellular processes (Nobels et al., 2011). 

This can lead to reduced microbial activity or cell death (Farkas et al., 2017). The 

extent of toxicity varies significantly depending on factors such as microbial species, 

environmental conditions, and surfactant properties (Chen et al., 2018). Therefore, it 

is unclear how organosilicone surfactants could impact AMF spore germination and 

host plant colonisation. Should organosilicone surfactants and AMF be compatible, 

more sustainable conventional agricultural practices could be developed which utilise 

improved soil structure to aid seed germination and subsequent establishment of 

crop plants under drought conditions.  
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Considering the above possibilities, the following studies aim to evaluate the effect of 

SP on seed germination under drought conditions. V. faba and Z. mays are 

commonly cultivated crop species across the globe and, as such, are vulnerable to 

drought stress due to global climate change (Kibbou et al., 2022; Kim & Lee, 2023). 

They also represent the dicot and monocot genetic groups (respectively), thus, the 

effect of SP on germination of Z. mays and V. faba seeds will be tested. It is 

hypothesised that under low watering and relative humidity conditions, seeds 

cultivated in growth substrate treated with SP will have an increased germination and 

emergence count due to the improved water retention of the growth substrate. The 

improved water retention of the growth substrate will also lead to larger treated 

plants that have a higher water content than untreated plants. The direct effects of 

SP and S408 on the germination of R. irregularis spores will also be explored. Due to 

their inert nature, it is hypothesised that the organosilicone surfactants will not 

negatively impact AMF spore germination or growth of hyphae, irrespective of 

concentration or exposure duration.   
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2.2 Materials and methods  

 

2.2.1 In vitro compatibility assessment of two Silwet adjuvants with 

arbuscular mycorrhizal fungi  

 

The effect of exposure to two Momentive (New York, USA) Silwet™ adjuvants, SP (a 

powder adjuvant) and S408 (a liquid adjuvant) on germination of 

Rhizophagus irregularis (Błaszk., Wubet, Renker & Buscot) C. Walker & A. Schüßler 

spores was investigated in an in vitro, fully factorial assay. There were 18 treatment 

groups and 16 replicates for each treatment (Table 2.1).  

 

Table 2.1. A summary of the 18 treatment groups that Rhizophagus irregularis spores were 

exposed to prior to incubation on Modified Strullu and Romand (MSR) medium for 27 d. The 

length of hyphae (cm) produced by the spores was measured every 3 d throughout the 

incubation period. Low, medium, and high concentrations of aqueous SP and S408 were as 

follows: SP – 0.1, 1, 10% w/v and S408 – 0.05, 0.5, 5% v/v. For each treatment, n = 16.  

Treatment Exposure time (h) Adjuvant concentration 

Silwet Power 

0.25 Low 
 Medium 
 High 

3 Low 
 Medium 
 High 

24 Low 
 Medium 

  High 

Silwet 408 

0.25 Low 
 Medium 
 High 

3 Low 
 Medium 
 High 

24 Low 
 Medium 

  High 

Control (ddH2O) 

0.25 

N/A 3 

24 
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Sterility of the adjuvant solutions was tested prior to experimental use. Three bottles 

of Modified Strullu and Romand (MSR) medium, lacking vitamins and solidified with 

Bacto Agar (Le Pioufle & Declerck, 2018; Table S2), were prepared and autoclaved 

(one cycle, 121°C for 15 min). In a laminar flow hood, 10 g SP was added to one of 

the bottles containing MSR media, and 5 ml S408 to the other. The bottles were 

swirled until the adjuvants were completely combined in the medium. No adjuvant 

was added to the final bottle, which served as the control. Each bottle of media was 

decanted into five 10 cm2 plastic Petri dishes (10 cm2), respectively, and the dishes 

were transferred to a 27ºC incubator (Labnet, Edison, NJ, USA) and monitored daily 

for 27 d for signs of bacterial or fungal contamination. No contamination was present 

on any of the plates following 27 d incubation, thus there was no need to autoclave 

adjuvant solutions before use in the main bioassay.  

Low, medium, and high concentrations of aqueous SP and S408 (Table 2.1) were 

prepared with ddH2O by serial dilution. These concentrations were chosen based on 

the trisiloxane content of each adjuvant, where SP has half the concentration of 

trisiloxane compared to S408, such that double the concentration of SP was used 

compared to S408. Therefore, the concentrations for low, medium, and high adjuvant 

preparations are equivalent for each respective adjuvant. Adjuvant solutions were 

buffered to pH 7 with 1 M sodium phosphate dibasic to prevent adjuvant hydrolysis in 

solution.  

Sterile cell culture multi-well plates (Costar™ 24-well TC-treated, Corning™, New 

York, USA) were prepared to contain 2 ml of the autoclaved (one cycle, 121°C for 15 

min) MSR medium per well. In a laminar flow cabinet, intact R. irregularis spores 

(Premier Tech, Quebec, Canada) were selected using a dissecting microscope (Wild 

M3Z, Heerbrugg, Switzerland) and P1000 micropipette that were cleaned with 70 % 

ethanol before and between uses. Approximately 100 spores were transferred to 15 

ml tubes containing 5 ml of each adjuvant treatment or the untreated control and 

stored at 4°C for either 0.25, 3 or 24 h to prevent germination from initiating prior to 

transfer to the MSR media. Spores were then rinsed in autoclaved (one cycle, 121°C 

for 15 min) ddH2O and one spore was transferred to each well of the prepared cell 

culture multi-well plates in a randomised block design. Plates were incubated at 

27°C in the dark for 27 d (method adapted from Buysens et al., 2015). Spore 

germination was monitored using a light microscope (Nikon Eclipse, Tokyo, Japan) 
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at 100x magnification every 3 d, where hyphal length was measured by gridline 

intersect method (Newman, 1966). Measurement of hyphae encompassed both 

primary and secondary hyphal structures. Total germ tube length (cm) was 

determined via the following equation adapted from Tennant (1975):  

Length =
11

14
 x N x g 

Where: 

11

14
 is a constant that represents the relationship between hyphal dispersal in a finite 

area and the repetitive use of a short line for intercept counts.  

g is the area of the grid unit 

N is the number of intersections where hyphae crossed the gridlines. 

 

2.2.2 Impact of Silwet Power on seed germination in low humidity 

conditions  

2.2.2.1  Growth substrate 

 

A loamy sandy soil (Rolawn®, Yorkshire, UK) was sieved to 6 mm and dried at room 

temperature for a minimum of 7 days with fan assistance. Dried sharp horticultural 

sand (0-3 mm particle size; Keith Singletons, Cumbria, UK) was added to the soil in 

a 3:1 ratio to reduce SWHC. The resulting growth substrate was analysed by NRM 

Cawood (Berkshire, UK) for composition and nutrient content. The growth substrate 

had the following composition: sand (0.063-2.00 mm) 87 % w/w, silt (0.002-0.063 

mm) 5 % w/w, clay (< 0.002 mm) 8 % w/w, organic matter 17.3% w/w with a pH of 

8.3 as determined through analysis carried out by NRM (Berkshire, UK). Available P 

was determined by extraction with Olsen’s reagent to be 49 µg g-1, and available 

potassium (K) and magnesium (Mg) were determined by extraction with ammonium 

nitrate to be 942 µg g-1 and 172 µg g-1, respectively. Available nitrate (NO3-) content 

was determined by extraction with potassium sulphate (K2SO4) to be 0.9 µg g-1, while 

available ammonium (NH4+) content was determined by extraction with potassium 
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chloride (KCl) to be 3.6 µg g-1. The SWHC, calculated from the saturation and 

desiccation weight of the substrate (dried at 105 °C for 7 d), was 0.414 ml g-1 dry 

weight (DW) growth substrate. The growth substrate was not sterilised to ensure soil 

structure and micronutrient composition remained representative of that found in field 

conditions. As such, background AMF inocula in the media were measured and 

reported in section 3.3.3.1. 

 

2.2.2.2  Plant materials 

 

Vicia faba L. cultivar Sutton Dwarf (Moles Seeds, Essex, UK) and Zea mays L. 

Rising Sun seeds (Moles Seeds, Essex, UK) were used in the following assay due to 

their common cultivation as food crops and their genetic differences which represent 

both monocotyledons (Z. mays) and dicotyledons (V. faba). The seeds were 

assessed for germination quality prior to experimental use. Plastic Petri dishes (2 x 9 

cm diameter) were lined with filter paper soaked in ddH2O. For each species, 10 

seeds were transferred into a Petri dish sealed with standard electrical tape. Plates 

were incubated at room temperature in the dark and emergence of radicles was 

monitored daily for 7 d. After 7 d, percentage of germinated seeds was determined, 

and found to be 80% and 100% for Z. mays and V. faba, respectively.  

 

2.2.2.3  Experimental design 

 

The efficacy of SP in enhancing the germination of V. faba L and Z. mays in low 

relative humidity and low soil moisture content (SMC) conditions was evaluated 

through a controlled environment pot trial. It was a randomised block design with 5 

seeds per pot and 20 replicate pots in total for each treatment group.  

On the same day as sowing, three batches of growth substrate, as described in 

section 2.2.2.1, were prepared as follows: one batch was made up to 40% SMC 

(substrate A), a second was made up to 65% SMC (substrate B) and a third was 

made up to 65% SMC and then thoroughly combined with SP at a rate of 5 g kg-1, 
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ensuring even distribution of the adjuvant throughout the growth substrate (substrate 

C; Figure 2.1). Square, plastic 10 cm3 pots were filled with 525 g of substrate A and 

the SMC of the growth substrate layer was confirmed using a capacitance probe 

(Delta-T ML3 ThetaKit, Cambridgeshire, UK). For each crop species, 5 seeds were 

sown in each pot ca. 1 cm below the surface of growth substrate A. Then, 125 g of 

substrate B or C was added on top, depending on the treatment, keeping the seeds 

ca. 4 cm below the surface (see Figure 2.1). Additionally, three pots for each crop 

and growth substrate treatment were prepared so that SMC could be monitored 

throughout the experiment without disrupting germinating seeds in the main 

experimental pots.  

 

  

 

 

 

 

 

 

 

 

Figure 2.1. Pot setup to test the effect of Silwet Power (SP) on seed germination and 

emergence under drought conditions. Zea mays L. or Vicia faba L. seeds were planted ca. 1 

cm below the surface of growth substrate A (40 % of the substrate moisture content [SMC]) 

and covered with 125 g of either growth substrate B (65 % SMC) or C (65% SMC and 

treated with SP at 5 g kg-1). The pots were maintained in a low relative humidity growth 

chamber (ca. 40%) for 2 weeks to assess the effect of SP on seed germination and 

emergence from the soil surface under drought conditions (n = 20 per treatment). Figure 

created with Biorender.com. 
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Pots were transferred to a growth chamber (MC1000, Snijders, Tilberg, the 

Netherlands) set at the following conditions: 23:20 °C, 40% relative humidity and a 

light:dark cycle of 16:8 h. Illumination in the cabinet was provided by 4 fluorescent 

tubes (36 W, 4000 Kelvin) and light intensity in the cabinet was ca. 225 μmol⁻² s⁻¹ at 

shelf level. Temperature and relative humidity were recorded every 10 min using a 

data logger (View 2 TV-4500, TinyTag, Sussex, UK) and plants were monitored for 

14 d or until full seed emergence. No additional water was applied to pots throughout 

the trial.   

At 4-, 5-, 7-, 11-, and 14-d post sowing (DPS), the number of emerged plantlets and 

plant height was recorded. Emerged plantlets were monitored for signs of 

phytotoxicity, and the SMC of the additional pots measured. At 14 DPS, the total 

number of geminated seeds (whether emerged or not) was recorded and root length 

of any germinated seeds measured using WinRHIZO™ software (Regent 

Instruments Inc, Quebec, Canada). Specific leaf area of emerged seedlings was 

measured using a portable area meter and belt conveyer (LI-3000A and LI-3050A, 

respectively; LI-COR inc., Nebraska, USA). The fresh weight (FW) and dry weight 

(DW; dried at 105°C for 7 d) of any ungerminated seeds was also recorded and the 

seed moisture content calculated.  

 

2.2.3  Data analysis  

 

Analyses were performed in SPSS version 28.0.1.1 (Illinois, USA). For all data, a 

Shapiro-Wilk normality test was carried out to determine fit to a normal distribution 

and a Levene's test was used to assess homogeneity of variance. Significance was 

set at P ≤ 0.05 for all analyses.  

The number of spores which had germinated after 27 d were counted to determine 

germination rate for each treatment group, and the proportion data were arcsine 

transformed. The effect of treatment on germination rate was tested in a 3-way 

ANOVA with Bonferroni correction. Block was initially included in the model, but as 

there was no block effect, it was subsequently removed, and the ANOVA was 

repeated. Adjuvant exposure did not appear to affect spore germination, so the effect 
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of adjuvant exposure on the length of hyphae produced by germinated spores was 

then tested. The main and interactive effects of adjuvant type, adjuvant 

concentration and exposure time on germ tube elongation of R. irregularis spores 

over time were tested in an unbalanced repeated measures ANOVA. Hyphal length 

data were not normally distributed, so a Box-Cox transformation was performed to 

remove skew and meet the assumptions of the ANOVA. Block was also tested but 

as this was found to be not significant, it was removed from the model to help 

improve model strength and simplify interpretation. Pairwise comparisons with 

Bonferroni correction were used to examine significant interactions and Tukey post-

hoc tests were used to interpret significant main effects. To test the interaction 

between adjuvant concentration and adjuvant exposure time, the analysis was 

repeated excluding control data. This did not affect the P value of the interaction, so 

results from the original analysis were portrayed in the results section.  

An unbalanced one-way ANOVA was used to analyse the effect of cultivating seeds 

in growth substrate treated with SP on seed moisture content of ungerminated 

seeds, which was calculated using FW and DW.  

  



Chapter 2 

50 
 

2.3 Results  

 

2.3.1 Effect of two Silwet adjuvants on Rhizophagus irregularis spore 

germination rate  

 

After 27 d of incubation on MSR media, 85% ± 3% of the total R. irregularis spores in 

the bioassay had germinated (Table 2.2). Differences in germination (%) among 

treatments were not significant (Table S3).  
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Table 2.2. The percentage of Rhizophagus irregularis spores that germinated after 27 d 

following exposure to Silwet™ Power (SP) or Silwet™ 408 (S408) for 0.25, 3 or 24 h. Spores 

were exposed to varying concentrations of SP or S408, which were categorized as low, 

medium, or high (SP: 10, 1, 0.1 % w/v; S408: 5, 0.5, 0.05 % v/v). These concentrations were 

chosen based on the trisiloxane content of each adjuvant, where SP has half the 

concentration of trisiloxane compared to S408. Therefore, the concentrations for low, 

medium, and high adjuvant preparations are equivalent for each respective adjuvant. Control 

spores were exposed to sterile ddH2O for 0.25, 3, or 24 h. There were no significant 

differences in the mean percentage of germinated spores among treatments which was 

tested by an unbalanced 3-way ANOVA with Bonferroni correction (P ≤ 0.05). For all groups, 

the SE was <1 so was not included in the table. n is the number of replicates for each 

treatment that successfully germinated. 

 

Treatment Exposure time (h) Adjuvant concentration Spore germination (%) n 

Silwet Power 0.25 Low 81 13 

 Medium 81 13 

 High 100 16 

3 Low 94 15 

 Medium 88 14 

 High 100 16 

24 Low 81 13 

 Medium 75 12 

 High 88 14 

Silwet 408 0.25 Low 88 14 

 Medium 94 15 

 High 100 16 

3 Low 94 15 

 Medium 63 10 

 High 75 12 

24 Low 100 16 

 Medium 75 12 

 High 56 9 

Control 

(ddH2O) 

0.25 

N/A 

88 14 

3 75 12 

24 94 15 
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2.3.2 Effect of two Silwet adjuvants on Rhizophagus irregularis spore 

hyphal length 

 

The outcomes of exposing R. irregularis spores to SP and S408 at low, medium and 

high concentrations (see section 2.2.1) for 0.25, 3 or 24 h are presented below. Two 

examples of treated spores that have germinated on MSR medium are shown in 

Figure 2.2.  

 

 

 

 

 

 

 

 

 

Figure 2.2. An example of germinated Rhizophagus irregularis spores (S) with primary 

hyphae (PH) and secondary hyphae (SH) after 9 d on Modified Strullu Romand (MSR) 

medium. The 1 x 1 mm grid allowed hyphal quantification as intersections where grid lines 

and hyphae crossed were counted to determine total hyphal length (see section 2.2.1). 

White scale bar is equal to 0.1 mm. Figure 2.2A shows a spore that was initially exposed to 

Silwet™ Power at 0.1% w/v for 3 h before incubation on MSR medium, while Figure 2.2B 

shows a spore that was exposed to Silwet™ 408 at 0.05% v/v for 0.25 h before incubation 

on MSR medium. 

 

Hyphae length produced by R. irregularis was not significantly affected by exposure 

to either the type or concentration of adjuvant (adjuvant type: F1, 344 = 0.001, P = 

0.979, adjuvant concentration: F2, 344 = 0.263, P = 0.769), but it was affected by 

adjuvant exposure time (F2,344 = 20.9, P < 0.001). Regardless of adjuvant type, 

A B 

0.1 mm 0.1 mm 

S 

S 

PH 
PH 

SH 
SH 

SH 

SH 
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spores exposed to an adjuvant for 3 h or more produced significantly shorter hyphal 

lengths than those exposed to an adjuvant for 0.25 h only. There was no significant 

difference in the hyphal length produced by spores exposed for either 3 or 24 h 

(Figure 2.3).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. The effect of exposure to Silwet™ adjuvants (data combined from both 

adjuvants, Silwet™ Power and Silwet™ 408) for 0.25, 3 and 24 h on the length of hyphae 

(cm) produced by Rhizophagus irregularis spores. Hyphal length was significantly (F2,344 = 

20.9, P < 0.001) affected by exposure time to Silwet™ adjuvants, regardless of adjuvant 

type, and this was tested by a repeated measures 3-way ANOVA with Bonferroni correction. 

Hyphal length of spores exposed to an adjuvant for 3 h or more was significantly less than of 

spores only exposed to an adjuvant for 0.25 h. Error bars are ± 1 standard error (n = 87 for 

0.25 h; n = 94 for 3 h and n = 91 for 24 h) while different letters indicate significant 

differences among exposure times (P ≤ 0.05). 

 

There was also a significant interaction between adjuvant concentration and 

adjuvant exposure time (F4,344 = 7.12, P < 0.001); exposure time significantly 

reduced hyphal length at both low (0.45 ± 0.1 cm) and high (0.50 ± 0.1 cm) adjuvant 

concentrations compared to control spores (0.56 ± 0.1 cm). In contrast, the hyphal 

length of spores exposed to an adjuvant applied at a medium concentration did not 

differ from those produced by the untreated controls (0.53 ± 0.1 cm). The statistical 
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analysis was repeated but excluding data of the control spores to determine whether 

this interaction was in fact being driven by the inclusion of the control data in the 

model. In the repeated analysis, the interaction was still significant (F4,223 = 6.40, P < 

0.001) because exposure time significantly reduced hyphae length produced by 

spores exposed to the low adjuvant concentration, but not the medium or high 

adjuvant concentrations (Figure 2.4).  

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 2.4. Length of hyphae (cm) produced by germinated Rhizophagus irregularis spores 

exposed to three concentrations of Silwet™ adjuvant (SP: 0.1, 1, 10% w/v; S408: 0.05, 0.5, 

5% v/v; see Table 2.1 for justification) for 0.25, 3 or 24 h. Control spores were exposed to 

ddH2O for 0.25, 3 or 24 h. The figure shows a significant (F4,344 = 0.38, P < 0.001) interaction 

between adjuvant exposure time and concentration, caused by a reduction in hyphae length 

as exposure time increases, but only when spores were exposed to the low adjuvant 

concentration. The interaction effect was tested by 3-way ANOVA with pairwise comparison 

with Bonferroni correction. Error bars are ± 1 standard error, where n varied among adjuvant 

treatments (n for each treatment group is shown at the base of each bar) due to germination 

count for each treatment. Different letters indicate significant differences among treatments 

(P ≤ 0.05). 
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Exposure to an adjuvant at medium or high concentrations decreased hyphal length 

at 0.25 h exposure, compared to the hyphal length produced under low 

concentration. However, the low concentration of adjuvant reduced hyphal length as 

exposure time increased, with 0.25 h exposure leading to a mean hyphal length of 

0.6 ± 0.1 cm and 24 h exposure leading to a mean hyphal length of 0.5 ± 0.1 cm.  
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2.3.3 Effect of Silwet Power on seed moisture content and germination 

 

After 14 d of cultivation, seed germination rates were extremely low, with none of the 

V. faba seeds having germinated and only 10 of the Z. mays seeds (most of which 

were pseudo replicates from a total of 5 pots) out of the 100 seeds sown for each 

species. Of the 10 germinated Z. mays seeds, 7 produced shoots. The plantlets from 

the growth substrate treated with SP showed no signs of phytotoxicity (Figure 2.5).  

Among the germinated seeds, germination rate and shoot production were 

unaffected by treatment with SP. On 14 DPS, the % SMC was 10.4 ± 0.2% 

regardless of growth substrate treatment.  

 

 

 

 

 

 

 

 

 

Figure 2.5. Germinated Zea mays L. seeds which were cultivated in a growth cabinet in 

growth substrate treated with Silwet™ Power (+SP; 5 g kg-1) or in an untreated growth 

substrate (no treatment). At the start of the trial the growth substrate had an average 

moisture content of 45%. The average relative humidity of the growth cabinet was 40%. The 

germinated seeds were pseudo replicates from 5 pots out of the total 40, two of which 

received no treatment and 3 which received treatment with SP. The 4 plantlets that emerged 

from the soil surface originated from 1 pot which was treated with SP (indicated by white 

arrows). The ruler is 30 cm for scale. 
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There was also no difference in seed moisture content for either Z. mays or V. faba, 

when seeds were cultivated in growth substrate treated with SP or left untreated (see 

Table 2.3). 

Table 2.3. Mean (± 1 SE) moisture content (%) of Zea mays L. and Vicia faba L. seeds that 

were cultivated at 40% relative humidity in a growth substrate (SMC was 45%) that had been 

treated with Silwet™ Power (SP) or left untreated (control). Treatment of the growth 

substrate with SP had no significant impact on seed moisture content for Z. mays or V. faba, 

as determined by unbalanced 1-way ANOVA (P ≤ 0.05). n is number of replicates for each 

species. 

Seed moisture content (%) 

 
Mean ± SE df Mean square F P 

Zea mays L. (n = 189)  33.1 ± 1.0 1, 198 0.01 0.37 0.544 

Vicia faba L. (n = 200) 89.4 ± 0.8 1, 198 0.15 0.99 0.322 
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2.4 Discussion  

 

There were a number of spores from each treatment group which did not germinate, 

but this was not attributed to any individual treatment as spore germination count did 

not differ from the control spores for any treatment. Hence, the Silwet adjuvants had 

no observable impact on germination. Therefore, the hypothesis that Silwet 

organosilicone surfactants would not negatively impact R. irregularis spore 

germination irrespective of organosilicone surfactant concentration or exposure 

duration was supported. The failure of some spores to germinate is likely due to 

genetic factors (Hijri & Sanders, 2005) or inoculum quality rather than environmental 

stress, evident by the high overall germination count from the study (85% ± 3%). 

This suggests that the presence of an organosilicone surfactant does not interfere 

with C respiration in R. irregularis, which serves to produce the primary energy 

source for AMF spores during the asymbiosis phase of AMF growth (Bago et al., 

1999).  

It was also hypothesized that the mean length of hyphae produced by germinated 

spores would not be affected by exposure to an adjuvant, irrespective of adjuvant 

concentration or exposure duration. However, hyphal length was lower when 

exposed to an adjuvant for 3 or 24 h (average hyphal length: 0.5 ± 0.1 cm) compared 

to those exposed to an adjuvant for 0.25 h (0.6 ± 0.1 cm). This effect was the same 

for both SP and S408 when spores were exposed to the lowest concentration of 

adjuvant. Moreover, exposure to medium and high adjuvant concentrations did not 

have an increasing impact on hyphal length over time, where the low adjuvant 

concentration did. However, after 0.25 h exposure, spores subjected to the medium 

and high adjuvant concentrations had shorter hyphae than those exposed to the low 

adjuvant concentration. This suggests that at initial exposure, the low adjuvant 

concentration was less detrimental to hyphal length than the medium and high 

concentrations, which both had a negative impact on hyphal length regardless of 

exposure time. The shorter hyphal length produced by spores that were exposed to 

the low adjuvant concentration for 3 or 24 h indicates that, under these conditions, 

there could be a targeted effect of the organosilicone surfactant on particular 

regulatory pathways in R. irregularis that control hyphal growth rate (Besserer et al., 
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2008; Bahn et al., 2007). Crucially, exposure to either of the Silwet organosilicone 

surfactants did not prevent the R. irregularis spores from producing hyphae. 

Moreover, the effect size of adjuvant exposure on hyphal length was modest 

compared to control spores, suggesting that R. irregularis can tolerate exposure to 

an organosilicone surfactant. However, this tolerance may be limited by the duration 

of exposure to low adjuvant concentrations and there may be a threshold for the 

concentration of organosilicone surfactants that R. irregularis spores can tolerate 

and still successfully produce hyphae at the asymbiotic growth stage.  

Due to the lack of studies examining any relationship between AMF and soil 

adjuvants, it remains unclear how the presence of the Silwet organosilicone 

surfactants led to a 0.04 ± 0.01 cm reduction in the length of hyphae produced by 

adjuvant-treated spores compared to the untreated control spores. There have been 

studies, however, which examine the effect of adjuvants on soil microbial 

communities as a whole (Banks et al., 2014) and the direct impact of adjuvants on 

other soil organisms such as other fungal species (Poirier et al., 2017), various 

bacteria (Nobels et al., 2011, Jibrin et al., 2021) and protozoa (Tsui & Chu, 2003). 

These studies demonstrated that certain non-ionic surfactants can be toxic to both 

prokaryotic and eukaryotic microorganisms, but the mechanisms responsible are not 

yet clear. Nobels et al. (2011) investigated the acute toxicity of a range of adjuvants, 

including organosilicone surfactants, on Escherichia coli at the gene expression level 

to deduce their main mechanism of impact. They found that while organosilicone 

surfactants triggered expression of fewer genes associated with acute toxicity 

compared to other types of non-ionic surfactants, exposure to the organosilicone 

surfactant tested did induce oxidative damage to the Superoxide Response pathway 

(involved in superoxide stress responses in E. coli). This differs from ionic adjuvants, 

which commonly damage cells through alterations in membrane permeability 

(Chapman et al., 1993). There have been no developments on the findings by Nobel 

et al. (2011) and the results of the present study are only representative of very 

specific conditions. As such, further investigation into this mechanism, particularly in 

planta is necessary before confident conclusions can be drawn about the toxic mode 

of action of organosilicone surfactants on either prokaryotic or eukaryotic organisms. 

This could also be investigated utilising transformed roots in vitro, a method (Bi et al., 

2004) that has been successfully employed in previous studies to discern the impact 
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of various petroleum products and biocides on culturable AMF species (Kirk et al., 

2005; Campagnac et al., 2008; Zocco et al., 2008). This would enable observation of 

how organosilicone surfactants may impact the AMF-plant association in a much 

more controlled environment than in a soil matrix. Nevertheless, the reduction in the 

length of hyphae produced by R. irregularis spores exposed to the organosilicone 

surfactant in this study may be due to damage to oxidative stress response 

pathways in AMF, reducing their activity (Wu et al., 2014). 

Spores exposed to the lower surfactant concentration for 24 h produced hyphae that 

had a mean length of 0.06 ± 0.02 cm less than those exposed to the medium or high 

concentration of surfactant for 24 h. This enhanced impact of the low concentration 

of organosilicone surfactant exposure on the length of hyphae produced by 

R. irregularis spores is an unexpected result and counter to the findings of other 

studies that have found adjuvant toxicity to be dose dependent (Donovan & Elliott, 

2001; Chen et al., 2022). Nevertheless, this could be the result of a non-linear dose-

response, leading to an increase in organosilicone surfactant uptake in R. irregularis 

spores at low organosilicone surfactant concentrations (Ma et al., 2020). If, as this 

study suggests, low levels of Silwet adjuvants have a specific mode of action on R. 

irregularis spores which hinders their ability to produce hyphae, then there is a need 

for further research which explores this mechanism. Repeating the study with longer 

exposure times and a wider range of concentrations would delimit the threshold 

tolerance of R. irregularis spores to organosilicone surfactants. Such studies could 

be followed up by molecular indications of oxidative damage to elucidate the mode of 

action responsible for the effect of organosilicone surfactants on R. irregularis 

spores. These results are from an in vitro study under axenic conditions, so the 

effects in soil could differ substantially. The reduction in hyphal length at the 

asymbiotic stage may not necessarily have a detrimental effect on the root 

colonization of a host plant under field conditions. Additionally, it is important to note 

that trisiloxane-based organosilicone surfactants such as SP and S408 hydrolyse 

rapidly in soil. Therefore, any potential detrimental effects observed in this study may 

not be observed in situ.  

There were no significant differences among the effects of SP and S408 on either 

AMF spore germination or production of hyphae, despite slight differences in 

chemical structure between these two trisiloxane-based adjuvants. This implies a 
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general effect of organosilicone surfactants on R. irregularis germination and hyphal 

production. Furthermore, the impact of the surfactants on R. irregularis was limited 

by concentration. Therefore, other adjuvants from the Silwet catalogue could also be 

compatible with R. irregularis and should be tested accordingly. Furthermore, testing 

AMF from other phylogenetic families by this method would illuminate whether these 

effects are species-specific or a general reaction of AMF to organosilicone 

surfactants. This would inform which AMF consortia are compatible with 

organosilicone surfactants, such that their combined use could reap the maximum 

benefits for crop drought tolerance and water management.  

Regarding the seed germination assay, only 10 of the Z. mays seeds and none of 

the V. faba seeds germinated, so the hypothesis that seeds cultivated in growth 

substrate treated with SP would have an increased germination and emergence 

count after 14 d could not be tested. The very low seed germination counts of both 

species, regardless of soil treatment and despite successful germination in seed 

quality tests, indicates that these results are due to limitations with the study design 

and do not reflect the true impact of SP on seed germination. Namely, the 

environmental conditions for the study were chosen based on a previous study 

carried out by Momentive which utilised Z. mays and T. aestivum cultivated in growth 

substrate composed of an agricultural topsoil and vermiculite in a 50/50 ratio. The 

composition and structure of a growth substrate determines how it interacts with 

water molecules due to the availability of polar regions where water and organic 

matter can associate (Zhang & Lu, 2020a). The high sand content of the growth 

substrate used in the present study meant its ability to retain moisture was relatively 

low. Therefore, it is clear from the above results that the environmental conditions 

chosen were not appropriate for the plant species or growth substrate utilised in the 

present study. Development of the present study should then consider how the 

impact of growth substrate composition changes its soil water holding capacity, thus 

its suitability for cultivation of different crop species.  

Overall, the seed germination study has made clear the need to investigate the effect 

of SP on the water retention of a range of growth substrates varying in composition 

before plant trials are conducted. This would enable more appropriate environmental 

conditions to be selected (i.e., drought severity chosen based on the growth 

substrate SWHC), allowing deduction of the benefits of SP for germination of 
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different crop species under drought conditions. It is evident from the results of this 

study that the ability of SP to improve the water retention of a growth substrate is 

specific to the growth substrate composition. Therefore, these results could also 

have indications for other studies which make conclusions about the activity of 

organosilicone surfactants in soil, if they have not observed these properties in a 

range of different soil types and growth substrates. As such, further investigation is 

needed to deduce the agricultural contexts in which SP could be of optimal benefit 

for crop germination under drought conditions.   

In conclusion, the ecotoxicity study demonstrated a novel interaction between a 

model AMF species and commercial adjuvants from a group of compounds 

commonly used with agricultural formulations. Principally, the two Silwet adjuvants 

were compatible with R. irregularis, causing no impact to spore germination and only 

slightly reducing the ability of the AMF to produce hyphae in the asymbiosis phase. 

These findings should be explored further to elucidate the mechanism responsible 

for the reduction in the length of hyphae produced by R. irregularis spores treated 

with an organosilicone surfactant. The study is a first step in understanding the 

relationship between a model AMF species and two commercially available 

organosilicone surfactants.  

  



3 Utilising Silwet soil adjuvants and arbuscular 

mycorrhizal fungi to improve soil water relations for 

crop productivity  

3.1 Introduction  

 

Climate change poses significant challenges to agriculture by exacerbating drought 

(Humphrey et al., 2018) and flooding conditions (Sefton et al., 2021), leading to shifts 

in growing seasons and disrupting crop yields, ultimately threatening food security 

and livelihoods worldwide (van Dijk et al., 2021). One method of measuring drought 

is through quantification of the soil moisture content: the percentage of water present 

per unit of soil (Civeira, 2019). Reduced soil moisture content impacts soil quality. As 

soil dries out, it becomes more prone to compaction (Mbarki et al., 2023). 

Compaction reduces soil porosity and pore space, restricting root growth and limiting 

water infiltration and drainage (Mbarki et al., 2023; Szatanik-Kloc et al., 2018). 

Furthermore, the loss of soil moisture causes soil particles to shrink and pull away 

from each other, leading to the disintegration of macroaggregates, thus the loss of 

soil structure (Quintana et al., 2023). Without proper soil structure, water infiltration 

and air exchange are impaired, decreasing the soil water holding capacity (SWHC) 

and resulting in increased erosion risk (Masroor et al., 2022).  

Low soil moisture content can also suppress soil microbial activity by increasing 

osmotic stress and limiting metabolic activities (Stark & Firestone, 1995). 

Microorganisms play a crucial role in organic matter decomposition and nutrient 

mineralization processes that release nutrients such as N, P, and K into plant-

available forms (Kallenbach et al., 2016; Jacoby et al., 2017). Reduced soil nutrient 

availability leads to deficiencies in plants which impact various plant functions 

(Waraich et al., 2011). Examples include stunting growth thus reducing biomass 

(Muller et al., 2011), reducing leaf expansion and increasing leaf necrosis (Sakuraba, 

2022), decreasing stress resilience (Zhang et al., 2020c) and limiting root 

development (Gruber et al., 2013). Micronutrient deficiencies increase susceptibility 

to biotic and abiotic stresses. For example, Zn deficiency reduces the ability of some 
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plants to respond to pathogens and herbivorous pests (Cabot et al., 2019), while B 

and Si deficiencies impact cell wall strength and repair (Osuna-Canizalez et al., 

1991), and cell membrane permeability (Brown et al., 2002). Furthermore, deficiency 

of Ca, which is involved in root signalling cascades among other things, reduces the 

root system size of affected plants (Duan et al., 2022). This limits the plant's ability to 

access water and nutrients from the soil, thus perpetuating stress symptoms caused 

by drought and inducing premature senescence in affected plants (Wehner et al., 

2015). Overall, the effects of drought on soil can be detrimental to soil quality and 

fertility, impacting plant growth, thus reducing crop yields and food security.  

Proline accumulation is a well-documented response to drought stress in plants 

(Arteaga et al., 2020; Kijowska-Oberc et al., 2023; Zhang et al., 2017). Proline is a 

common plant osmolyte that is produced in the cytoplasm and chloroplast stroma to 

decrease cellular osmotic potential in response to low soil water potential (Meena et 

al., 2019). It can accumulate in above- or belowground parts of the plant depending 

on the drought response elicited by the affected plant species (Polavarapu & Nese, 

2014). The regulation of cellular osmotic potential then maintains cell turgor and 

water content (Rivero et al., 2007). Higher proline accumulation in leaf cells typically 

indicates more severe drought stress (Verslues & Sharma, 2010). Therefore, 

elevated proline levels serve as a biochemical marker indicating that plants are 

experiencing water deficit conditions. Both monocots and dicots accumulate proline 

as a common response to drought stress, but there are reported differences in 

proline accumulation between the two evolutionary lineages. In general, monocots 

tend to accumulate higher levels of proline in response to drought stress compared 

to dicots, suggesting that monocots benefit more from proline accumulation during 

drought stress than dicots (Bekka et al., 2018). This difference may be attributed to 

differences in the regulation of proline biosynthetic pathways and osmotic adjustment 

mechanisms between the two groups (Slama et al., 2015; Rai & Penna, 2013). 

Differences between monocot and dicot proline accumulation can also be influenced 

by AMF colonisation (Chandrasekaran, 2022), with variation in proline accumulation 

also dependent on AMF species (Chun et al., 2018). For example, host plants 

associated with Rhizophagus fasciculatus and F. mosseae were reported to 

experience higher accumulation of proline during drought stress than those 

associated with Glomus deserticola and Claroideoglomus etunicatum (Azcón et al., 
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1996). Moreover, AM-Z. mays were demonstrated to have significantly lower 

accumulated proline than non-AM Z. mays plants, while other plant species such as 

Allium sativum and Cicer arietinum produced much more proline when associated 

with AMF (Chandrasekaran et al., 2014). It is important, then, to consider how 

symbiotic relationships or external conditions other than drought may impact proline 

accumulation.  

Gaining species-specific knowledge about plant drought and nutrient stress 

adaptations and how they can be enhanced is vital if future food demands are to be 

met (van Dijk et al., 2021). Cereal crops account for over 50% of food intake globally, 

while legumes are important for both human consumption and as livestock feed 

(Wiebe et al., 2015). Plants have evolved various root system adaptations to cope 

with drought by optimizing water uptake and minimizing water loss in challenging 

environments (Comas et al., 2013; Hodge et al., 2009). For example, dicotyledonous 

crop plants (e.g., Daucus carots, Beta vulgaris L., and V. faba), produce deeply 

rooted taproots (Chiteri et al., 2022). Deep root systems allow plants to access water 

stored in deeper soil layers which are more resistant to drying out during drought 

periods (Prince et al., 2015). In contrast, monocots (e.g., Z. mays, Hordeum vulgare 

L., and Avena sativa) utilise fibrous root systems comprising of numerous fine roots 

that spread out horizontally nearer to the soil surface (Perkons et al., 2014). The 

shallow depth and large surface area of fibrous roots in the soil enables the plant to 

take advantage of occasional light rain events or dew (Kou et al., 2022). However, 

fibrous root systems are perhaps more vulnerable to sudden drought periods than 

taproot systems as swift evaporation of water from the soil surface exposes them to 

more extreme fluctuations in soil moisture levels and they also have less water 

storage capacity compared to taproots (Ding et al., 2020; Castañeda et al., 2019). 

Adventitious roots, which develop quickly from non-root tissues at the base of the 

stem, can emerge in response to drought stress to increase access to moisture (Fry 

et al., 2018; Atkinson et al., 2014). These additional root structures, also known as 

brace roots, can aid plants with fibrous root systems, such as Z. mays, to access 

water in deeper soil layers, although plants with taproots are also capable of 

producing adventitious roots when necessary (Coudert et al., 2013).  

Adaptations in root architecture alone may not be enough to protect plants from 

drought stress, thus many plants have adapted to cope with environmental stresses 
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through coevolution with soil microbes (Poudel et al., 2021). Associations with soil 

microbes can influence root system architecture, supporting the plant to gain water 

and nutrients from the soil (Zipfel & Olroyd, 2017; Sasse et al., 2018). Plants form 

complex associations with various soil microbes, such as bacteria and fungi, in their 

root zone (Artursson et al., 2006; Bulgarelli et al., 2015). These interactions, whether 

they have direct associations with the plant through symbiosis or have indirect 

benefits via improvement of soil fertility and structure, can significantly enhance 

nutrient uptake, disease resistance, and productivity in host plants (Bever et al., 

2012; Bonfante & Anca, 2009). AMF associate with plants via host roots, where they 

can trade fixed C for enhanced access to water and nutrients in the soil (Wen et al., 

2019). While the outcomes of arbuscular mycorrhizal fungi (AMF) colonization of 

plant roots vary due to factors such as plant and AMF species and environmental 

conditions (Wang et al., 2023), there is ample evidence of AMF contributing to 

enhanced plant drought tolerance and nutrient uptake (Chen et al., 2018). For 

example, inoculation with AMF was shown to improve grain nutrient profile in Z. 

mays and Triticum aestivum grown in nutrient deficient soils (Luo et al., 2021), while 

AM-colonised Z. mays plants grown under drought conditions experienced 

significantly less drought-induced oxidative damage and had significantly higher 

biomass compared to non-AM plants (Begum et al., 2019). Also, harvest yields in 

AM-leguminous crop species were increased by over 20% compared to non-AM 

plants (Wu et al., 2022). The presence of both rhizobia and AMF in leguminous host 

plant roots synergistically increase soil and atmospheric N acquisition (Chen et al., 

2018), thus improving N uptake of host plants (Ingraffia et al., 2019). Overall, 

plentiful evidence exists demonstrating the benefits of AMF for drought resilience of 

crop plants. However, integration of AMF biofertilizer into conventional agricultural 

practices has not yet been successfully achieved (Wahdan et al., 2024). Therefore, 

agricultural systems that enable the use of biofertilizers such as AMF could increase 

resilience to drought stress.  

Organosilicone surfactants can be used as soil adjuvants to alter soil physical 

properties, improving soil structure, fertility, and moisture content (Lehrsch et al., 

2011; Starr et al., 2005). The effects of an organosilicone surfactant recently 

developed by Momentive, SP, on plant drought tolerance and growth, are displayed 

in Figure 3.1. 
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Figure 3.1. Silwet Power (SP) is an organosilicone surfactant designed for agricultural 

applications. When applied to the soil, it increases soil water infiltration and retention, 

leading to improved soil moisture content during periods of low precipitation or irrigation. 

These improvements to soil quality reduce drought stress experienced by cultivated plants. 

Diagram provided by Dr Benjamin Langendorf (Momentive Performance, London, UK).  

 

Their ameliorating effects on soil moisture content have been reported to reduce 

drought stress and improve nutrient uptake in some crop species (Singh & Khan, 

2012; Baratella & Trinchera, 2018), but have limited effects in others (Cooley et al., 

2009). Direct application of organosilicone surfactants can cause phytotoxicity in 

some plant species, caused by interactions between the surfactant and epicuticular 

wax layer of the leaves, leading to alteration in cell permeability (John et al., 1974; 

Knoche et al., 1992). Knoche et al. (1992) found that oxyethylene chain length in the 

surfactants tested had a direct effect on phytotoxicity symptoms in 

Brassica oleracea, where low and high oxyethylene chain lengths caused less 

phytotoxicity than medium chain lengths. Moreover, limited in vitro studies suggest 
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variable impacts of organosilicone surfactants on bacteria (Nobels et al., 2011) and 

other soil organisms (Krogh et al., 2003). Nonetheless, careful use of organosilicone 

surfactants such as SP could prove highly beneficial for protecting a range of crops 

from drought stress.  

The combined use of AMF and organosilicone surfactants in agricultural practices 

has only been reported in tomato, where it was used to reduce salinity stress 

(Chaichi et al., 2017). AM-Medicago sativa plants, in conjunction with an 

organosilicone surfactant, have been used to successfully decontaminate polluted 

soil (Wu et al., 2008), demonstrating potential synergistic benefits of AMF and 

organosilicone surfactants. In the latter study, combined use of AMF and the 

surfactant altered the rhizosphere microbial community structure. However, the 

impact of utilising organosilicone surfactants for improving drought tolerance of AM-

plants has not been reported. Characterising the combined use of AMF and 

organosilicone surfactants for plants which represent the monocot and dicot 

evolutionary lineages could help to inform how the combined effects of AMF 

inoculation and organosilicone surfactant soil treatment might vary in different 

genetic models.  

It is hypothesised that application of Silwet adjuvants to droughted sandy growth 

substrate will increase the SWHC and maintain a higher soil moisture content, 

directly proportional to the adjuvant concentration. SP (a powder adjuvant) will 

maintain a higher SMC in droughted growth substrate compared to S408 (a liquid 

adjuvant) due to its commercial design that tailors it for soil application. Rewetting of 

growth substrate treated with either adjuvant will lead to a reduction in adjuvant 

activity. In a plant system, SP is hypothesized to have no negative impacts on the 

ability of AMF to colonise host plant roots, due to compatibility between the two 

demonstrated in previous studies. Cultivating plants with AMF and SP will have a 

synergistic effect on nutrient and water availability for the plant, resulting in higher 

plant biomass and nutrient content. Given its extensive root branching, Z. mays is 

expected to better withstand drought conditions compared to V. faba. Therefore, the 

external hyphae from AMF associations and the improved water availability 

facilitated by SP are likely to benefit the less extensive root system of V. faba more 

than Z. mays. AMF will directly enhance osmolyte production in leaf cells, while SP 
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will not have any direct impact on proline accumulation relative to untreated controls. 

Therefore, drought-stressed V. faba will have enhanced proline accumulation 

compared to Z. mays L. due to its heightened reliance on AMF for water acquisition.  
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3.2 Materials and methods  

 

3.2.1 Effect of two Silwet adjuvants on growth substrate water retention: 

pilot test  

 

The effect of SP (a powder adjuvant) and S408 (a liquid adjuvant) on water retention 

of the growth substrate described in section 2.2.2.1 was examined in a pilot test. For 

each growth substrate treatment (SP, S408 and an untreated control), a column was 

prepared by placing a 12 cm Buchner funnel lined with 110 mm diameter grade 3 

qualitative filter paper (Whatman, Kent, UK) above a 250 ml conical flask. A clear 

polyvinyl chloride (PVC) tube (10.2 cm outer diameter, 10.0 cm inner diameter x 16.7 

cm length) was placed on top of the filter paper in each Buchner funnel and filled 

with 500 g of the growth substrate.  

The growth substrate was sieved to 250 µm and used to prepare dilutions of SP and 

S408 at concentrations of 1 and 0.5 g kg-1 growth substrate, respectively. This 

process involved gradually adding each adjuvant to 100 g of growth substrate and 

thoroughly mixing to ensure even distribution. Following this, a 3.5 g aliquot of each 

adjuvant in sieved growth substrate was individually applied to the surface of the 

growth substrate resting in each column. A 500 ml capacity separating funnel 

clamped securely above each PVC tube was used to decant 300 ml dH2O into each 

column (the approximate volume of water needed to saturate 500 g of the substrate). 

The setup is shown in Figure 3.2.  
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Figure 3.2. Experimental setup of the column used to evaluate the effect of two Silwet™ 

adjuvants on water retention and wetting behaviour of a loamy sandy growth substrate with 

an expected low water holding capacity. A separating funnel suspended from a clamp stand 

was used to decant water into the centre of a clear Polyvinyl Chloride (PVC) tube containing 

growth substrate treated with either Silwet™ Power, Silwet™ 408 (1 and 0.5 g kg-1 growth 

substrate, respectively), or untreated. The PVC tube was placed in a Buchner funnel lined 

with filter paper to prevent loss of growth substrate. An identical column was set up for each 

adjuvant treatment. 

 

Both the time taken for the water to drain through the growth substrate and the 

amount of water drained from the column were measured. Any potential differences 

in growth substrate wetting resulting from the adjuvants were observed visually 

through the clear PVC tube. Each column, funnel and conical flask were then 

transferred to a growth chamber (AR-75 L Percival, Iowa, USA) set at the following 

conditions: 20:16 °C, 60:65% relative humidity and light:dark cycle of 16:8 h to 
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maintain a stable external environment. Illumination in the cabinet was provided by 8 

fluorescent tubes (36 w, 4000 K) above each of the two shelves and light intensity in 

the cabinet was ca. 660 μmol⁻² s⁻¹ at shelf level. Data loggers were used to record 

temperature and relative humidity on each shelf every 10 min (View 2 TV-4500, 

TinyTag, Sussex, UK). Data collected from data loggers in the growth chamber were 

checked for anomalies in conditions throughout the experiment and showed that no 

unexpected changes in temperature or relative humidity occurred throughout the 

experimental period (Figure S4).  

The % SMC was monitored with a capacitance probe (Delta-T ML3 ThetaKit, 

Cambridgeshire, UK) every 2 days over an 8-d period. The measurements 

concluded at this point, as it was anticipated that, beyond this timeframe, the 

adjuvants might start to lose their wetting properties due to hydrolysis in the alkaline 

substrate. Each % SMC measurement comprised the average of three 

measurements taken at different places in the growth substrate. Data collected on 

the day of watering were excluded from analysis because % SMC measurements 

were equal (50 or 20% of the SWHC), thus did not reflect change in the % SMC.  

 

3.2.2 The impact of two Silwet adjuvants on growth substrate moisture 

content 

 

The effect of adjuvant type and concentration on the moisture content of the growth 

substrate was investigated in a fully factorial pot trial. There were 10 treatment 

groups, thus: SP or S408 added at either a high or low concentration and an 

untreated control all subject to either an ambient or drought level of watering. There 

were 5 replicates for each treatment.  

Pots were filled with 700 ml of growth substrate (described in section 2.2.2.1). SP 

and S408 were prepared as described in section 3.2.1 at the following 

concentrations: SP 0.05 g l-1, SP 0.1 g l-1, S408 0.025 g l-1 or S408 0.05 g l-1, 0 g l-1 

(untreated control) (pers. comms. Dr. Benjamin Langendorf, Momentive [London, 

UK], informed by previous field trials carried out by Momentive). As in section 2.2.1, 

these concentrations were chosen for each adjuvant based on the trisiloxane content 
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of each respective adjuvant. The adjuvants were applied to the growth substrate 

surface and then the pots were watered to either a drought (20% of the SWHC) or 

ambient (50% of the SWHC) level by the even distribution of 60 ml or 145 ml dH2O, 

respectively, over the growth substrate surface. Pots were transferred to a growth 

chamber (as described in section 3.2.1) placed in a completely randomised, block 

design. Growth substrate moisture content was measured daily using a capacitance 

probe (Delta-T ML3 ThetaKit, Cambridgeshire, UK) for 28 d. After 14 d, 20 g 

subsamples were taken from each pot to calculate growth substrate moisture content 

by fresh and dried (105°C for 7 days) growth substrate weight and then pots were re-

watered to return growth substrate moisture content to 50 or 20% of the SWHC. The 

% SMC was then recorded for another 14 d. After 28 d, further 20 g subsamples 

were taken from each pot to calculate the final % SMC by fresh and dried (105°C for 

7 days) growth substrate weight. Again, data collected on the day of watering/ re-

watering were excluded from analysis so that the model analysed change in % SMC 

only. See figure 3.3 for an overview of the experimental setup.  

 

 

 

 



 

 

 

 

 

 

 

 

 

 

Figure 3.3. The experimental setup which was designed to test the effect of two organosilicone surfactants, namely Silwet™ Power (SP) and 

Silwet™ 408 (S408), on the growth substrate moisture content (% SMC) of a sandy loamy growth substrate with a low soil water holding 

capacity (SWHC). Growth substrate was treated with either SP or S408 at a low or high concentration (see section 3.2.2 for concentrations) or 

left untreated (control), and then watered to ambient (50% of the SWHC) or drought (20% of the SWHC) level (n = 5). The % SMC was 

monitored for 14 d (round 1), whereupon growth substrate was re-watered to return % SMC to ambient or drought level (round 2). The % SMC 

was then monitored for a further 14 d to observe how re-watering affected the active properties of the organosilicone surfactants in improving 

growth substrate water retention. 



3.2.3 Effects of the combined use of a soil adjuvant, Silwet Power, and 

arbuscular mycorrhizal fungi on crop drought tolerance 

 

3.2.3.1  Most Probable Number bioassay  

 

Two species of AMF inoculum, R. irregularis and Funneliformis mosseae ([T.H. 

Nicolson & Gerd.] C. Walker & A. Schüßler), as an attapulgite clay/pumice/zeolite 

mix containing spores, mycelium, and colonised host plants root fragments were 

obtained from Plantworks Ltd (Kent, UK). These species were chosen due to their 

use in commercial biofertilizers and ease of cultivation with a range of host plants.  

A most probable number (MPN) bioassay was carried out to estimate the number of 

infective propagules in each inoculum sample. The assay was carried out following a 

protocol by Alexander (1983). Briefly, for each AMF species, the inoculum was 

diluted to 1:10, 1:100 and 1:1000 in autoclaved (two cycles at 121°C for 15 min) 

attapulgite clay medium (AgSorb®, Oil-Dri Ltd, Cambridgeshire, UK) and split equally 

into 5 pots, so that there were 30 pots in total. Zea mays L. Rising Sun (Elsoms, 

Lincolnshire, UK) and ca. 30 Trifolium repens (Emorsgate Seeds, Cambridgeshire, 

UK) were used as trap plants. For each pot, three Z. mays and ca. 30 T. repens 

seeds were sown ca. 1 cm below the soil surface. Pots were kept in a glasshouse at 

ca. 15-20 °C and watered as required with dH2O. Roots were harvested 11 weeks 

after sowing. Harvested roots were stained with an ink and vinegar solution 

(described in section 3.2.3.2.) and presence of AMF-specific structures (i.e., 

arbuscules and vesicles) was checked under a light microscope (Nikon Eclipse, 

Tokyo, Japan). AMF presence in the roots was then assessed using a dissecting 

microscope at 40x magnification for each sample. MPN for both AMF species was 

determined using an MPN table (Cochran, 1950) and both inoculum types were 

found to contain ca. 16,000 viable propagules ml-1. 
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3.2.3.2  Root sampling and staining 

 

To observe AMF structures in Z. mays and V. faba roots, roots were sampled 

randomly from the root system, rinsed in tap water to remove any adhering growth 

substrate and transferred to 50 ml universal tubes. Samples were then stained 

following the method of Wilkinson (2018). Briefly, cytoplasmic cell contents and 

secondary metabolites were cleared from samples by submerging in 10% w/v KOH 

for 45 min at 70°C. They were then rinsed 3 times with dH2O and transferred to an 

ink and vinegar solution (5% v/v ink [Brilliant Black, PelikanⓇ, Gwent, UK] and 5% v/v 

acetic acid in dH2O) for 30 min. Samples were then rinsed three times with 1% v/v 

acetic acid solution and destained in a 50% v/v glycerol solution overnight before 

mounting on microscope slides for microscopic observation.  

 

3.2.3.3  Experimental design 

 

The synergistic effects of SP and AMF inoculation on drought tolerance of Z. mays 

and V. faba were investigated in a fully factorial glasshouse trial. There were 8 

treatment groups comprised of two watering regimes and four growth substrate 

treatments, with 5 replicates for each treatment group. The growth substrate (see 

section 2.2.2.1) was treated with AMF only, AMF and SP, SP only, or neither AMF or 

SP (control), and all treatments were subjected to two different watering regimes: 

ambient watering at 50% of the volume of the total SWHC (150 ml dH2O), and 

drought watering at 30% of the volume of the total SWHC (90 ml dH2O). For AMF 

treatments, R. irregularis and F. mosseae inoculum (source as described in section 

3.2.3.1 prior to dilution) were combined in a 50:50 ratio.  

For each treatment, five pots (section 2.2.2.3) were filled with 700 g growth substrate 

(see section 2.2.2.1) combined with either AMF, SP, or both depending on the 

treatment. The AMF inoculum was combined with the growth substrate at 20 ml l-1 

(double the commercial dose recommended by Plantworks, Kent, UK to ensure 

successful colonisation of plant roots) and SP was combined with the growth 

substrate at 5 g kg-1 (pers comms. Dr Benjamin Langendorf, informed by previous 
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field trials by Momentive, London, UK). Control pots were filled with 700 g growth 

substrate combined with 20 ml l-1 autoclaved (two cycles at 121°C for 15 min) and 

dried AMF inoculum. A further 10 pots (5 for each plant species) were prepared with 

growth substrate treated with AMF only to be harvested for root colonisation 

assessment prior to full harvest. 

Seeds from each species were prepared and sown a week apart to allow time for 

sample harvesting at the end of the growth period. As such, cultivation of each 

species was treated as a separate experiment. V. faba and Z. mays seeds were 

surface sterilised by submerging in 5 or 15% v/v bleach solution, respectively, for 15 

min. The seeds were then stored at 4°C overnight and transferred to 90 mm 

diameter sealed Petri dishes containing damp filter paper soaked in ddH2O. Seeds 

were kept in the dark at room temperature for 7 d to allow for radicle emergence. 

Three germinated seeds were initially transferred to each pot, which was later 

reduced to one plant per pot by cutting any extra plant stems at the growth substrate 

surface after 14 d.  

Control and adjuvant only pots received 30 ml bacterial filtrate of the AMF by 

combining 140 ml of R. irregularis inoculum and 140 ml of F. mosseae inoculum with 

600 ml autoclaved (one cycle, 121°C for 15 min) dH2O. The solution was strained 

through a sieve to remove inoculum and the resulting solution collected and filtered 

through 11 μm filter paper (Whatman No. 1, Kent, UK) to remove AMF spores and 

propagules. The filtrate was stored at 4°C and used within 24 h after preparation. 

Initial watering quantity for control and adjuvant only pots was reduced accordingly.  

Pots were watered every three days to maintain the ambient or drought watering 

level. The % SMC of each pot was monitored before and after each watering event 

using a capacitance probe inserted into the same part of the growth substrate each 

time to avoid disturbing roots and hyphae. After 14 d, plants were treated weekly 

with 10 ml of a 0.2% v/v nutrient solution (Thornton & Bausenwein, 2000) with 

phosphate concentration reduced by 10% (0.031 mmol l−1 of NaH2PO4·2H2O) to 

encourage AMF colonisation (Leigh et al., 2009) while avoiding nutrient deficiency in 

the plants. Watering was reduced accordingly. The experimental setup is shown in 

Figure S7.  
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3.2.3.4  Pest and disease management 

 

During the early growing stage (ca. 21 DPS), V. faba plants were infested with thrips 

(Thysanoptera), evident by silver, dry leaves that dropped prematurely (Figure 3.4). 

To control this pest, a mixed spray treatment containing 1 g l-1 Minecto One 

(Syngenta, Cambridgeshire, UK) and 1.2 ml l-1 Decis (Bayer Crop Science, 

Cambridgeshire, UK) was applied to the infested plants immediately after symptoms 

were noticed, followed by another treatment 7 d later. Subsequently, thrip predator 

mites (Thripex-Plus, Koppert, Ontario, Canada) were released onto the plants using 

a slow release sachet to control any remaining thrips until the end of the experiment.  

Rolling and browning of leaves, large variation in plant height and leaf number were 

noticed in V. faba plants ca. 28 DPS across all treatment groups, including the 

control (Figure 3.4). Treatment of the thrips infestation did not ameliorate these 

symptoms, thus, at harvest, leaf samples were sent to FERA (Yorkshire, UK) for 

bean leaf roll virus analysis by ELIZA. However, the negative test result suggested 

another source for the symptoms, such as residual herbicide contamination in the 

growth substrate (Boutin et al., 2014). Possible presence of herbicide residues in the 

topsoil could not be disclosed by Rolawn® due to confidentiality restrictions, so the 

cause of the symptoms could not be verified. No pest management was required for 

the Z. mays plants.  
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Figure 3.4. Two examples of plants where pest and possible disease symptoms may be 

present in Vicia faba L. ca. 28 days post sowing. Newly developed leaves did not unfurl 

(indicated by yellow arrow), likely due to herbicide contamination in the topsoil used in the 

growth substrate. The lower leaves that had unfurled prior to symptoms becoming apparent 

became dry and brown (indicated by blue arrow), indicative of infestation with thrips. These 

symptoms were observed across plants from all treatments (including control plants) and 

watering levels. Notable variation in plant size and leaf number was observed; white scale 

bar is equal to 4 cm. 

 

4 cm  
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3.2.3.5  Measurements taken during plant growth period and at harvest 

 

At 7-, 10-, and 14-DPS, and then every subsequent 2 weeks, plants were 

photographed, and plant height and leaf number were recorded. Signs of 

phytotoxicity caused by the adjuvant or other chemical contamination, such as leaf 

chlorosis, necrosis and plant stunting were also recorded. At 49 DPS, extra 

replicates grown for monitoring of root colonisation by AMF were destructively 

harvested. Roots were cleared and stained as described in section 3.2.3.2; presence 

of AMF in roots indicated that a full harvest could be carried out at 56 DPS.  

 

3.2.3.6  Root sample processing 

 

At 56 DPS, the entire root system for each plant was cleared of soil and then the 

total root system length was analysed using WinRHIZO™ software (Quebec, 

Canada). Presence of root nodules was recorded for V. faba plants. Each root 

system was then subsampled once; each subsample was weighed (for subsequent 

weight correction of whole plant biomass) and then cleared and stained as described 

in section 3.2.3.2.  

Percentage root length colonisation (% RLC) was determined for each subsample, 

whereby stained roots were mounted on microscope slides using destain solution 

and viewed under a light microscope (Nikon Eclipse, Tokyo, Japan) fitted with an 

eyepiece graticule at 200x magnification. Occurrence of intraradical hyphae, 

arbuscules, and vesicles were recorded for each intersection between hyphal 

structure and graticule for a minimum of 100 fields of view for each root sample. 

Counts were recorded as percentage of root length colonised by the following 

equation:  

 

% 𝑅𝐿𝐶 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑠 𝑤𝑖𝑡ℎ 𝑎𝑟𝑏𝑢𝑠𝑐𝑢𝑙𝑎𝑟 ℎ𝑦𝑝ℎ𝑎𝑒

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑
 𝑥 100 
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The same equation was also used to calculate percentage of arbuscules, and 

vesicles present in the roots. Original root system samples were weighed and dried 

(105°C for 7 d) and dry weights recorded.  

Extraradical hyphae were extracted from two 5 g subsamples of a soil sample 

collected from around the roots for each plant, following a modified membrane 

technique described by Staddon et al. (1999). The extracted hyphae were stained 

with 0.01% acid fuchsin solution (lactic acid, glycerol, deionised water 14:1:1 and 0.1 

g l-1 acid fuchsin) and mounted on microscope slides with lactoglycerol (1:1:1 lactic 

acid, glycerol and water). Hyphal length was then determined microscopically by the 

gridline intersect method (Miller & Jastrow, 1992) using a 10 x 10 grid of 1 cm2 slide 

lengths (Graticules Optics Ltd, Kent, UK). A minimum of 50 fields of view were 

assessed for each membrane at 100x magnification. Hyphal length density (HLD) 

was then calculated for each sample as follows: 

 

h =
[counts x 

11
14  x 

1
10 ]  x (π x 7.52)

(grid no.  x 0.1)
 x 13.885 

 

HLD =
(h x

initial solution volume
sample volume

)

growth substrate sample DW
⁄

 

 

Where:  

h is hyphae 

HLD is measured in m hyphae g-1 growth substrate fresh weight 

DW is dry weight (g) 

Initial solution volume is 500 ml  

Sample volume is 5 ml  
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3.2.3.7  Aerial plant sampling and analysis  

 

Plant height (cm) and number of leaves were recorded. Additionally, specific leaf 

area of each plant was measured (m2  kg-1) using a portable area meter coupled with 

a belt conveyer (LI-3000A and LI-3050A, LI-COR inc., Nebraska, USA). Any leaves 

that were not fully unfurled (either due to early growth stage or disease symptoms) 

were not measured for any analyses – only unfurled leaves were used. Leaf sub-

samples of ca.100 mg were taken from each plant and stored in 2 ml Eppendorf 

tubes. The subsamples were weighed (exact weights recorded), submerged in liquid 

N, and stored at -80°C for proceeding proline extraction and quantification. The 

remainder of the original leaf samples were then weighed, dried (105°C for 7 d) and 

dry weights were recorded to determine aboveground water content, biomass, and 

specific leaf area.  

Free proline content was assessed using a spectrophotometer following the method 

of Ábrahám et al. (2010). Briefly, leaf subsamples that were stored at -80°C were 

transferred to ice and then submerged in 3% w/v sulfosalicylic acid (5 μl mg-1 leaf 

fresh weight). Subsamples were centrifuged in a benchtop centrifuge (Sigma 3-16L, 

Eppendorf, Hamburg, Germany) at 13000 g for 5 min at room temperature. For each 

subsample, an aliquot of 100 μl of supernatant was transferred to a new 2 ml 

Eppendorf tube containing 100 ml 3% w/v sulfosalicylic acid, 200 μl glacial acetic 

acid and 200 μl 0.14 M acidic ninhydrin (1.25 g ninhydrin, 30 ml glacial acetic acid, 

20 ml of 6 M orthophosphoric acid, dissolved by vortexing for ca. 5 min and 

incubating at 50°C for ca. 30 min). The solution was inverted 10 times and then 

incubated in a water bath (Thermo 12L, Grant Instruments, Cambridgeshire, UK) at 

96°C for 60 min. After the elapsed time, the reaction was terminated on ice. Under a 

fume hood (Erlab, Massachusetts, USA), proline was extracted from the solution by 

adding 1 ml toluene to the reaction tube and vortexing (WM/250/FP/2 Whirlimixer, 

Fisons, Suffolk, UK) for 20 s. Samples were allowed to separate into organic and 

water phases for 5 min at room temperature before the organic phase red 

chromophore (containing proline) was removed using a P1000 micropipette and 

transferred to a new 2 ml Eppendorf tube. Chromophore extracts containing proline 

were assessed spectrophotometrically at 520 nm immediately after extraction, with 

toluene as a reference. A standard curve using pure L-Proline extracted by the same 
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method as above was produced to determine proline concentration by leaf fresh 

weight (mg g-1). 

 

3.2.3.8  Foliar macro- and micronutrient analysis 

 

Dried plant material was milled (MM 400 Retsch, Haan, Germany) into a fine powder 

and 6-7 mg subsamples (exact weight recorded) from each plant were analysed for 

carbon (C) and N contents. The analysis was carried out by Dr. Matthew Pickering 

(Environment Department, University of York) using a Flash 1112 NC analyser 

(Thermo Scientific, Massachusetts, USA) fitted with an MAS autosampler and 

thermal conductivity detector. Details of instrument conditions are in Table S4.  

Further subsamples of 18-22 mg (exact weight recorded) from each plant were 

analysed for micronutrient analysis (specifically, Ca, Si, P, K, B and Zn) by 

inductively coupled plasma optical emission spectroscopy (ICP-OES). Prior to 

analysis, the plant material subsamples were transferred to 2 ml screwcap 

Eppendorf reaction tubes and prepared for ICP-OES by nitric acid digestion. Each 

subsample was suspended in 500 µl concentrated analytical grade nitric acid by 

vortexing. Reaction tube lids were punctured using a syringe needle to prevent 

pressure build up and incubated in a heat block at 70°C for ca.16 h. After the 

elapsed time, reaction tubes were removed from the heat block and 1 ml ddH2O was 

added to each tube. The resulting reaction mixtures were transferred to 15 ml conical 

centrifuge tubes and the 2 ml reaction tubes were rinsed twice with 2 ml ddH2O to 

ensure minimal sample loss. All 15 ml centrifuge tubes were filled up to 10 ml with 

ddH2O and then filtered into fresh centrifuge tubes using No. 540 12.5 cm diameter 

filter papers (Whatman, Buckinghamshire, UK). Digested filtrates were stored at 4°C 

until analysis, which was carried out by Blaine Hancock (Environment Department, 

University of York) using an iCAP 7000 (Thermo Scientific, Massachusetts, USA). 
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3.2.3.9  Data analysis 

 

Analyses were performed in SPSS version 28.0.1.1 (SPSS Inc., Illinois, USA). The 

pilot study described in section 3.2.1 was not replicated and therefore no statistical 

analyses were carried out on this data set. For all other data, log10, square root and 

cube root transformations were carried out, followed by a Shapiro-Wilk normality test 

to determine distribution and a Levene's test to assess homogeneity of variance 

among groups to determine the best fit for the data. Significance was set at P ≤ 0.05 

for all analyses.  

For the pot experiment testing the effect of two Silwet adjuvants on % SMC, 

proportion data were arcsine root transformed. Transformed data were not normally 

distributed however, so a generalised linear model with Gamma distribution (to 

account for proportion data), log link function (as the data follow a Poisson 

distribution) and heterogeneous compound symmetry covariance structure (to 

account for the correlation and variability among repeated measurements) was used 

to test the main and interactive effects of adjuvant type, adjuvant concentration and 

watering level on % SMC. Any potential block effect was also tested in the model 

initially, but where this was not significant it was subsequently removed to improve 

the statistical power of the model due to its increased precision and simplified 

interpretation. SP improved the growth substrate water retention more than S408, so 

it alone was used in the proceeding experiment. 

To assess the synergistic effects of SP and AMF on crop drought tolerance, a two-

way ANOVA was used to test the main and interactive effects of the growth 

substrate treatment (AMF only, SP only, AMF+SP, control) and watering level 

(ambient, drought) on plant biomass and water content, macro- and micronutrient 

content, RLC, including arbuscules and vesicles, and HLD at harvest. The model 

was unbalanced to allow for differences in the number of replicates within each 

treatment group where plants died before harvest. Block was included in the model 

as a random effect. If there was a significant block effect, Tukey post-hoc contrast 

tests were used to deduce which block was significantly different, so that it could be 

removed from analysis. Pairwise comparisons with Bonferroni corrections were 
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performed to examine significant interactions and Tukey post-hoc contrast tests were 

used to compare significant differences within treatments.  

Aboveground Si contents of V. faba were not normally distributed, so a Mann 

Whitney U test was used to test the effect of watering, and a Kruskall-Wallis H test 

was used to test for block effect and the effect of growth substrate treatment. The 

impact of growth substrate treatment and watering level on presence of root nodules 

in V. faba root systems was analysed using a Chi-squared test.  



Chapter 3 

86 
 

3.3 Results  

 

The following section presents the results from the two experiments which examined 

the effect of SP and S408 on water retention of the growth substrate at two different 

watering levels, and the impact of adding SP and AMF to the growth substrate on the 

ability of Z. mays and V. faba to tolerate drought.  

 

3.3.1 Assessing the impact of two Silwet adjuvants on water retention of 

a sandy growth substrate  

 

In the pilot study, both adjuvant treatments performed similarly in improving growth 

substrate water retention compared to the untreated control, with the growth 

substrate that was treated with S408 showing the greatest overall improvement. The 

growth substrate treated with S408 drained more slowly than either the growth 

substrate treated with SP or the untreated control growth substrate (i.e., ca. 19, 16, 

and 15 min, respectively). It also released a smaller amount of water from the 

column (i.e., 108, 116, and 118 ml, respectively). Furthermore, the % SMC of the 

growth substrate treated with S408 was slightly higher at the end of the 8d period 

compared to the growth substrate treated with SP and both greatly outperformed the 

untreated control growth substrate (25.5, 19.0 and 9.2%, respectively; Figure 3.5).  
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Figure 3.5. Moisture content of the growth substrate (% SMC) that was treated with Silwet™ 

Power, Silwet™ 408 or no adjuvant (control) and watered to saturation, then measured over 

an 8 d period (n = 1).  No statistical analyses were applied due to the absence of replication. 

 

3.3.2 The impact of two Silwet adjuvants on growth substrate water 

holding capacity 

 

In the pot trial, the gravimetric data collected throughout the experiment showed high 

variability, possibly influenced by environmental conditions and/or equipment 

inaccuracies (see Figure S5). Therefore, these data were excluded from further 

analysis and statistical analyses were only carried out on % SMC data collected by 

capacitance probe.  

In round 1 of the experiment (see Figure 3.3), % SMC was significantly improved by 

both adjuvants, although not by adjuvant concentration (Table 3.1). The full data set 

is shown in Figure S6.  
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Table 3.1. The results of a generalised linear model (GLM) with Gamma probability 

distribution and log link function comparing the effects of watering regime (ambient: 50%, 

drought: 20% of the soil water holding capacity), adjuvant type (Silwet™ Power [SP], 

Silwet™ 408 [S408], control with no adjuvant) and adjuvant concentration (SP 0.05 g l-1, SP 

0.1 g l-1, S408 0.025 g l-1, S408 0.05 g l-1, 0 g l-1 [untreated control]) on growth substrate 

moisture content (% SMC) over 13 d. Significant P values are indicated in bold (P ≤ 0.05). 

Source of variation 
Substrate moisture content (% SMC) 

Wald Chi-Square df P 

Watering 1787 1 < 0.001 

Adjuvant type 5.7 1 0.017 

Adjuvant concentration  1.6 1 0.201 

Watering * Adjuvant type 8.1 1 0.004 

Watering * Adjuvant concentration 0.4 1 0.530 

Adjuvant type * Adjuvant concentration 10.6 1 0.001 

Watering * Adjuvant type * Adjuvant concentration 1.9 1 0.173 

df = degrees of freedom n = 5.  

 

The significant interaction between adjuvant type and watering (GLM, X2 = 8.1, P = 

0.004; Table 3.1) was due to SP being more effective than S408 in improving % 

SMC under ambient watering; however, neither adjuvant type differed from the 

untreated control. Under drought watering however, both adjuvants improved % 

SMC compared to the untreated control (Figure 3.6). 
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Figure 3.6. The graph shows the significant interaction between adjuvant type and watering 

on moisture content of growth substrate (% SMC; GLM, X2 = 8.1, P = 0.004), determined by 

pairwise comparison with Bonferroni correction. Growth substrate was treated with Silwet™ 

Power (SP) or Silwet™ 408 (S408) and watered to drought or ambient level (20% and 50% 

of the soil water holding capacity, respectively). Different letters indicate significant 

differences at P ≤ 0.05. Error bars are ± 1 standard error of the mean (n = 10). 

 

To further examine the interaction between adjuvant type and concentration, the % 

SMC data was re-analysed excluding the untreated control data (see Figure 3.7). At 

low concentration SP significantly improved % SMC compared to when present at 

high concentration. Moreover, at low concentration SP improved % SMC compared 

to S408, whereas there was no difference between the two adjuvants at high 

concentration. There was no difference in % SMC between the low and high 

concentration of S408 (Figure 3.7). 
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Figure 3.7. Average moisture content of growth substrate (% SMC) treated with Silwet™ 

Power (SP) or Silwet™ 408 (S408) at low or high concentration (see Table 2.1). Although 

concentration alone did not significantly affect moisture content of the growth substrate, 

there was a significant interaction between adjuvant concentration and adjuvant type (GLM, 

X2 = 10.6, P < 0.001). The interaction was ascertained using pairwise comparisons with 

Bonferroni correction. Different letters indicate significant differences at P ≤ 0.05. Error bars 

are ± 1 standard error of the mean (n = 10). 

 

In round 2 of the experiment (see Figure 3.3), there was no significant difference in 

% SMC among treated and control pots or interaction terms; this effect was the 

same for both drought and ambient watering treatments (Table S5). 
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3.3.3 Drought tolerance of crops treated with Silwet soil adjuvants and 

arbuscular mycorrhizal fungi 

 

3.3.3.1  Effect of Silwet Power and arbuscular mycorrhizal fungi on root 

length colonisation and hyphal length density in Zea mays and 

Vicia faba  

 

Percentage root length colonisation (% RLC) of plants grown in substrate treated 

with AMF only, SP only, AMF+SP, or untreated (controls) and watered to either 

ambient (50% of the soil water holding capacity [SWHC]) or drought (30% of the 

SWHC) was assessed after 56 d growth. The frequency of intraradical hyphae, 

arbuscules and vesicles were also assessed (Figure 3.8).  

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Examples of stained roots which were inoculated with the arbuscular mycorrhizal 

fungi (AMF) Rhizophagus irregularis. AMF structures present include intraradical hyphae 

(H), arbuscules (A), and vesicles (V). Figure 3.8A. A section of Zea mays L. root which was 

photographed after 8 weeks cultivation in a glasshouse. Figure 3.8B. A colonised section of 

Vicia faba L. root. White scale bar is equal to 100 µm. 
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For Z. mays roots, growth substrate treatment significantly (F3,32 = 21.1, P < 0.001) 

increased % RLC (mean % RLC: 64 ± 11%) in those plants that had been treated 

with the AMF inoculum compared to those treated with SP only or the control plants 

(mean % RLC across treatments: 32 ± 13%) (Figure 3.9).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. Average percentage root length colonisation (% RLC) of Zea mays L. plants 

grown in substrate treated with arbuscular mycorrhizal fungi (AMF) only, Silwet™ Power 

(SP) only or both (AMF+SP). Control plants were untreated. Addition of AMF increased % 

RLC in all cases and SP did not negatively impact % RLC, determined by a Tukey HSD 

post-hoc test with Bonferroni correction. Different letters indicate significant differences 

among treatments (P ≤ 0.05) and error bars are ± 1 standard error of the mean (n = 10). 
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There were no significant differences in % RLC between Z. mays plants treated with 

AMF only and plants treated with AMF+SP, indicating that SP did not affect the 

ability of the added AMF inoculum to colonise Z. mays roots. Also, there were no 

significant differences in % RLC between plants treated with SP only and the no 

AMF added inoculum control plants, suggesting SP did not affect colonisation of 

Z. mays roots by background AMF populations present in the growth substrate 

either. Watering level did not affect (F1,32 = 0.09, P = 0.771) % RLC of Z. mays plants 

(mean % RLC: 48 ± 3%). 

In V. faba roots, % RLC values were lower than for Z. mays and neither the growth 

substrate treatment nor watering level significantly affected mean % RLC (overall 

mean: 36 ± <1%). In both Z. mays and V. faba, the frequency of arbuscules (mean 

across treatments: 9 ± 1% [Z. mays] and 4 ± 1% [V. faba]) and vesicles (4 ± 1% [Z. 

mays] and 1 ± <1% [V. faba]) in plant roots were low and not significantly affected by 

growth substrate treatment (Z. mays: F3,32 = 1.89, P = 0.151 arbuscules and F3,32 = 

2.59, P = 0.070 vesicles; V. faba: F3,28 = 1.16, P = 0.343 and F3,28 = 1.24, P = 0.313, 

respectively) or watering level (Z. mays: F1,32 = 0.07, P = 0.794, and F1,32 = 0.03, P = 

0.862, respectively; V. faba: F3,28 = 0.33, P = 0.569 and F3,28 = 1.03, P = 0.320, 

respectively).  

There were significantly (F3,70 = 18.3, P < 0.001) more HLD around the roots of 

Z. mays plants inoculated with AMF (mean HLD across treatments: 0.25 ± 0.02 mg 

g-1 soil DW) compared to plants that did not receive the AMF inoculum (SP only and 

control growth substrate treatments; mean HLD: 0.14 ± 0.02 mg g-1 soil DW). 

Watering level did not significantly affect HLD around Z. mays plants. There was a 

significant (F3,70 = 6.58, P < 0.001) interaction between watering levels and growth 

substrate treatments on HLD because under drought conditions, HLD was always 

higher for plants from growth substrate treated with AMF (AMF only and AMF+SP) 

and lower for non-AMF treatments (SP only and control), but under ambient 

conditions the difference between AMF and non-AMF treatments was not significant 

(Figure 3.10).  
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Figure 3.10. The significant (F3,70 = 6.58, P < 0.001) interaction between watering and growth 

substrate treatment, which was tested by pairwise comparison with Bonferroni correction. 

Hyphal length density (HLD, mg g-1 soil dry weight) of Zea mays L. plants grown under 

ambient or drought watering conditions and treated with arbuscular mycorrhizal fungi (AMF), 

Silwet™ Power (SP), AMF+SP or untreated controls was measured, ± 1 standard error (n = 

5). Ambient and drought watering was 50% and 30% of the soil water holding capacity 

(SWHC), respectively. For all variables, different letters represent significant differences (P ≤ 

0.05). 

 

In V. faba, the HLD was not significantly affected by watering level (F1,28 = 0.37, P = 

0.550) or growth substrate treatment (F3,28 = 2.49, P = 0.081) and there was no 

interaction between the two (overall mean HLD: 0.12 ± 0.01 mg g-1 soil DW).  

 

 

 



Chapter 3 

95 
 

3.3.3.2  The impact of Silwet Power and arbuscular mycorrhizal fungi 

(AMF) biofertilizer on plant biomass, water content and nutrient 

levels 

 

For both Z. mays and V. faba plants, there were no signs of phytotoxicity caused by 

exposure to SP. Growth substrate treatment did not affect the following variables for 

either plant species: specific leaf area; water content and biomass; aboveground-to-

belowground water content ratio and aboveground-to-belowground biomass ratio 

and root system length. Of these variables, there were significant effects of watering 

level on mean biomass and water content for both plant species as shown in Table 

3.2 while Table 3.3 gives the results of the statistical analysis. Although root nodules 

were not present on all V. faba root systems, growth substrate treatment nor 

watering level significantly impacted their presence (X2
3, n = 34 = 1.724, P = 0.632). 

 

Table 3.2. Mean (± 1 SE) biomass and water content for aboveground and belowground 

parts of Zea mays L. and Vicia faba L. plants, the plants were cultivated under ambient (50% 

of the soil water holding capacity [SWHC]) or drought (30% of the SWHC) watering levels in 

a growth substrate that had been treated with arbuscular mycorrhizal fungi (AMF) only, 

Silwet™ Power (SP) only, AMF+SP or untreated (control). None of the growth substrate 

treatments had any significant impacts on the reported variables compared to control plants, 

but there were effects from watering level (see Table 3.3). 

Variable 
Zea mays L. Vicia faba L. 

Ambient Drought Ambient Drought 

Aboveground biomass (g) 1.3 ± 0.1 1.0 ± 0.1 1.2 ± 0.1 0.7 ± 0.1 

Belowground biomass (g) 1.3 ± 0.1 1.0 ± 0.1 0.7 ± 0.1 0.5 ± 0.1 

Root weight ratio (g g-1) 0.53 ± 0.03 0.47 ± 0.02 0.37 ± 0.02 0.41 ± 0.03 

Aboveground water content (g) 9.1 ± 0.5 6.7 ± 1.6 8.2 ± 0.8 4.9 ± 0.4 
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Table 3.3. Results from the statistical analysis of aboveground and belowground biomass and water content of Zea mays L. and Vicia faba L. 

plants, in which there were significant watering effects but no growth substrate treatment effects. Plants were grown under two watering 

regimes (ambient: 50% and drought: 30% of the soil water holding capacity of the growth substrate) in growth substrate treated with arbuscular 

mycorrhizal fungi (AMF) only, Silwet™ Power (SP) only, AMF+SP or untreated controls. Analysis was carried out by 2-way ANOVA with 

Bonferroni correction. P values in bold are significant (P ≤ 0.05). 

 

 

 

 
Zea mays L. Vicia faba L. 

Variable df Mean square F P  df Mean square F P 

Aboveground biomass 1,31 0.74 8.73 0.006  1,28 2.13 16.3 < 0.001 

Belowground biomass 1,32 1.14 6.22 0.018  1,28 0.20 2.82 0.104 

Root weight ratio 1,32 0.11 0.97 0.332  1,28 0.27 4.47 0.044 

Aboveground water content  1,32 67.4 38.7 < 0.001  1,28 88.6 11.3 0.002 

df = degrees of freedom. For Z. mays, n = 10 and for V. faba, n = 7.  
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All the Z. mays leaves were N deficient (mean N concentration across all plants: 6 ± 

<1 mg g-1) regardless of growth substrate treatment or watering level, evident by 

yellowing of new leaves which began at the tips and spread down the leaf (Figure 

3.11).  

 

 

 

 

 

 

 

 

 

Figure 3.11. Zea mays L. plants were nitrogen deficient across all growth substrate 

treatments and watering levels, apparent from yellowing of leaves starting at the leaf tips and 

spreading down the leaf as indicated by the white arrows. 

 

Aboveground N content (F3,32 = 0.47, P = 0.705; Figure 3.12B) and aboveground 

biomass (see Table 3.3 for P values) in Z. mays were unaffected by treatment of the 

growth substrate. However, N concentration of Z. mays leaves from the AMF only 

growth substrate was significantly (F3,32 = 6.53, P = 0.001) higher (mean N 

concentration: 6.4 ± 0.2 mg g-1) than plants from all other growth substrate 

treatments and controls (mean across treatments: 6 ± <1 mg g-1; Figure 3.12A). 

Overall, this indicates that the AMF only treatment increased the total N per unit 

biomass, as explained by the significantly (F3,32 = 7.27, P < 0.001) lower 

aboveground C:N ratio in AMF-only treated plants compared to all other growth 

substrate treatments (Figure 3.12C).  
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Figure 3.12. The aboveground nitrogen (N) concentration (mg g-1), N content (mg) and carbon-to-nitrogen (C:N) ratio in Zea mays L. plants 

treated with arbuscular mycorrhizal fungi only (AMF), Silwet™ Power only (SP), AMF+SP or untreated (controls). Plants treated with AMF only 

had the highest N concentration compared to all other treatments (F3,32 = 6.53, P = 0.001; Figure 3.12A), but there were no differences in 

aboveground N content among growth substrate treatments (F3,32 = 0.47, P = 0.705; Figure 3.12B). The aboveground C:N ratio was 

significantly (F3,32 = 7.27, P < 0.001; Figure 3.12C) reduced by AMF only compared to all other growth substrate treatments, suggesting that the 

AMF only treatment increased the total N per unit biomass in the aboveground parts of Z. mays plants. Please note the Y axis of all graphs 

does not start at 0 to demonstrate the differences among treatments more clearly. Error bars are ± 1 standard error (n = 10). For all variables, 

different letters represent significant differences (P ≤ 0.05). 

A. B. C. 
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Watering did not affect N or C concentrations in Z. mays leaves. However, under 

drought conditions aboveground N (F1,32 = 9.08, P = 0.005) and C content (F1,32 = 

9.46, P = 0.004) were significantly lower (mean aboveground C content: 422 ± 27 mg 

and mean aboveground N content: 6 ± 1 mg) than ambient conditions (mean 

aboveground C content: 541 ± 31 mg and mean aboveground N content: 7 ± <1 mg). 

This decrease was attributed to the lower aboveground biomass of Z. mays plants 

grown under drought conditions (see Table 3.2). There were no interactions between 

watering and growth substrate treatment for N or C.  

There were significant impacts of both watering level and growth substrate treatment 

on P concentration (F1,32 = 142.1, P < 0.001 and F3,32 = 42.3, P < 0.001, 

respectively). There was also an interaction between watering and growth substrate 

treatment (F3,32 = 10.5, P < 0.001), but the driver of this effect was unclear due to a 

significantly higher P concentration in control plants grown under ambient conditions 

(272 ± 10 µg g-1) compared to all other growth substrate treatments and watering 

levels (Figure 3.13).  

To interrogate whether there was a true interaction occurring between watering level 

and growth substrate treatment, the analysis was repeated excluding the control 

plant data, which removed the significant interaction term. Plants treated with AMF 

only had significantly (Tukey post-hoc: P < 0.001) higher aboveground P 

concentrations than plants that were treated with SP or the control plants (Figure 

3.14A). Aboveground P content of Z. mays plants was also significantly (F3,32 = 11.1, 

P < 0.001) impacted by the treatment of the growth substrate and was higher (Tukey 

post-hoc: P = 0.014) in the plants from the AMF only growth substrate treatment than 

the SP only growth substrate treatment. The aboveground P contents of Z. mays 

plants treated with both AMF and SP, however, did not differ from when these 

treatments were added singly (Figure 3.14B).  
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Figure 3.13. Aboveground phosphorus (P) concentration (µg g-1) of Zea mays L. plants 

grown under ambient or drought watering conditions and cultivated in growth substrate 

treated with arbuscular mycorrhizal fungi (AMF) only, Silwet™ Power (SP) only, AMF+SP or 

untreated controls, ± 1 standard error (n = 5). Ambient and drought watering was 50% and 

30% of the soil water holding capacity (SWHC), respectively. There was a significant 

interaction between watering and growth substrate treatment (F3,32 = 10.5, P < 0.001) that 

was revealed by a pairwise comparison with Bonferroni correction test to be driven by two 

factors. The P concentrations in ambient watered control plants were higher compared to all 

other treatments and watering levels, and the aboveground P concentrations in plants from 

the treatments which included SP (SP only and AMF+SP) were reduced. Different letters 

represent significant differences among growth substrates and watering level treatments (P 

≤ 0.05). 
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Figure 3.14. Aboveground phosphorus (P) concentration (µg g-1; A) and aboveground P 

content (µg; B) of Zea mays L. plants cultivated in growth substrate treated with arbuscular 

mycorrhizal fungi (AMF) only, Silwet™ Power (SP) only or AMF+SP, ± 1 standard error (n 

=10). Aboveground parts of plants cultivated in growth substrate treated with AMF only had 

significantly (Tukey post-hoc: P < 0.001) higher P concentrations and P content (Tukey post-

hoc: P = 0.014) than the foliage of plants grown with SP added to the growth substrate, 

either with AMF or without. Pairwise comparisons were tested by Tukey HSD with Bonferroni 

correction. Different letters represent significant differences among treatments (P ≤ 0.05). 

 

As aboveground biomass was unchanged by growth substrate treatment, this 

suggests that the AMF only treatment caused plants to accumulate more P per unit 

biomass than plants from all other growth substrate treatments. This is supported by 

the significantly lower aboveground C:P ratio (F3,32 = 24.6, P < 0.001; Figure 3.15A) 

and N:P ratio (F3,32 = 12.4, P < 0.001; Figure 3.15B) in plants from the AMF only 

growth substrate treatment compared to plants cultivated in growth substrate with 

SP.  

Watering level significantly reduced the aboveground P content (F3,32 = 64.8, P < 

0.001) and concentration (F1,32 = 142.1, P < 0.001) of Z. mays plants grown under 

drought conditions compared to under ambient conditions; the i.e., mean P content 

was 93 ± 15 µg vs 227 ± 15 µg, respectively and the mean P concentration was 95 ± 

A. B. 
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7 µg g-1 vs 181 ± 14 µg g-1, respectively. This could be explained in part by the 

reduced aboveground biomass in drought watered Z. mays plants (see Table 3.2), 

but the lower P concentration suggests a change in the total P per unit biomass in 

drought watered Z. mays plants. There was a significant interaction (F3,32 = 4.16, P = 

0.013) between growth substrate treatment and watering on the C:P ratio in Z. mays, 

caused by a higher aboveground C:P ratio in SP-treated plants (SP only and 

AMF+SP) under drought watering. Drought watered plants had significantly (F1,32 = 

83.6, P < 0.001 and F1,32 = 63.8, P < 0.001, respectively) higher aboveground C:P 

and N:P ratios (mean C:P ratio: 5021 ± 429 and mean N:P ratio: 70 ± 6) compared to 

ambient watered plants (mean C:P ratio: 2592 ± 189 and mean N:P ratio: 34 ± 6) 

(Figure 3.15). Together, this suggests that drought watered plants were storing less 

P than plants grown under ambient conditions.  
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Figure 3.15. The carbon-to-phosphorus (C:P) ratio (A) and the nitrogen-to-phosphorus (N:P) ratio (B) of Zea mays L. plants grown under 

ambient (50% of the soil water holding capacity [SWHC]) or drought (30% of the SWHC) watering conditions in growth substrate treated with 

arbuscular mycorrhizal fungi (AMF) only, Silwet™ Power (SP) only, AMF+SP or untreated controls, ± 1 standard error (n = 5). There was a 

significant interaction between watering and growth substrate treatment (F3,32 = 4.16, P = 0.013) on the C:P ratio, which was tested by pairwise 

comparison with Bonferroni correction. The N:P ratio was affected by growth substrate treatment (F3,32 = 12.4, P < 0.001), with treatments 

containing Silwet™ Power (SP) causing a higher N:P ratio compared to treatments without SP (AMF only and untreated controls). Error bars 

are ± 1 standard error (n = 10). For all variables, different letters represent significant differences (P ≤ 0.05). 

A. B. 
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All growth substrate treatments significantly (F3,29 = 3.46, P = 0.029) reduced 

aboveground N concentration in V. faba compared to control plants (Figure 3.16A), 

but the aboveground N content (mean: 35.4 ± 2.8 mg N; Figure 3.16B), biomass 

(mean: 948 ± 450 mg), and C:N ratio (mean: 0.1 ± <0.01) of V. faba plants were 

unaffected by growth substrate treatment. As there was no change in the 

aboveground C:N ratio, this suggests that all the growth substrate treatments caused 

a reduction in N accumulation per unit biomass compared to control plants. 

 

 

 

 

 

 

 

  

 

 

 

Figure 3.16. Nitrogen (N) concentration (mg g-1; A) and N content (mg; B) in the leaves of 

Vicia faba L. plants cultivated in growth substrate which was treated with arbuscular 

mycorrhizal fungi (AMF) only, Silwet™ Power (SP) only, AMF+SP or left untreated 

(controls). Aboveground N concentration was shown by Tukey post-hoc test to be 

significantly (F3,29 = 3.46, P = 0.029) lower in all growth substrate treatments compared to 

control plants, but the N content of V. faba plants was not significantly affected by growth 

substrate treatment (F3,28 = 2.79, P = 0.059). Error bars are ± 1 standard error (n = 7). For all 

variables, different letters represent significant differences among treatments (P ≤ 0.05). 

 

There were no significant differences in P concentration among growth substrate 

treatments or watering levels (mean across treatments: 188 ± 26 µg g-1). 

Aboveground N concentration was also unaffected by watering level, but N and P 

A. B. 
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content were both significantly (aboveground N content: F1,28 = 13.5, P = 0.001 and 

aboveground P content: F1,28 = 15.6, P < 0.001) lower (mean N content: 26.6 ± 9.7 

mg and mean P content: 2657 ± 854 µg) in plants grown under drought conditions 

compared to those cultivated under ambient conditions (mean aboveground N 

content: 44 ± 4 mg and mean aboveground P content: 4789 ± 1927 µg). This can be 

explained by the aboveground biomass of V. faba plants being significantly reduced 

in drought watered plants compared to ambient watered plants (see Table 3.2 and 

Table 3.3).  

Although aboveground water content was reduced by drought watering, it was not 

affected by growth substrate treatment in either Z. mays or V. faba (See Table 3.2 

and Table 3.3). Also, the ratio of aboveground-to-belowground water content was 

unchanged by watering in V. faba, but it was increased by drought watering in 

Z. mays, thus indicating that drought watering increased allocation of water to the 

aboveground parts of the plant (Table 3.3).  

 

 

3.3.3.3  Changes to proline and micronutrients in Zea mays and Vicia 

faba resulting from treatment with Silwet Power and arbuscular 

mycorrhizal fungi (AMF)  

 

Proline, an amino acid normally associated with water stress, concentrations in leaf 

tissues were higher in V. faba (mean across treatments: 21 ± 1 mg g-1 FW) than in 

Z. mays (mean across treatments: 12 ± <1 mg g-1 FW). Z. mays plants from the 

growth substrate treated with AMF only had lower (F3,32 = 40.9, P < 0.001) foliar 

proline concentrations (mean: 12 ± 1 mg g-1 FW) than plants treated with SP only 

and AMF+SP (mean: 13 ± 1 mg g-1 FW). There was no difference in the foliar proline 

concentrations of ambient vs. drought watered plants, except where there was a 

significant (F3,32 = 7.55, P < 0.001) interaction in plants from the AMF only treatment 

which had lower proline concentrations under ambient watering (Figure 3.17). 

Control plants generally had lower foliar proline concentrations (mean: 9 ± 1 mg g-1 
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FW) than all other treatments (13 ± <1 mg g-1 FW), with the exception of plants from 

the ambient watered AMF only treatment. 

 

Figure 3.17. Foliar proline concentration (mg g-1 leaf fresh weight) of Zea mays L. plants that 

were grown under ambient (50% of the soil water holding capacity [SWHC]) or drought (30% 

of the SWHC) watering conditions in growth substrate treated with Silwet™ Power (SP) only, 

arbuscular mycorrhizal fungi (AMF) only, AMF+SP, or untreated (controls). There was a 

significant (F3,32 = 7.55, P < 0.001) interaction between growth substrate treatment and 

watering level, as tested by a pairwise comparison with Bonferroni correction. Error bars are 

± 1 standard error (n = 5). For all variables, different letters represent significant differences 

among treatments (P ≤ 0.05). 

 

Foliar proline concentration in V. faba was not affected by watering level, but plants 

from the AMF+SP treatment had significantly (F3,28 = 4.64, P = 0.009) lower mean 

foliar proline concentrations (mean: 18 ± 1 mg g-1 FW) than plants from all other 

growth substrate treatments and controls (mean across treatments: 22 ± 1 mg g-1 

FW; Figure 3.18). 
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Figure 3.18. Foliar proline concentration (mg g-1 fresh weight) of Vicia faba L. plants was 

significantly (F3,28 = 4.64, P = 0.009) lower in plants treated with both arbuscular mycorrhizal 

fungi (AMF) and Silwet™ Power (SP) compared to plants that were treated with AMF only, 

SP only, or control plants. Error bars are ± 1 standard error (n = 7). Different letters 

represent significant differences among treatments (P ≤ 0.05), as determined a Tukey HSD 

post-hoc test. 

 

Analysis of aboveground micronutrient concentration and content of K, Ca, Zn, B and 

Si revealed various impacts of watering level and growth substrate treatment upon 

both plant species. The effects of watering level are shown in Table 3.4, and 

significant differences and mean values for micronutrients from each growth 

substrate are shown in Table 3.5.
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Table 3.4. Aboveground micronutrients were measured in Zea mays L. and Vicia faba L. plants which had been cultivated at two watering 

levels (ambient: 50% and drought: 30% of the growth substrate’s soil water holding capacity) in growth substrate treated with arbuscular 

mycorrhizal fungi (AMF) only, Silwet™ Power (SP) only, AMF+SP or untreated controls. Analysis was carried out by two-way ANOVA with 

Bonferroni correction, with the exception of silicon concentration data from V. faba which, due to the non-normal distribution of the data, was 

tested by Mann-Whitney U-test.  

 

Micronutrient 
Concentration (µg g-1) 

Zea mays L. Vicia faba L. 

df Mean square F P df Mean square F P 

Potassium 1,32 66932 6.08 0.021 1,28 40511 1 0.327 

Calcium 1,32 10015.5 10.8 0.002 1,28 0.008 0.42 0.524 

Zinc 1,32 2.53x10-6 0.35 0.558 1,26 2.58 x10-7 0.18 0.677 

Boron 1,32 3.59x10-6 1.01 0.324 1,28 1.83 x10-7 0.45 0.507 

Silicon 1,32 8.01 3.93 0.056 1,28 U = 160 0.975 

Micronutrient Content 
(µg) 

        

Potassium 1,32 615000 6.59 0.015 1,28 0.485 15.5 < 0.001 

Calcium 1,32 3.42x109 0.77 0.386 1,28 122.9 6.41 0.017 

Zinc 1,32 0.024 0.36 0.552 1,28 3.49 13.2 0.001 

Boron 1,32 0.161 10.1 0.003 1,28 0.36 10.2 0.003 

Silicon 1,32 0.012 0.34 0.562 1,28 3.94 7.36 0.011 

 

P values in bold are significant (P ≤ 0.05). For Z. mays, zinc and boron content data were log10 transformed. For V. faba, calcium and boron 

concentration, potassium and boron content data were log10 transformed and calcium, zinc and silicon content data were square root 

transformed.  
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Table 3.5. The mean values (± 1 SE) of aboveground micronutrients measured in Zea mays L. and Vicia faba L. plants that were cultivated in 

growth substrate treated with arbuscular mycorrhizal fungi (AMF) only, Silwet™ Power (SP) only, AMF+SP or untreated controls and watered at 

two watering levels (ambient: 50% and drought: 30% of the soil water holding capacity of the growth substrate). Significant differences between 

growth substrate treatments for each species were tested by a two-way ANOVA with Bonferroni correction, with the exception of silicon 

concentration data in V. faba, which were tested by Kruskal-Wallis given the data were not normally distributed. Significant differences between 

treatments for each micronutrient are indicated by different letters, but comparison is not between species or micronutrient. 

Micronutrient 

Concentration 

(µg g-1) 

Zea mays L. Vicia faba L. 

AMF only SP only AMF+SP Control AMF only SP only AMF+SP Control 

Potassium 1357 ± 34a 1219 ± 37ab 1197 ± 30b 1262 ± 54ab 1801 ± 53a 1800 ± 67a 1777 ± 66a 1916 ± 68a 

Calcium 195 ± 16a 133 ± 6b 130 ± 8b 187 ± 13a 329 ± 43a 247 ± 24a 335 ± 38a 260 ± 19a 

Zinc 2.7 ± 0.5a 2.0 ± 0.3a 3.1 ± 0.7a 2.7 ± 0.7a 4.2 ± 0.4a 4.2 ± 0.3a 4.1 ± 0.3a 5.3 ± 0.4a 

Boron 1.8 ± 0.1a 1.8 ± 0.1a  1.7 ± 0.1a 1.9 ± 0.1a 2.8 ± 0.1a 2.7 ± 0.1a 3.0 ± 0.2a 2.5 ± 0.1a 

Silicon 2.9 ± 0.3a 5.0 ± 0.4b 4.8 ± 0.8b 3.1 ± 0.3a 4.2 ± 1.8a 12.7 ± 1.3b 14.9 ± 1.0b 2.5 ± 0.1a 

Micronutrient 

Content (µg) 
        

Potassium 1362 ± 147a 1409 ± 116a 1482 ± 102a 1515 ± 78a 1795 ± 287a  2417 ± 436a 2781 ± 292a 2324 ± 445a 

Calcium 183 ± 14ab 151 ± 13a 157 ± 13a 220 ± 18b 346 ± 71a 322 ± 61a 492 ± 47a 305 ± 50a 

Zinc 2.3 ± 0.3a 2.3 ± 0.4a 3.9 ± 1.1a 3.3 ± 0.8a 4.4 ± 0.8a 5.4 ± 0.9a  6.3 ± 0.8a 6.5 ± 1.4a 

Boron 1.8 ± 0.2a 2.1 ± 0.2a 2.1 ± 0.2a 2.3 ± 0.2a 2.7 ± 0.4a 3.7 ± 0.7a 4.5 ± 0.4a 3.1 ± 0.6a 

Silicon 3.0 ± 0.5a 5.7 ± 0.7b 5.6 ± 0.8b 4.5 ± 0.4ab 3.4 ± 0.9a 17.1 ± 3.6b 22.4 ± 2.2b 2.9 ± 0.5a 

 

For Z. mays, zinc and boron content data were log10 transformed. For V. faba, calcium and boron concentration, potassium and boron content 

data were log10 transformed and calcium, zinc and silicon content data were square root transformed. 
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There was a significant (F3,32 = 2.97, P = 0.047) interaction between growth 

substrate treatment and watering level affecting aboveground Ca concentration in 

Z. mays. Plants from any of the treated growth substrates (AMF only, SP only, 

AMF+SP) had a lower mean Ca concentration (153 ± 8 µg g-1) than the control 

plants (mean: 187 ± 13 µg g-1) regardless of watering level, with the exception of 

plants from the AMF only growth substrate treatment that were grown under drought 

conditions. Here, there was no significant difference compared to the control plants 

(Figure 3.19). Ca content (mean across treatments: 178 ± 8 µg) in Z. mays leaves 

was not impacted by growth substrate treatment or watering level, but aboveground 

biomass was significantly (P value in Table 3.3) lower (see Table 3.2 for mean value) 

in drought watered plants, overall suggesting a reallocation of Ca within plants 

treated with AMF only.  

Figure 3.19. The interaction between watering level and growth substrate treatment on 

aboveground calcium (Ca) concentration (µg g-1) of Zea mays L. plants was significant. Ca 

concentration was only impacted by watering level in plants from the arbuscular mycorrhizal 

fungi (AMF only) growth substrate treatment (F3,32 = 2.97, P = 0.047), but not in those from 

all other growth substrate treatments (Silwet™ Power [SP], AMF+SP, or untreated controls). 

The interaction effect was tested by pairwise comparison with Bonferroni correction. Ambient 

and drought watering was 50% and 30% of the soil water holding capacity (SWHC), 

respectively. Error bars are ± 1 standard error (n = 5). For all variables, different letters 

represent significant differences among treatments (P ≤ 0.05). 
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Aboveground K concentration in Z. mays was significantly (F3,24 = 3.66, P = 0.026) 

higher in plants from the AMF only treatment compared to those from the SP 

treatments (SP only and AMF+SP; Table 3.5). However, neither treatment differed 

significantly from the control plants (Figure 3.20A). The lack of differences among 

aboveground K content (Figure 3.20B) or aboveground biomass among growth 

substrate treatments suggests that the higher K concentrations in plants from the 

AMF only growth substrate treatments were caused by a reallocation of plant K to 

aboveground plant tissues.  

 

 

 

 

 

 

 

 

 

 

  
 

 

 

 

Figure 3.20. Aboveground potassium (K) concentration (µg g-1; A) in Zea mays L. plants was 

significantly (F3,24 = 3.66, P = 0.026) higher in plants from the arbuscular mycorrhizal fungi 

(AMF) only growth substrate treatment compared to the Silwet™ Power (SP) growth 

substrate treatment, or the combined growth substrate treatment (AMF+SP), as determined 

by Tukey HSD post-hoc comparison with Bonferroni correction. However, aboveground K 

content (µg; B) was unchanged by growth substrate treatment. Error bars are ± 1 standard 

error (n = 10). For all variables, different letters represent significant differences among 

treatments (P ≤ 0.05). 

 

 

A. B. 
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Watering level significantly impacted both K concentration and K content in Z. mays 

leaves (see Table 3.4), but with opposite effects. Plants grown under drought 

watering conditions had a higher mean K concentration (mean aboveground K 

concentration under drought: 1304 ± 20 µg g-1 vs ambient: 1213 ± 21 µg g-1), but a 

lower mean K content (mean aboveground K content under drought: 1318 ± 68 µg vs 

ambient: 1566 ± 68 µg) than plants grown under ambient conditions. The lower K 

content can be attributed to the reduced aboveground biomass in drought watered 

plants (see Table 3.2), but the higher K concentration suggests that plants grown 

under drought conditions accumulated more aboveground K per unit weight.  

Growth substrate treatment did not affect either aboveground B concentration or 

content, but aboveground B content was significantly lower in Z. mays plants grown 

under drought conditions (mean aboveground B content: 1.8 ± 1.4 µg) compared to 

those grown under ambient conditions (mean aboveground B content: 2.4 ± 1.4 µg; 

Table 3.4). Aboveground B concentration remained unchanged by watering level, 

thus the change in aboveground B content can be explained by the reduced 

aboveground biomass in drought watered Z. mays plants (Table 3.2).  

Aboveground Si was not impacted by watering level in Z. mays (Table 3.4). 

However, both aboveground Si concentration (Figure 3.21) and Si content were 

significantly (F3,32 = 6.22, P =  0.002 and F3,32 = 6.37, P = 0.002, respectively) higher 

(mean aboveground Si concentration: 4.9 ± 0.5 µg g-1 and mean aboveground Si 

content: 5.7 ± 0.8 µg) in plants from the growth substrate treatments with SP (SP 

only and AMF+SP) compared to plants from the AMF only growth substrate 

treatment and the control plants (mean aboveground Si concentration: 3.0 ± 0.3 µg 

g-1 and mean aboveground Si content: 4.5 ± 0.5 µg). The lack of impact of growth 

substrate treatment on aboveground biomass suggests that plants from the SP 

growth substrate treatments accumulated substantially more Si than plants treated 

with AMF only or the control plants.  
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Figure 3.21. Aboveground silicon (Si) concentration (µg g-1) in Zea mays L. was significantly 

(F3,32 = 6.22, P = 0.002) higher when cultivated in growth substrate treated with Silwet™ 

Power (SP) only or arbuscular mycorrhizal fungi (AMF)+SP compared to plants treated with 

AMF only or the untreated control plants. Error bars are ± 1 standard error (n = 10). For all 

variables, different letters represent significant differences among treatments (P ≤ 0.05), 

which were determined by a Tukey HSD post-hoc test. 

 

In V. faba, the concentrations of aboveground K (1823 ± 33 µg g-1 across 

treatments), Ca (291 ± 17 µg g-1 across treatments), B (2.8 ± 0.1 µg g-1 across 

treatments) and Zn (4.5 ± 0.2 µg g-1 across treatments) were not affected by growth 

substrate treatment or watering level. The aboveground contents of these 

micronutrients were also unaffected by growth substrate treatment (Table 3.5). 

Plants grown under drought conditions had higher K (mean aboveground K content: 

2970 ± 261 µg), Ca (mean aboveground Ca content: 444 ± 43 µg), B (mean 

aboveground B content: 4.3 ± 0.4 µg), and Zn (mean aboveground Zn content: 7.3 ± 

0.7 µg) content than plants grown under ambient conditions. Considering the 

decrease in aboveground biomass in drought watered V. faba plants, this indicates 
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an overall increase in the amount of K, Ca, B and Zn present per unit biomass in 

V. faba leaves grown under drought conditions. Of all of the micronutrients 

measured, only aboveground Si was impacted by growth substrate treatment, as 

both aboveground Si concentration and content were significantly (H(2, n = 37) = 22.5, P 

< 0.001 and F3,28 = 37.9, P < 0.001, respectively) higher in plants treated with SP 

(mean aboveground Si concentration: 14 ± 1 µg g-1 and Si content: 20 ± 2 µg across 

treatments) compared to those that were not (mean aboveground Si concentration: 3 

± 1 µg g-1 and Si content: 3 ± 2 µg across treatments; Figure 3.22).  

 

 
 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.22. Both aboveground silicon (Si) concentration (µg g-1; A) and aboveground Si 

content (µg; B) in Vicia faba L. were significantly (X2
2, n = 37 = 22.5, P < 0.001 and F3,28 = 37.9, 

P < 0.001) higher in plants from the growth substrates containing Silwet™ Power (SP) and 

arbuscular mycorrhizal fungi (AMF)+SP compared to plants from the growth substrate 

treated with AMF only or untreated control plants. The effect of growth substrate treatment 

on Si concentration was checked by a Kruskal-Wallis test and comparison among treatment 

effects on Si content was carried out on log10 transformed data using a Tukey post-hoc test. 

Error bars are ± 1 standard error (n = 7 for AMF only; n = 10 for SP only, AMF+SP and 

controls). For all variables, different letters represent significant differences among 

treatments (P ≤ 0.05). 

 

A. B. 
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As with Z. mays plants, aboveground biomass was unaffected by growth substrate 

treatment. Thus, plants from the SP growth substrate treatments (SP only and 

AMF+SP) accumulated more Si than plants from the AMF only or control growth 

substrate treatments. Furthermore, Si content was significantly higher in plants 

grown under drought conditions (mean aboveground Si content: 14 ± 2 µg) 

compared to those grown under ambient conditions (mean aboveground Si content: 

9 ± 1 µg), but Si concentration was unaffected by watering level (Table 3.4). The 

lower aboveground biomass in drought watered V. faba plants suggests then that the 

increased Si content was due to a redistribution of Si which localised it aboveground.  
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3.4 Discussion 

 

3.4.1 The impact of two Silwet adjuvants on growth substrate moisture 

content  

 

Soil adjuvants are often tailored for use in particular agricultural contexts, such as for 

combination with specific chemical formulations, application to different crop species 

or varying soil types (Krogh et al., 2003; Baratella et al., 2016; Chaichi et al., 2015; 

Lehrsch et al., 2011). Thus, it was hypothesized that the efficacy of SP in 

maintaining a higher SMC in droughted soils would be higher than that of S408 due 

to its commercial design that tailors it for soil application, but that this efficacy would 

also be directly proportional to the concentration of adjuvant applied. SP was in fact 

more effective at maintaining a higher SMC than S408, but, strikingly, only when 

present in the growth substrate at a low concentration. Considering the nonreplicated 

pilot study suggested that S408 was a more effective soil wetter, this result requires 

validation with a larger study. Generally, the concentration of an organosilicone 

surfactant improves water retention of a growth substrate in a directly proportional 

relationship (Baratella & Trinchera, 2018; Zhang et al., 2023). However, there is 

evidence counter to this trend. For example, Mobbs et al. (2012) found that four non-

ionic surfactants (two of which were organosilicone) did not have any impact on 

infiltration rate, water holding capacity, water penetration or soil-water distribution 

and performance of the adjuvants varied across different experimental conditions. 

Also, Feng et al. (2002) determined that in some cases, a lower surfactant 

concentration can withstand rewetting more effectively than high concentrations. 

Furthermore, Abu-Zreig et al. (2003) demonstrated that very high surfactant 

concentrations can actually reduce water hydraulic conductivity. The impacts of 

organosilicone surfactants on hydraulic properties are, therefore, yet to be delimited. 

The current findings suggest that, within the range of concentrations tested, 

adjusting the concentration of the adjuvant may not be an effective strategy for 

manipulating SMC. Other factors, such as the choice of adjuvant itself or the timing 

of its application, may have a more significant impact on soil moisture management. 

Interactions between these factors should be established before replication in field 
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trials where environmental conditions make relationship dynamics harder to 

decipher.  

Treatment of the growth substrate with a Silwet adjuvant did not impact SMC under 

ambient watering (50% of the SWHC), but under drought watering (30% of the 

SWHC) both adjuvants improved SMC compared to the controls that were adjuvant-

free. This result supports the second hypothesis that adjuvant application to the 

growth substrate will increase SWHC and maintain a higher SMC compared to 

untreated growth substrate. These results reinforce literature demonstrating that 

organosilicone surfactants are effective tools for enhancing SMC under drought 

conditions due to their amphiphilic structure that bind water molecules to soil colloids 

(Lehrsch et al., 2012), reducing runoff and evaporation (Cooley et al., 2009; Li et al., 

2019). The lack of improvement in SMC under ambient watering could be caused by 

saturation of the growth substrate such that pore spaces were reduced, leaving little 

room for the surfactant molecules to penetrate and interact with soil particles 

(Lehrsch et al., 2011). Moreover, adjuvant breakdown may have occurred while SMC 

was still high enough to saturate pore spaces, reducing surfactant binding affinity, 

thus action on SMC (Ying, 2006). It should be noted that the results of the present 

study may vary quite significantly when translated to field conditions, where full 

saturation of the growth substrate may be limited due to increased evaporation and 

runoff capability (Biddoccu et al., 2016), or enhanced due to flooding events (Sefton 

et al., 2021). Thus, the possible benefits of the Silwet adjuvants tested may be 

limited by the nature of the study design. Nonetheless, the results of the present 

study develop previous knowledge by suggesting that while Silwet adjuvants such as 

SP and S408 are appropriate for improving water retention properties of low SWHC 

growth substrates under drought conditions, the benefits of using these adjuvants 

under ambient conditions are limited. Considering their relatively short persistence in 

soil, their use as a tool for improving SMC is therefore more appropriate to periods of 

short-term drought. Furthermore, this study tested a sandy growth substrate with a 

low SWHC; replication of the study using other low SWHC soil and growth 

substrates differing in composition could elucidate whether the benefits of Silwet 

adjuvants observed in the present study are substrate specific or a universal effect 

on growth substrates with a low SWHC. If the influence of Silwet adjuvants on the 
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water retention properties of different growth substrates varies, this could inform how 

organosilicone surfactant-based adjuvants are used in field contexts.  

Following rewetting of the growth substrate, there were no significant differences 

among the moisture contents of treated and untreated growth substrates. This is 

consistent with the findings of Stevens (1995), which indicated that adsorption to soil 

particles and subsequent hydrolysis of organosilicones leads to their inactivation. 

The results of the present study therefore build upon the mechanism proposed by 

Stevens (1995) by demonstrating its occurrence in a specific growth substrate which 

has a high sand content, thus low SWHC. This opens the possibility for more tailored 

research which compares adjuvant inactivation in growth substrates of varying 

compositions, thus different properties. These results also confirmed the third 

hypothesis that rewetting of growth substrate treated with either adjuvant will lead to 

their degradation, thus reducing adjuvant action on SMC. Studies which determine 

the rate of degradation of organosilicone surfactants against drought in different 

growth substrates would help to inform the frequency in which these adjuvants 

should be applied to droughted soils to maintain a desired SMC for crop production. 

Used together with knowledge of adjuvant residual wetting properties could lead to a 

reduction in the frequency and quantity of adjuvant application and irrigation events 

necessary to maintain SMC and reduce crop drought stress over time. 

Overall, this study demonstrated the effect of organosilicone surfactant-based 

adjuvants on SMC under drought conditions and was a direct comparison of the 

performance of two commercially available adjuvants. The study builds upon 

previously reported positive effects of organosilicone surfactants on SMC under 

drought conditions by providing a context which aligns with that of specific field 

conditions, enabling more tailored application of organosilicone surfactants to growth 

substrates. This has encouraging implications for their use in the management of 

SMC under drought conditions. While there were limitations with the study, it was 

effective in developing an intermediate method of testing the effect of adjuvants on 

SMC between laboratory and field testing and provides direction for future studies.  
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3.4.2 Drought tolerance of crops treated with Silwet soil adjuvants and 

arbuscular mycorrhizal fungi 

 

This study hypothesized that the combined use of AMF biofertilizer and SP would 

improve the drought tolerance of two major crop species, namely V. faba and 

Z. mays. Initial observation of control plants from untreated growth substrate 

revealed that watering level had no significant impact on several measured variables 

at harvest, such as specific leaf area, root system length and some of the 

aboveground micronutrients measured. This indicates that the difference between 

the ambient and drought watering levels may not have been substantial enough to 

truly reflect the effects of drought on the plants tested. There is considerable debate 

regarding the best method of water application that adequately mimics natural soil 

water deficits in drought trials and, to date, no consensus has been determined 

(Poorter et al., 2012). However, the results suggest that under the conditions 

employed in this study, the droughted plants should have been cultivated with less 

water to more clearly observe the effects of AMF and SP on drought tolerance. 

Nonetheless, none of the individual nor combined growth substrate treatments 

appeared to improve water use efficiency in either crop species; only detrimental 

impacts of drought were reported. The literature suggests that AMF can improve 

drought tolerance in various host plants by enhancing water and nutrient acquisition 

(Smith & Read, 2010b), aiding photosynthesis (Gavito et al., 2019) and increasing 

stress resistance (Chandrasekaran, 2022), and adjuvants reduce drought conditions 

by increasing soil water retention (Karagunduz et al., 2001). Therefore, the lack of 

drought ameliorating effects from either the AMF or SP is likely due to the restricted 

differences between the ambient and drought watering levels. Thus, the study is 

limited in its reflection of some of the potential benefits of the growth substrate 

treatments tested, such that hypotheses relating to their benefits could not be tested. 

SP impacted nutrient uptake in Z. mays under drought conditions. Specifically, SP 

caused a reduction in total plant P per unit biomass in droughted Z. mays plants. 

Although the plants in a study by Giannakopoulos (2022) were not subjected to 

drought conditions, it was observed that surfactant application to soil had no impacts 

on nutrient acquisition in Z. mays or H. vulgare, demonstrating a contrast in the 
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impacts of surfactants on plant nutrient accumulation. In the present study, average 

P concentration was much lower than is expected in healthy plants for both plant 

species (138.0 ± 10.5 µg g-1 in Z. mays and 188.1 ± 26.3 µg g-1 in V. faba vs. ca. 

2000 µg g-1 as reported by Fitter & Hay [2001]). This caused the C:P and N:P ratios 

to be unusually high despite evident nitrogen deficiency in Z. mays during cultivation. 

The low P concentrations reported for both plant species could be due to incomplete 

digestion of plant material during sample preparation, as signs of P deficiency during 

cultivation were not noticed in the plants (Khan et al., 2023). While this does reduce 

confidence in the results relating to P, the change in total P of plants grown in 

substrate treated with SP was notable. Previous studies by Momentive that tested 

foliar spray adjuvants observed that a higher volume of agricultural formulation 

applied to plants increased runoff, thus reducing the efficacy of the formulation. 

Reducing the volume of formulations applied to plants reduced runoff, therefore 

improving efficacy and efficiency of the formulation (pers. comms. Dr George 

Policello, Momentive, Tarrytown, USA). In the present study, the high sand content 

of the growth substrate may have reduced P availability in the presence of the 

organosilicone with the water volume applied. This would reduce the concentration 

of water soluble, thus bioavailable, P forms in the soil, leading to a reduction in P 

accumulation in plants. Reducing the watering level may therefore reduce runoff, 

diminishing impacts to P uptake. This is further indication that the drought watering 

level should be lower in future studies, particularly in sand-based or other low SWHC 

growth substrates. It should also be noted that, under ambient watering, the average 

aboveground P concentration of control plants was significantly higher than that of 

plants from all other growth substrate treatments. The increased aboveground P 

concentration of control plants could be due to the presence of the native AMF 

population in the growth substrate benefitting P accumulation in host plants. 

Alternatively, the growth substrate treatments may have negatively impacted the 

symbiosis between host plants and the native AMF, causing a comparative reduction 

in the aboveground P concentration. Considering this, phylogenetic analysis of the 

growth substrate may be helpful in future studies to improve understanding of 

interactions between the native microbiome and growth substrate treatments of 

interest. 



Chapter 3 

121 
 

Addition of SP also caused a decrease in total plant Ca in Z. mays. Strikingly, 

addition of SP caused both Z. mays and V. faba plants to accumulate significantly 

more Si compared to plants that were not cultivated with the adjuvant. This may 

have been contributed by the high Si content of both SP and the sandy growth 

substrate. The presence of Si in soil can improve availability of other vital nutrients 

via adsorption competition to soil minerals, releasing available nutrients for 

absorption by plants (Obihara & Russell, 1972). However, the decrease in plant P 

and Ca indicates an antagonistic impact of excessive Si uptake. Although uptake of 

Si, P, and Ca in plants is via distinct molecular mechanisms and pathways (Ma et al., 

2001; Hu et al., 2020; Pathak et al., 2021), high concentrations of Si in the root zone 

may still compete with other essential nutrients for uptake sites on plant roots or 

within the plant. For example, excess Si accumulation in plants can lead to a 

decrease in plant P (Greger et al., 2018), attributed to physical apoplastic barriers in 

the roots formed through Si deposition (Ma, 2004). Si deposition in plant tissues, 

particularly in cell walls, can also influence membrane permeability and nutrient 

transport processes (Sahebi et al., 2015). Therefore, the high concentration of Si in 

the growth substrate may have impaired the uptake, translocation, and distribution of 

P and Ca within the plant (Kochian, 2018). This could also explain the reallocation of 

K and Si in Z. mays to aboveground plant tissues when exposed to SP, which 

occurred regardless of watering level. Alternatively, as plants undergo senescence 

or experience environmental stresses such as drought or nutrient deficiency, they 

may prioritize the allocation of resources towards maintaining essential physiological 

functions such as photosynthesis and respiration (Feller et al., 2018). Therefore, 

remobilizing nutrients away from roots and towards aboveground tissues can help 

plants to cope with stress and prioritize regrowth (Wang et al., 2021). This suggests 

the changes induced by cultivation with SP triggered stress responses in the plants. 

However, Si has numerous advantages in plants, including defence against pests 

and diseases (Samuels et al., 1991), resistance to drought (Zargar et al., 2019), 

structural integrity (Vaculík et al., 2009), and enhanced uptake of certain nutrients 

(Rizwan et al., 2015). Therefore, it is evident that more investigation into the changes 

to nutrient uptake in plants caused by organosilicone surfactants is needed to fully 

understand this result. In view of this, the competitive uptake of Si that occurs in the 

presence of SP should be investigated to confirm whether organosilicone surfactants 

indeed impact the uptake of essential and secondary nutrients in plants. The present 
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study did not investigate whether SP can actively release bioavailable forms of Si for 

absorption by plants. Thus, observation of the form of Si released by SP and that 

which is taken up by plants in the presence of SP would clarify whether the 

enhanced Si uptake observed in plants originates from SP or another environmental 

source. Revealing the molecular mechanisms responsible for these changes may 

also inform why there were different reactions to SP in the monocot and dicot plant 

models.  

Foliar proline concentration increased following SP addition under drought conditions 

in V. faba and irrespective of watering level in Z. mays. Differences in the effects of 

SP on foliar proline concentration between Z. mays and V. faba may be due to the 

alternative pathways for proline biosynthesis regulation in response to stress that 

exists in monocots and dicots (Akbudak & Filiz, 2020). This contradicts the proposed 

hypothesis that SP will not have any direct impact on proline accumulation relative to 

untreated controls. Considering the reduced biomass and nutrient profile of plants 

from the SP treatment, this suggests an enhanced stress response (Essa et al., 

2023), which is counter to other reports stating that surfactants reduce drought 

stress (Daneshnia et al., 2016; Sibley et al., 2018; Schiavon et al., 2014). However, 

there is emerging evidence that foliar-applied adjuvants can reduce drought 

tolerance by increasing epidermal transpiration (Räsch et al., 2018). Although 

relevant to a different mode of application, this raises questions about whether soil 

adjuvants could have indirect impacts on epidermal transpiration of treated plants. 

Moreover, SP had no effect on AMF colonisation of host plants, but it did impact the 

enhanced nutrient capture provided by AMF symbiosis in both Z. mays and V. faba, 

suggesting that colonisation may not equate to function (Treseder, 2013). 

Specifically, N and P in Z. mays and Ca in V. faba were reduced per unit biomass 

when cultivated with AMF and SP, compared to when grown with AMF only. These 

findings suggest that the interaction between organosilicone surfactants and AMF 

symbiosis can have nuanced effects on nutrient capture and allocation in host plants. 

This highlights the importance of considering both colonization and functional 

outcomes when assessing the impact of organosilicone surfactants on AMF-

enhanced nutrient uptake in agricultural systems. Overall, these results infer that SP 

application heightened plant stress through alterations in AMF enhancement of 

micronutrient uptake mechanisms in both plant species and via impact to proline 
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production pathways in V. faba, but it did not hinder symbiotic associations between 

host plants and AMF in either species. 

Independent of drought conditions, AMF improved aboveground N accumulation in 

Z. mays. Although, this was not apparent in plants from the combined growth 

substrate treatment (AMF+SP). AMF inoculation also led to increased P 

concentration per unit biomass in Z. mays. Colonisation with AMF has been 

established to improve foliar N, P, and K content of host plants (Rubio-Sanz & 

Jaizme-Vega, 2022; Shi et al., 2020). However, the reduction in aboveground N 

accumulation in plants from the combined growth substrate treatment compared to 

those cultivated with AMF only suggests that the adjuvant impedes AMF acquisition 

of essential nutrients. This is a contrasting result to that seen in V. faba, in which all 

of the growth substrate treatments seemed to reduce aboveground N accumulation, 

regardless of watering level. Root nodules formed through symbiosis with N2-fixing 

rhizobial bacteria in V. faba allow for the fixation and storage of N in the root system 

(Chen et al., 2018). Co-colonisation with AMF and rhizobial bacteria has been 

reported to have synergistic effects on N and P concentration (Jia et al., 2004; 

Ingraffia et al., 2019). This may explain the reallocation of N from aboveground to 

belowground plant tissues in plants inoculated with AMF. Furthermore, recent 

evidence by Coquerel et al. (2023) proposed that enhanced Si supply may support 

nodulation and N2 fixation by rhizobia. Therefore, the increased Si content of SP-

treated soils may aid N accumulation in leguminous plants. Root nodule presence 

did not vary between growth substrate treatments, but this may be due to the 

existence of the original AMF population in the growth substrate synergistically 

aiding rhizobial bacteria in nutrient accumulation in host plants. Also, the impacts of 

pest and potential herbicide stress on V. faba in the present study should be 

considered when interpreting these results. Nonetheless, the presence of root 

nodules in V. faba could explain the differences in N accumulation between V. faba 

and Z. mays in the presence of AMF and SP.  

Despite limitations in the present study which obscured some of the potential 

benefits of SP and AMF on drought tolerance, the results do enhance understanding 

in a number of areas. Evidence of the reduction and reallocation of important 

nutrients, particularly P, by SP in two major crop species that represent distinct 

evolutionary lineages within angiosperm crops has been demonstrated. The resulting 
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osmolytic changes in the two plant species in the presence of SP and/or AMF was 

also reported, which demonstrated a possible link between a stress response and 

alterations in the micronutrient profile of each crop species. Additionally, the study 

raised further questions about the complex relationship between AMF and 

organosilicone surfactants that will hopefully stimulate further investigation of this 

important area. These outcomes are informative for the development of sustainable 

agricultural practices that improve drought resilience without reliance on intensive 

synthetic inputs.
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4 General discussion  

4.1 Overview 

 

Climate change is reducing global food security due to its increasingly unpredictable 

influence on global temperature and weather events which impact major crop yields 

(van Dijk et al., 2021). Drought is a significant outcome of climate change which is 

challenging crop cultivation and food production (Cohen et al., 2021). Finding the 

tools necessary to adapt current agricultural practices to cope with drought is 

paramount to protecting food security (Solh & van Ginkel, 2014). The main aim of 

this thesis was to investigate a novel approach utilising organosilicone surfactants 

together with AMF to improve the drought tolerance of crop plants. This was 

conducted through a number of experiments which explored the effect of Silwet™ 

(produced by Momentive) organosilicone surfactants on water retention of a 

hydrophobic growth substrate; the asymbiosis phase of AMF spores in vitro; the 

germination of V. faba and Z. mays seeds under drought conditions; and the drought 

tolerance of V. faba and Z. mays plants inoculated with AMF. With the exception of 

the in vitro study, all experiments were pot trials that were implemented under 

controlled conditions. Several knowledge gaps in the understanding of the interaction 

between organosilicone surfactants, AMF and plant drought tolerance were 

identified, including the variability of organosilicone surfactant action on soil moisture 

content; the evident, albeit minimal, ecotoxic effect of organosilicone surfactants on 

AMF; and the reduction and redistribution of nutrients in plants caused by exposure 

to SP.   

 

4.2  Organosilicone surfactants benefit soil water retention but 

alter plant nutrient uptake 

 

Silwet organosilicone surfactants were demonstrated to improve water retention of 

hydrophobic growth substrates, in agreement with other reports in this area 
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(Abagandura et al. 2021; Karagunduz et al., 2001; Starr et al., 2005). However, 

lower surfactant concentrations were more effective than higher concentrations at 

maintaining soil moisture content over time, demonstrating a dose-independent 

effect. Strikingly, the lower concentration of surfactant also had the biggest impact on 

the total length of hyphae produced by R. irregularis spores in the in vitro ecotoxicity 

study, which were shorter than that of all other surfactant concentrations and control 

spores. Together, these results indicate a higher overall efficacy of organosilicone 

surfactants when present at lower levels. Feng et al. (2002) observed that a lower 

concentration of surfactant could better withstand rewetting than the higher 

concentration tested, though further investigation into this effect has not yet been 

carried out. The prolonged activity of organosilicone surfactants at low 

concentrations may have a greater impact on asymbiotic hyphae production, 

although the mechanism of this effect is not yet clear. Depending on application rate, 

ecotoxicity may be reduced in the field due to dilution of adjuvants in a greater soil 

volume and more rapid surfactant hydrolysis in the environment. These factors 

would reduce exposure of soil organisms and plants to organosilicone surfactants. 

Also, the presence of a more complex soil microbial community in the field may 

improve resilience of AMF to organosilicone surfactant exposure. For example, the 

more diverse range of metabolic capabilities present in the microbial community 

could break down any persistent ecotoxic components of the surfactants (Jia et al., 

2023). Furthermore, the two surfactants tested in the soil moisture content 

experiment (SP, S408) produced different outcomes regarding their improvement of 

soil water retention; this reinforces the need to thoroughly assess under which 

environmental contexts organosilicone surfactants may be useful. Therefore, use of 

organosilicone surfactants in the environment should be carefully considered and 

risk assessed for environmental impacts prior to application.  

To the best of this author's knowledge, the use of organosilicone surfactants in 

combination with AMF biofertilizer to improve drought tolerance of crop plants is a 

novel approach. An interaction between Si uptake and P and Ca uptake was 

observed in the presence of SP, in which increased Si uptake coincided with 

reduced P and Ca uptake. Also, a redistribution of K and Si in host plants was 

observed. While there are potential drawbacks to this outcome with regard to plant 

growth, it could also be utilised in soils with high mineral fertilizer inputs. P toxicity 
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can affect enzymatic reactions and osmotic pressure, thus decreasing essential 

metal element availability in plant cells (Yoneyama, 1988). Si has been shown to 

reduce P toxicity (Ma & Takahashi, 1990). Therefore, the high Si content of SP might 

help to reduce fertilizer toxicity in soils whose nutrient profiles have become 

unbalanced through overuse of artificial fertilizers. Also, should the mechanisms 

responsible for nutrient redistribution in the presence of SP be elucidated, this could 

also be utilised for specific plant nutrition requirements.  

There were contradictory results regarding the effect of exposure to SP on the 

symbiosis between AMF and host plants. Enhancement of nutrient acquisition and 

distribution by inoculation with AMF biofertilizer appeared to be negatively impacted 

by SP in AM plants, but colonisation of host plant roots and subsequent growth of 

hyphae in the mycorrhizosphere were not. This also suggests that the reduced 

length of hyphae caused by exposure to low concentrations of organosilicone 

surfactants did not detriment host colonisation by AMF. This brings question to 

whether AMF colonisation of host plant roots is an appropriate measurement of AM-

plant symbiosis, as colonisation does not always equal function (Treseder, 2013). 

However, this result could also be explained by the small pot size used in the 

experiment. Qin et al. (2022) found that pot-bound roots and reduced photosynthesis 

of plants grown in small pots could reduce the role of AMF for host plants. Therefore, 

pot size may have impacted quantification of AM colonisation of host plant roots, 

such that the effects of exposure to SP were not reflected in these results. 

Nonetheless, Si accumulation in the monocot Brachypodium distachyon has been 

associated with lower AMF colonisation (Johnson et al., 2022). The results from the 

present study suggest it may operate in dicots as well. Si accumulation may also be 

enhanced in AM-plants due to the promotion of Si accumulation in plant roots by 

AMF (Etesami et al., 2022), thus self-perpetuating any impacts of high Si 

accumulation to AMF symbiosis. Further investigation of the impacts of 

organosilicone surfactants on soil Si, alongside the impacts of plant Si accumulation 

on AMF colonisation in different plant models, is required to elucidate the impact of 

SP on AM symbiosis.  
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4.3 Recommendations and future work 

 

The current study presented evidence that organosilicone surfactants impeded AMF 

hyphae production in vitro. Elucidating the biological significance of these findings is 

a vital proceeding step, as the 0.1 cm average difference in hyphal length between 

organosilicone-treated and untreated R. irregularis spores may not prevent hypha 

from successfully locating and colonising plant roots. Nonetheless, it would be 

helpful to delimit the maximum tolerance of AMF to the surfactant before growth of 

hyphae is inhibited entirely. Future studies might also address the molecular and 

physiological processes behind organosilicone ecotoxicity in AMF, enhancing our 

understanding of the complex relationship between the two. This would inform the 

parameters in which organosilicone surfactants can be used in field contexts to 

benefit crop plants. Discerning the impact of organosilicone surfactants on soil 

microbial community composition and abundance would be a vital following step 

prior to a transition from pot to field trials. The soil microbial community plays a 

fundamental role in increasing the drought resilience of crop plants through their 

various functions including nutrient cycling (Toberman et al., 2008), soil structure 

formation (Evans & Wallenstein, 2014), disease suppression (Yin et al., 2021a) and 

overall ecosystem functioning (Osburn et al., 2023). Any disruptions to this 

community could therefore impact plant-bacterial relationships (DiLegge et al., 

2022). The presence of AMF can influence soil microbial community composition 

and dynamics through alteration of plant root exudates (Mitra et al., 2021), changes 

in soil nutrient dynamics (Clark & Zeto, 2000) and regulation of the proliferation of 

certain microbial taxa, leading to changes in microbial diversity and abundance (Xu 

et al., 2018). Therefore, impacts of organosilicones to AMF could have cascading 

effects on the surrounding soil microbial community, reducing their ecosystem 

services thus plant resilience to drought (Seitz et al., 2021). Conversely, should the 

ecotoxicity of organosiliones be reduced in field conditions, benefits gained from the 

improved moisture content and structure of the soil may benefit plants experiencing 

drought. Exploring impacts of organosilicones on the soil microbiome, potentially via 

meta-genomic and meta-transcriptomic analysis is therefore important for the 

evaluation of the organosilicone benefits for plant drought resilience. 
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There are limited reports in which AMF and surfactants have been used in 

conjunction in an agricultural context, but these have focused on salinity stress 

(Chaichi et al., 2017), a related problem to drought but one which this thesis did not 

address. Salinity stress occurs when soil contains high levels of soluble salts, 

increasing the osmotic pressure of the soil solution, thus limiting water availability to 

plants (Zhao et al., 2021). This leads to reduced water uptake by plant roots, 

resulting in water stress and dehydration. Additionally, high salt concentrations in the 

soil can disrupt ion balance within plant cells, leading to ion toxicity and nutrient 

imbalances (Park et al., 2016). These physiological disturbances can impair plant 

growth (van Zelm et al., 2020), reduce photosynthetic efficiency (Chen & 

Hoehenwarter, 2015), inhibit nutrient uptake (Gong, 2021), and ultimately result in 

decreased crop yields and quality (Parida & Das, 2005). Salinity stress can arise 

from natural causes such as the weathering of rocks, sea spray, or saline 

groundwater intrusion (Stavi et al., 2021), human activities including irrigation 

practices (Shahid, 2013) and excessive fertilizer use (de Almeida Silva et al., 2019). 

There is growing evidence to suggest that non-ionic surfactants can aid plants in 

coping with salinity stress. Chaichi et al. (2016) found that non-ionic surfactant 

application to soil improved Z. mays resilience under salinity and drought stress, 

producing higher yields. Also, Dadresan et al. (2015) reported enhancement of total 

photosynthetic and carotenoid activities in Trigonella foenum-graecum grown in high 

salinity conditions with surfactant treatment. Furthermore, Chaichi (2018) related 

improvement in growth and development of Allium cepa when cultivated in 

surfactant-treated soil. Of the reports mentioned, surfactants other than 

organosilicones were utilised to treat salinity stress. However, due to the similar 

properties of non-ionic surfactants, this opens avenues for enquiry as to whether 

organosilicone surfactants could be potential tools for mitigating the effects of salinity 

stress in agricultural environments. Furthermore, considering the promising report of 

Chaichi et al. (2017) regarding the synergistic effects of non-ionic surfactants and 

AMF in relieving salinity stress in Solanum lycopersicum, this could suggest a more 

appropriate context in which organosilicone surfactants could be used alongside 

AMF to provide stress resilience for crop plants. 

All of the experiments reported in this thesis that studied AMF used F. mosseae 

and/or R. irregularis, both of which are from the Glomeraceae family (Smith & Smith, 
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1997). Gigaspora and Scuttelospora from the Gigasporaceae family are genetically 

and physiologically distinct from R. irregularis and F. mosseae. They do not form 

vesicle storage organs (Godbold, 2004) and have different mechanisms for hyphal 

injury recovery compared to members of the Glomeraceae family. Specifically, 

Glomaraceae are able to reconnect damaged hyphal networks by anastomosis 

(interconnection of different mycelial networks belonging to the same isolate; Voets 

et al., 2006), whereas Gigasporaceae such as Scutellospora reticulata and 

Gigaspora gigantea produce new hyphal tips away from the damage site to survive 

adverse conditions (de la Providencia et al., 2005). The hyphal network repair 

mechanism of Glomeraceae makes them better adapted to survive in regularly 

disturbed soils such as arable land (Oehl et al., 2003), whereas Gigasporaceae are 

found in lower abundance at these sites (Jansa et al., 2003). Nonetheless, there are 

reported benefits of inoculating crop plants with Gigasporaceae species. 

Gigaspora margarita improved Ca and Mg concentration in Z. mays plants, while 

Gigaspora rosea increased Z. mays seedling biomass, Cucurbita moschata Ca 

uptake (Carrara & Heller, 2022) and Olea europaea seedling biomass (Ferreira et 

al., 2015). Also, P uptake in Glycine max and Trifolium pratense were improved by 

colonisation with Gigaspora gigantea (Stürmer, 2004). There are also synergistic 

effects of inoculating crop plants with AMF species from both the Glomaraceae and 

Gigasporaceae families. Joint inoculation with Glomus deserticola and G. gigantea 

led to increased tolerance to drought and charcoal rot disease in Vigna unguiculata 

(Oyewole et al., 2017), while a mixed inoculum containing G. gigantea, 

Glomus manihotis, and Scutellospora heterograma alleviated transplantation shock 

in micropropagated Vitis vinifera plants (Krishna et al., 2006). Therefore, exploring 

how organosilicone surfactants might be utilised to reduce soil disturbance could 

open avenues in which Gigasporaceae biofertilizer species can be exploited for their 

benefits to crop plants.  

Could the project have been extended, it would have been beneficial to compare the 

effect of SP and S408 on the water retention properties of other growth substrates 

which differed in composition. This would inform how these surfactants could be 

used to benefit a range of crop species that require specific growth substrates. For 

example, soilless substrates such as coconut coir and green-waste composts are 

becoming increasingly popular for cultivation of a range of crops, including 
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vegetables, fruits, ornamentals, and herbs due to their superior water retention and 

aeration properties (Yin et al., 2021) and sustainable production (Mariotti et al., 2020; 

Inghels et al., 2016). They are more commonly utilised in small-scale horticultural 

contexts rather than in the field (Mariotti et al., 2020; van der Gaag et al., 2007), but 

have an increasing variety of uses (Feng et al., 2021). However, coir lacks its own 

source of nutrients, relying solely on fertilizer addition for successful plant cultivation 

(Tuckeldoe et al., 2023). Furthermore, the use of green-waste composts is limited by 

a number of factors including high compaction and unbalanced nutrient contents 

(Massa et al., 2018). The limitations with these more sustainable growth substrates 

could potentially be ameliorated with careful use of organosilicone surfactants. 

Therefore, delineating the effect of SP and S408 on the water retention properties 

and nutrient availability of these growth substrates could open avenues for more 

sustainable crop production which reduces impact to the global soil stock. Also, due 

to their breakdown in soil, it is unclear whether organosilicone surfactants might help 

plants to cope with intermittent drought periods. Due to the implication that low 

surfactant concentrations may be more tolerant of rewetting than higher 

concentrations (Feng et., 2002), it could be possible that low surfactant 

concentrations might help to retain soil moisture during period of no precipitation. 

This should be explored in pot trials to determine if benefits of organosilicone 

surfactants can be gained from single applications or if organosilicone application 

must be regular to gain the benefits of improved water retention of soil. Also, further 

experiments should focus on determining appropriate drought conditions of the 

growth substrate used. For example, reducing water availability for droughted plants 

would enable a clearer demonstration of the impacts of drought on plant physiology 

and growth, including the amelioratory effects of the growth substrate treatments (SP 

and/or AMF) on drought stress. The positive impacts of the treatments tested in the 

present study were hidden by the lack of initial drought conditions. Furthermore, in 

the seed germination trial, drought conditions were too severe to be able to observe 

whether SP improved soil moisture conditions enough to aid germination under 

drought. Future studies should then aim to carry out more controlled drought trials 

prior to treatment with SP and/or AMF to determine drought conditions that are 

tolerable but not optimal for target plants. These conditions would need to be growth 

substrate specific.  



General discussion 

132 
 

4.4 Conclusion 

Overall, this thesis gathered novel information concerning the effects of Silwet 

adjuvants with AMF on two model plant species. While there were limitations with the 

drought aspects of the studies, a number of impacts of organosilicone surfactants on 

AMF asymbiotic growth and nutrient uptake in both plant species tested were 

demonstrated. Indications of impacts from organosilicones on AM symbiosis were 

also presented that require further investigation. Application of Silwet surfactants in 

the environment should be preceded by thorough investigation into which field 

contexts are the most appropriate to gain benefits from these adjuvants, considering 

growth substrate composition, plant species cultivated, and the frequency and 

severity of drought periods. The impacts of organosilicone surfactants on soil 

microbial communities were not assessed, but there were indications that they 

induce toxicity in AMF and trigger alterations in plant nutrient uptake pathways. 

Therefore, sound evidence of synergy between these surfactants and AMF would be 

needed before this author would recommend the use of Silwet adjuvants and AMF 

together as an alternative sustainable tool for improving drought resilience in 

agricultural systems.
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6 Appendices 

 

6.1 Appendix 1 for general introduction 

 

 

Table S1. Some commercially available soil adjuvants and soil conditioners, with details 

about their particular chemical composition and how their action in soil can benefit plant 

growth and development. Unique features are indicated in bold. 

Manufacturer / 

product name 

Product and 

formulation type 

Main composition Key benefits 

Silwet by 

Momentive® / 

Silwet™ Power 

Super Wetter 

Powder activator 

adjuvant: non-

ionic 

organosilicone 

surfactant 

Siloxane 

Polyalkyleneoxide 

Copolymer 

Improves soil-air exchange 

capacity for soil microbiome 

health, increases water holding 

capacity of soil for improved 

nutrient uptake and soil-applied 

agrochemical application, 

reduced water use, reduced 

agrochemical application needed, 

promotes feeder root 

development, powder 

formulation enables dry 

broadcast application. 

Silwet by 

Momentive® / 

Silwet™ 408 

Super-Spreader 

Liquid spray 

adjuvant: non-

ionic 

organosilicone 

surfactant 

Trisiloxane 

ethoxylate 

Soluble liquid and emulsifiable in 

concentrate formulations, 

reduced agrochemical application 

needed, increased uptake of 

agrochemicals, meets EPA 40 

CFR §180.910 requirements, 

OMRI listed for organic use 

Plant Health 

Technologies / 

Liquid activator 

adjuvant: non-

ionic surfactant 

Poloxalene, alkyl 

polyglucoside, 

Increases water holding capacity 

of soil, improves water infiltration 

and distribution. Tailored for use 
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AD-SORB 

RST® 

vegetable oil 

ethoxylate 

in specific adjuvant 

formulations. 

ORO-AGRI / 

ORO®-RZ 

Liquid activator 

adjuvant: Soil 

Surfactant 

Penetrant 

Alcohol Ethoxylate, 

Orange Oil (Cold 

Pressed) 

Improves soil-air exchange 

capacity for soil microbiome 

health, improves water infiltration 

and distribution, improving soil-

applied agrochemical application. 

Designed for edaphic 

application with pesticides to 

improve their efficacy. 

Precision 

Laboratories, 

LLC / Cascade 

Plus™ 

Liquid activator 

adjuvant: Soil 

Surfactant 

Penetrant 

Alkyl Phenol 

Ethoxylate, 

Polyethylene – 

polypropylene 

Glycol – Block 

Copolymer, 

Cellulose Complex 

Reduced water use, increases 

water infiltration and water 

holding capacity of soil for 

improved nutrient uptake, 

relieves localised dry spots on 

turfgrass. 

Precision 

Laboratories, 

LLC / Stretta 

Liquid activator 

adjuvant: 

Irrigation 

surfactant 

Cellulose, 

carboxymethyl 

ether, potassium 

salt 

Plant derived formula, increases 

water holding capacity of soil, 

improves soil-applied 

agrochemical application and 

availability. 

Harrell's® / Fleet 

100 

Liquid activator 

adjuvant: Soil 

Surfactant 

Penetrant 

Polyoxyalkylene 

polymers 

Non-phytotoxic formulation, 

improves water infiltration and 

distribution, protects from salt 

sensitivity in crops, neutralises 

soil bicarbonates, improves soil 

oxygen levels for favourable 

microbiome conditions. 

Wilbur Ellis / 

AQUATE® MAX 

Liquid activator 

adjuvant: Soil 

Surfactant 

Penetrant 

Ethylene oxide-

propylene oxide 

copolymer 

Increases water infiltration and 

water holding capacity of soil for 

improved nutrient uptake, 

reduced agrochemical application 

needed. 
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EVONIK / 

BREAK-GARD® 

IR 100 

Liquid activator 

adjuvant: 

trisiloxane 

surfactant/ 

wetting agent 

Oxirane, 2-methyl-, 

polymer with 

oxirane, mono [3- 

[1,3,3,3-tetramethyl-

1- 

[(trimethylsilyl)oxy]-

1-disiloxanyl] propyl] 

ether 

Non-phytotoxic formulation, 

increases water infiltration and 

distribution, protects from salt 

sensitivity in crops, active at 

high temperatures, increases 

water holding capacity of soil. 

Exacto® Inc/ 

AquiMax® 

Liquid soil 

surfactant and 

moisture holding 

polymer 

Ethylene oxide, 

propylene oxide 

block polymer, 

Polyacrylamide 

Increases water infiltration and 

distribution, increases water 

holding capacity of soil, thus 

reducing water use, improved 

nutrient retention, plant 

photosynthesis, transpiration 

and CO2 uptake, overall 

increasing crop yield and quality. 

CRODA / 

Hydravance™ 

200 

Liquid activator 

adjuvant: Non-

ionic surfactant 

blend  

Not disclosed by the 

manufacturer 

Increases water infiltration and 

distribution, improving 

agrochemical absorption into soil, 

reduced water use, reduced 

agrochemical application needed, 

reduced evaporation rate from 

the soil. 

Aquatrols® / 

Revolution® 

Liquid activator 

adjuvant: 

surfactant/ 

wetting agent 

Oxirane, methyl-, 

polymer with 

oxirane, dimethyl 

ether 

Increases water infiltration and 

distribution, improves soil-air 

exchange capacity for soil 

microbiome health, in turf - 

antioxidant levels and self-

cooling ability through 

evapotranspiration are 

increased. 

Tradecorp / 

Adjufirst Pre 

Liquid super 

spreading 

adjuvant 

Not disclosed by the 

manufacturer 

Increases water infiltration and 

distribution, for improved soil-
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applied agrochemical application, 

reduced water use. 

Heritage PPG / 

Aquisync®  

Liquid surfactant: 

soil wetting agent 

Ethylene oxide-

propylene oxide 

copolymer 

Increases water infiltration, 

distribution, increases water 

holding capacity of soil, reducing 

localized dry spots for more 

consistent playing surface (golf 

course specific), reduces water 

use, reduces agrochemical 

application needed, most 

effective on non-sandy soils. 

ICL Specialty 

Fertilisers / 

H2Pro 

AquaSmart 

Liquid surfactant 

penetrant/water 

retention 

Dipropylene Glycol 

Methyl Ether 

Increases water infiltration and 

distribution, increases water 

holding capacity of soil, reduces 

localised dry patch development, 

formulated for all soil types, 

flexible application rates.  

ICL Specialty 

Fertilisers / 

H2OPro 

FlowSmart 

Liquid penetrant heptamethyl glycidyl 

oxypropyl trisiloxane 

polymer with ethox-

ylated cocoamine 

and acetic 57 acid 

Increases water infiltration and 

distribution, reduced water use, 

reduced agrochemical application 

needed, provides a drier 

surface in wet conditions, 

reduces carbonate and salt 

build up in rootzones.  

UPL / Zeba® SP Liquid soil 

conditioner/ 

amendment 

Starch-g-Poly (2-

propenamide-co-2-

propenoic acid), 

potassium salt 

 

Increases water infiltration, 

distribution and retention, 

reduced water use, increased soil 

oxygenation, starch-based and 

biodegradable. 

TerraCottem / 

Universal  

Granular soil 

conditioner/ 

amendment 

Mixture containing 

volcanic lava, water-

absorbing polymers, 

NPK fertiliser with 

Absorb moisture to reduce water 

use in degraded soils, 

stimulating root development, 

faster plant growth. 
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trace elements and 

biostimulants. 

TerraCottem / 

Turf 

Granular solid 

soil conditioner/ 

amendment 

Mixture containing 

zeolite, water 

absorbent polymers, 

NPK fertilisers 

containing 

magnesium and 

biostimulants 

Increases soil water holding 

capacity, reduced water use, 

increases soil cation exchange 

capacity, less nutrient leaching, 

stronger and deeper root 

development, increased 

microbiological activity.  

JFM Horticulture 

/ Aqualatus® 

Liquid soil 

surfactant  

64% Tri Block Co-

Polymer and 19% 

Gluco-ethers 

Increases soil water holding 

capacity, distribution, retention 

and lateral movement in soil, can 

be applied to all soil types, long 

term re-wetting in root zones 

for any crop type.  

JFM Horticulture 

/ Aqualatus 

Ca™ 

Liquid surfactant 

and nutrient 

regulator for coir 

substrate 

18.5% CaO and 

30% surfactants/ 

hydrating polymers 

Increases hydration, water 

penetration, expansion and 

salt leaching in coir, improves 

moisture and nutrient 

distribution.  

Bharat Certis / 

Ignition 

Liquid silicone 

adjuvant 

Not disclosed by the 

manufacturer 

Enhances the efficacy of 

agrochemicals, improves soil 

moisture content, reduces the 

occurrence of blockages in 

drip irrigation systems.  
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Figure S1. The technical data sheet (TDS) for Silwet™ Power (SP) super-wetter, a powder 

organosilicone surfactant developed by Momentive that can be used for soil application to 

improve soil moisture content. This can have benefits for crops cultivated in drought-affected 

soils.   
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Figure S2. The technical data sheet for Silwet™ 408 (S408)  super spreader, a liquid 

organosilicone surfactant developed by Momentive primarily for foliar applications with 

agricultural formulations. Due to similarities in chemical composition and properties to 

Silwet™ Power (SP), it was utilised in experiments reported in the present thesis for soil 

application, to improve soil moisture content of droughted soils. 
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Figure S3. Silwet™ Power super-wetter, a white, powder organosilicone surfactant.  
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6.2 Appendix 2 for chapter 2 

 

Table S2. Contents of Modified Strullu and Romand (MSR) medium, lacking vitamins and 

solidified with Bacto Agar (Le Pioufle & Declerck, 2018) and concentrations of each 

component. 

Nutrient component Concentration (mg l-1) 

MgSO4.7H2O 739 

KNO3 76 

KH2PO4 4 

Ca(NO3)24H2O 359 

NaFeEDTA 8 

KCl 65 

MnSO4.4H2O 2 

ZnSO4.7H2O 0.3 

H3BO3 1.9 

CuSO4.5H20 0.2 

(NH4)6Mo7O24.4H2O 0.04 

Na2MoO4.2H2O 2 x10-3 

Sucrose 1x104 

Bacto Agar (Becton Dickson, New Jersey, USA) 8x103 
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Table S3. The results of an unbalanced 3-way ANOVA comparing the effects of the type 

(Silwet™ Power [SP], Silwet™ 408 [S408]), concentration (SP 0.05 g l-1, SP 0.1 g l-1, S408 

0.025 g l-1, S408 0.05 g l-1, 0 g l-1 [untreated control]) and exposure time (0.25, 3, 24 h) to 

an adjuvant on percentage of germinated Rhizophagus irregularis spores (%). Significant P 

values are indicated in bold (P ≤ 0.05). 

Source of variation 

% Germinated Spores 

Type III Sum 

of Squares df 

Mean 

Square F P 

Adjuvant type (SP, S408) 0.01 1,335 0.01 0.27 0.613 

Adjuvant concentration (l, m, h) 0.13 2,335 0.07 1.56 0.246 

Exposure time (0.25, 3, 24 h) 0.049 2,335 0.025 0.598 0.571 

Adjuvant type * Adjuvant 

concentration 0.17 2,335 0.08 1.98 0.175 

Adjuvant type * Exposure time 0.18 4,335 0.04 0.82 0.537 

Exposure time * Adjuvant 

concentration 0.34 6,335 0.06 1.36 0.325 
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6.3 Appendix 3 for chapter 3 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. Information retrieved from the data loggers (View 2 TV-4500, TinyTag, Sussex, UK) kept in the growth cabinet throughout the 

duration of the experiment which tested the effect of Silwet™ Power (SP) and Silwet™ 408 (S408) on the growth substrate water retention. 

Temperature (°C; bottom shelf: Figure S4A, top shelf: Figure S4B) and RH (%; bottom shelf: Figure S4C, top shelf: Figure S4D) in the growth 

cabinet did not show any notable unexpected changes; dips in RH recorded during day periods can be accounted for when the growth cabinet 

was opened to take % SMC measurements.  

A. B. 

C. D. 
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Table S4. Instrument conditions of the Flash 1112 NC analyser (Thermo Scientific, Massachusetts, USA) used to analyse carbon and nitrogen 
content of Zea mays L. and Vicia faba L. plants. 

 

Variable Parameter Set value 

Temperature Left furnace On / 900°C 

Right furnace On / 840°C 

Oven On / 50°C 

Set instrument to stand-by Off 

Flow / Timing Carrier On / 140 ml min-1 

Oxygen On / 250 ml min-1 

Reference On / 100 ml min-1 

Cycle time 300s 

Sampling delay 12s 

Oxygen injection end 10s 

Detector Filament On 

Gain 1 

Autozero On 
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Figure S5. Soil moisture content (%) that was collected gravimetrically vs. by capacitance probe were plotted against each other to examine 

which data set was more accurate and reliable. Gravimetric measurements show a positive shift away from control values and groups of 

anomalous data points. Therefore, gravimetric measurements were omitted from proceeding analysis of treatment effects. The growth 

substrate was treated with Silwet™ Power (SP), Silwet™ 408 (S408) or untreated (control) and watered to ambient (50% of the soil water 

holding capacity [SWHC]) or drought (20% of the SWHC) level.
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Figure S6. Graphs showing the trend of data collected from the experiment which tested the 

effect of two Silwet™ adjuvants (Silwet™ Power and Silwet™ 408) on the moisture content 

of a sandy growth substrate, prior to statistical analysis. Graphs show the moisture content 

of the growth substrate over 14 d when watered at ambient and drought watering levels and 

treated with Silwet™ 408 (A) or Silwet™ Power (B). Ambient and drought watering were 

50% and 20% of the soil water holding capacity, respectively. Control pots received no 

adjuvant treatment. Error bars are ± 1 standard error of the mean (n = 5).  
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Table S5. The results of a generalised linear model (GLM) with Gamma probability 

distribution and log link function comparing the effects of watering regime (ambient: 50%, 

drought: 20% of the soil water holding capacity), adjuvant type (Silwet™ Power [SP], 

Silwet™ 408 [S408], control with no adjuvant) and adjuvant concentration (SP 0.05 g l-1, SP 

0.1 g l-1, S408 0.025 g l-1, S408 0.05 g l-1, 0 g l-1 [untreated control]) on growth substrate 

moisture content (% SMC) from d 14 (when the growth substrate was rewatered to return to 

50 or 20% SWHC) to d 27. 

Source of variation Wald Chi-Square df P 

(Intercept) 70984.4 1 <.001 

Watering (50% SWHC, 20% SWHC) 1897.5 1 <.001 

Adjuvant type (SP, S408) 0.1 1 0.745 

Adjuvant concentration (low, high) 3.4 1 0.065 

Watering * adjuvant type 0.6 1 0.442 

Watering * adjuvant concentration 0.8 1 0.377 

Adjuvant type * adjuvant concentration 2.2 1 0.135 

Watering * adjuvant type * adjuvant concentration 0 1 0.999 

df = degrees of freedom n = 5, significant differences are indicated in bold (P ≤ 0.05). 
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Figure S7. The experimental setup testing the effect of arbuscular mycorrhizal fungi (AMF) and Silwet™ Power (SP) on drought tolerance of 

Vicia faba L. and Zea mays L. Germinated seeds were sown in growth substrate treated with AMF only, SP only, AMF+SP or untreated for 

controls. Plants were then watered to either ambient (50% of the total soil water holding capacity [SWHC]) or drought (30% of the total SWHC) 

level every 3 d for 56 d until harvest. Biomass, specific leaf area, root system size, water content, macro and micronutrient content, root 

colonisation and hyphal length density were assessed. There were 5 replicates for each treatment in a randomised block design, with 5 blocks 

for each species (a single block is indicated by white brackets). V. faba plants were sown a week after Z. mays plants.  


