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Abstract 
Abiotic stress like drought strongly affects plant growth and development 

which can lead to crop productivity loses. Compost derived material can be used as 

soil improver or in growing media mixtures. The addition of organic matter can help 

the crop to face abiotic stress like drought and salt as well. 

In this project the plant response to drought has been studied using different 

modern barley varieties. Morphological parameters were assessed in different 

drought conditions and with the application of a bacterial inoculum. Different UK 

industry supplied compost samples were assessed for maturity with barley and 

tomato plant growth tests that is the one currently used in the UK 

 The results suggest adding P. putida KT2440 to barley variety Concerto 

seedlings may have a positive impact on drought tolerance based on the specific 

plant growth indicator of leaf surface area. Further work is needed to fully elucidate 

the benefit of bacterial inoculum on drought tolerance of different barley varieties. 

The barley and tomato plant growth test results for compost maturity 

assessments suggested that the method used now in the UK could be improved to 

increase its efficiency and barley could be a more suitable plant for the test. 
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1. Introduction 

Climate change predictions indicate periods of drought will increase, with this 

water scarcity also increasing soil salinity (Kissoudis et al., 2015) the result being 

a decrease in crop productivities. Drought stress strongly affects plant growth and 

development. Prolonged periods of drought lead to growth inhibition, reduced 

yield, and even death (Utkhao and Yingjajaval, 2015; Coleman-Derr and Tringe, 

2014; Larson, 2013). Even short-term water scarcity can affect crop yields (Shao 

et al., 2009; Basu et al., 2016; Osmolovskaya et al., 2018). 

There is not a unique definition for drought; socioeconomics and 

meteorological factors affect its definition. Moreover, the definitions can be 

conceptual, which define drought in absolute terms, for example being “a long dry 

period”; or operational (Mishra and Singh, 2010). Wilhite and Glantz, (1985) 

classify droughts into four categories: meteorological, hydrological, agricultural 

and socio economical.   

Meteorological drought is the absence of precipitation during a defined period 

of time. On occasion this lack of rain is analysed with average precipitation data 

from historical measurements. Hydrological drought considers surface and 

underground water resources. Otherwise, agricultural drought alludes to a period 

of declining soil moisture which results in crop failure. Finally, socio-economic 

drought considers water as an essential asset, thus this drought is defined by an 

impossibility to reach water demands in a community (Wilhite and Glantz, 1985; 

Mishra and Singh, 2010).   

According to the European commission, between the years of 1976 and 2006 

the areas and people affected by droughts rose by almost 20% 
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(http://ec.europa.eu/ environment/water/quantity/about.htm). This is even the 

case in areas that historically have more precipitation, like the United Kingdom, 

which are becoming more frequently affected by periods of water scarcity. The 

Scottish Environment Protection Agency (SEPA), reported that the average 

rainfall during the winter months of 2018 were lower than the national average 

coupled with the warm and dry weather over the summer months, water reserves 

were lower than in the previous years. This has led to farmers irrigating their land 

more than usual   (https://www.sepa.org.uk/environment/water/ water-scarcity/  

visited 10/08/2019).  This situation is repeated all over the U.K. as shown in 

Figure 1.1 below. This figure shows the average rain fall during the months of 

August to October from 1981 to 2010 compared with the percentage of 1981-

2010 average rainfall during the months of August to October 2018. 

https://www.sepa.org.uk/environment/water/%20water-scarcity/


Chapter 1 Introduction 

3 
 

 

Figure 1-1 Map of the average rainfall from 1981-2010 for the months of August to 
October compared with data for 2018  precipitations percentage of the 1981-2010 
average. The images were obtained from the Met Office website. 
(https://www.metoffice.gov.uk/binaries/content/assets/metofficegovuk/pdf/business/publ
ic-sector/civil-contingency/ncic-precip-maps-aso.pdf visited 10/08/2019) 

https://www.metoffice.gov.uk/binaries/content/assets/metofficegovuk/pdf/business/public-sector/civil-contingency/ncic-precip-maps-aso.pdf
https://www.metoffice.gov.uk/binaries/content/assets/metofficegovuk/pdf/business/public-sector/civil-contingency/ncic-precip-maps-aso.pdf
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Despite the prevalence for drought increasing over time, tolerance to this 

abiotic stress has received relatively little attention by plant breeders (Coleman-

Derr and Tringe ,2014). 

1.1 Barley 

Barley (Hordeum vulgare L.) is the fourth most extensively cultivated cereal 

crop in the world and the second most widely grown arable crop in the UK. 

According to the Scottish Government, in 2016 spring barley was the dominant 

crop in Scotland contributing 55% of the total  harvestable area of which 11% was 

winter barley (http://www.gov.scot/Topics/Statistics/ visited on 04/03/2017) 

Scotland makes up 28% of the UK´s barley area, 35% is used for malting and 

55% for animal feed (https://www.nfus.org.uk/farming-facts/what-we-produce 

visited 04/03/2017). Globally, 30 % of the world’s barley production is used for 

malting and 70 % for animal feed (http://faostat3.fao.org/ ).  

Barley can be classified into two types of varieties based on the number of 

grains produced per node in the ear, these being, two-row or six-row. In two-row 

barley the floret in the central spikelet (the structure that contains the floret) is 

fertile, the other two are not; in the six-row barley all florets are fertile (“Barley 

growth guide; AHDB,” 2018). It can also be classified based on its sowing date, 

these being referred to as spring or winter barleys. In general winter barley 

varieties are sowed after the 10th of October and spring varieties between 

December and the end of April. The sowing date having a large influence on the 

early development of the crops (“Barley growth guide; AHDB,” 2018.). 

http://www.gov.scot/Topics/Statistics/
https://www.nfus.org.uk/farming-facts/what-we-produce
http://faostat3.fao.org/
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Figure 1-2 Barley ears in two-row and six-row varieties. (“Barley growth guide | AHDB,” 
2018) 

 

The crop life cycle from the seed sow to the harvest involves the 

developments and growth of the plant. The development rate is highly influence 

by the chosen varieties and the sowing time. The phases in the cycle from sowing 

to harvesting are leaf emergence, tilling, stem elongation, stem storage, ear 

formation, flowering, grain filling and ripening. When the seed are sown early, the 

development stage are slower than in later sown seeds and for this reason the 

harvesting time of seeds can be weeks apart despite being sown months apart 

(“Barley growth guide | AHDB,” 2018). 

The Agriculture and Horticulture Development Board (AHDB) was created 

by members of the supply chain like farmers and growers to become more 

competitive and sustainable. The AHDB Cereals & Oilseeds division gives crop 

management advice to producers in order to achieve profit and maintain a 

sustainable industry. They also develop annual lists of the recommended crop 



Chapter 1 Introduction 

6 
 

varieties. Some of the characteristics indicated in the barley varieties lists are 

grain yield, diseases resistance, lodging resistance or winter hardiness; right 

now, they do not give any recommendation for water deficiency situation. An 

example of a recommended list table for Spring barley is shown in Figure 1-3

 

Figure 1-3 Example of a part of a recommended list table for Spring barley, the 
agronomic features and disease resistance of the varieties are highly in the red square. 
Numbers in brackets [] indicate limited data, c indicates the variety was used as yield 
control. (AHDB 2017).  

 

1.2 Abiotic stress.  

Drought and salt are the most important abiotic factors that can affect plant 

development. They cause cellular dehydration and cause osmotic stress which 

result in a decrease in the volume of cell structures (Bartels and Sunkar, 2005). 

One of the first response of the plant is to increase levels of the plant hormone 

abscisic acid (ABA), this leads to more Ca2+ cations in the cell cytosol which 

activates anion channels; all this drives to cell volume and turgor loss, and as a 
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consequence the stomatal closure to prevent water loss and CO2 acquisition. The 

closure of the stomata  prevents water loss but also limits gas exchange and 

therefore has an effect on the overall efficiency of photosynthesis (Ashraf and 

Harris, 2013).  A summary diagram is shown in Figure 1-4. 

 

Figure 1-4  Plant response to drought and salt stress increasing Abscisic acid (ABA) 
hormone which leads to  cell turgor loss, stomatal closure limiting the gas exchange and 
decreasing the photosynthesis in the plant.  

 

Osmotic stress also leads to the production of reactive oxygen species 

(ROS) that have negative effects on plant metabolism reducing photosynthesis 

as well, and interfering in phytohormonal levels, and reduce cellular structures 

(Bartels and Sunkar, 2005).  
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Salinity reduces net photosynthesis because of sodium ion toxicity and 

inhibits plant growth because the water uptake by the plant is reduce due to the 

osmotic effect (Boari et al. 2016). High salinity also reduces the number of fruits 

in plants because the water potential in the plant is reduced, and this decreases 

the water flow in the fruit (Sanchez-Gonzalez et al. 2016). 

1.2.1  Plant drought resistance  

Plants have developed different mechanism to face water deficient periods; 

these mechanisms are expressed at molecular, biochemical, physiological and 

morphological levels (Marok et al. 2013). Barley drought resistance combines a 

range of mechanisms to face water deficit at the different development stages 

and level and duration of drought (de Mezer et al. 2014; Marcińska et al. 2013).  

Drought resistance mechanisms can be grouped in four categories: drought 

avoidance, drought tolerance, drought escape and drought recovery. These are 

summarised in Table 1-1. 
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Table 1-1 Plant mechanisms to respond to water stress  

Mechanisms 

categories 

Response When it happens 

Avoidance Morphological changes 

Adjust growth rates 

Reducing water loss 

Moderate water deficit 

situations 

Tolerance Maintain physiological 

activity   

Severe water stress 

situations 

Escape Growth period adjustment 

Life cycle changes 

Seasonal drought 

Recovery Resume growth and gain 

yield 

After severe water deficit 

stress 

 

Under moderate water deficit situations, drought avoidance mechanisms 

can involve adjustments in morphological structures or growth rates allowing the 

plant to maintain normal physiological processes. Drought avoidance strategies 

mainly involve reducing water loss via rapid stomatal closure, leaf rolling, and 

increasing wax accumulation on the leaf surface. Enhancing water uptake occurs 

through a well-developed root system and enhancing the water storage abilities 

in specific organs. Accelerating or decelerating the conversion from vegetative 

growth to reproductive growth to avoid complete abortion at the severe drought 

stress stage can also be undertaken (Fang and Xiong, 2015; de Mezer et al., 

2014).  
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In order for the plant to maintain physiological activities under severe water 

stress situations there are large changes in the regulation of gene expression and 

metabolic pathways that reduce or repair the stress damage. Commonly these 

mechanisms involve osmotic regulation that maintain cell turgor and regulation of 

the enzymes like superoxidative dismutase (SOD), ascorbate peroxidase (AP), 

catalase (CAT) or glutathione reductase (GR) which reduce hazardous reactive 

oxygen species  (Fang and Xiong, 2015). A low photosynthetic metabolism due 

to stress leads to formation of reactive oxygen species (ROS) such as hydrogen 

peroxide (H2O2), superoxide anion radical (O2-), singlet oxygen (1O2) and hydroxyl 

radical (OH.) (de Mezer et al., 2014; Marok et al., 2013; González et al., 2010; 

Roy et al., 2009).  

 

Figure 1-5 Diagram summarised the plant response to reactive oxygen species (ROS) 
synthesising antioxidative enzymes. Superoxidative dismutase (SOD) transform O2

- into 
H2O2 that is reduced by the catalase (CAT) to H2O and oxygen 
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Drought escape relates to adjustment of the growth period, life cycle, or 

planting time of plants to prevent the growing season from encountering local 

seasonal drought, such an approach can be natural or planned by the farmers. 

Drought recovery refers to the  capability of a plant  to resume growth and gain 

yield when a severe water deficit stress has produced a complete loss in turgor 

and leaf dehydration (Fang and Xiong, 2015).  

1.2.2 Salt stress resistance 

Some crops have a high sensitivity for soil salinity. These salt sensitive crops, 

called glycophytes usually cannot grow above 100 mM NaCl. High soil salinity 

leads to problems of ion toxicity but also osmotic stress and these inhibit seed 

germination and seedling growth (Temel and Gozukirmizi, 2015). In the 

germinating seeds salt stress limits water absorption and mobilization of nutrients 

and disturbs the synthesis of protein in the embryo. (Mali et al., 2015) 

Barley is the most salt tolerant cereal; however, salinity tolerance varies 

between different genotypes (Temel and Gozukirmizi, 2015).  

Tomato (Solanum lycopersicum L.) is one of the most important horticultural 

crops from an economical perspective, it is often cultivated in arid and semiarid 

areas therefore irrigation is often necessary, and this can lead to an increase in 

salt content in the soil. As mentioned previously salinity affects plants 

development and yields in crops (Temel and Gozukirmizi, 2015; Gharbi et al., 

2016). Cultivated tomato varieties are quiet sensitive to salt while the wild tomato 

species are more tolerant to salt toxicity and can be found in arid and salt affected 

areas (Bai et al., 2018; Cunhua et al., 2012; Gharbi et al., 2016; Kissoudis et al., 

2015). Cultivated tomato has moderate tolerance to salt (Hichri et al., 2017). 
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Under a stress situation phytohormones (i.e. ABA, salicylic acid, ethylene 

jasmonic acid) activate genes encoding stress tolerance pathways and proteins 

that can be independent or act in synergic with other pathways (Gharsallah et al., 

2016). 

1.2.2.1 Gene expression in response to salt stress 

There are a large number of genes and pathways involved in a plant’s 

response to salt stress. Depending on their characteristics, genes induce by salt 

stress can be divided in two categories. One category function as proteins that 

protect the cell from stress effects, restoring cell homeostasis. A second group 

include regulatory proteins (transcription factors and protein kinases) that 

regulate the signal cascade that controls the expression of new genes that could 

be in either of the two categories (Gharsallah et al., 2016). Seki et al. (2002) found 

that there were 194 genes involved in tolerance to salinity in the model crop 

species Arabidopsis thaliana, Many of those genes were also involved in the 

response to dehydration. Furthermore, they identified 40 transcription factor 

genes that were induced in response to high salinity, dehydration, and 

temperature. These were made up of 9 different transcription factors families 

(DREB, ERF, Zn finger family, WRKY,  Myb, bHLH, bZIP, NAC, HDZIP) (Bartels 

and Sunkar, 2005).  

The WRKY family is involved in regulating plant growth and development, 

from seed development, dormancy and germination to root elongation, 

senescence, and metabolic pathways. It is also involved in the response to abiotic 

and biotic stress response (Zhang et al., 2011; Huang et al., 2012; Guo et al., 

2015; Yang et al., 2016; Hichri et al., 2017). In Arabidopsis, the under expression 
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or overexpression of genes from WRKY transcription factor family have been 

identify in plant tolerant response to abiotic stress of osmosis, salt or extreme 

temperature (Huang et al., 2012; Hichri et al., 2017).Tomato (Solanum 

lycopersicum) has a total of 81 genes in the WRKY family, (termed SlWRKY) 

(Huang et al. 2012).  

 

1.3 Plant-microbe interactions and drought and salt resistance 

Historically, for mitigating the negative effects of stress in plants and 

increasing crops yields the focus has been put on creating resistant cultivars 

through breeding techniques that can be both time consuming and labour 

intensive. Alternative approaches have involved the use of genetically modified 

crops, but these face the dual opposition from social and political areas. 

Irrespective of the route taken, these methods sometimes do not consider the soil 

ecological context. These approaches often have seen the plants as isolated 

organisms without taking into consideration the complex interactions with 

microorganisms that can have a big influence in the plant response to 

environmental factors. Soil is a complex matrix where physical, chemical, and 

biological factors interact. The rhizosphere is that part of the soil environment 

where plant roots and microorganisms interact (Prashar et al., 2014). 
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Soil microorganisms can have a decisive role in plant-soil systems; they can 

lead to numerous effects in plants like root elongation, improvement nutrient 

uptake and increasing resistance to abiotic stress. They can also have an indirect 

effect on plant growth through mechanism that inhibit plant pathogens (Berg, 

2009). Microbial inoculants are used by the agricultural biotechnology industry 

based on their beneficial interactions with the plants. These commercial products 

can be classified depending on their action mechanisms or the effect on plants. 

Thus, in the marketplace it is possible to find microbial inoculants as biofertilizers, 

plant strengtheners, phytostimulators and biopesticides that help crop’s growth 

and health (Berg, 2009).  

Although plants have their own natural protection systems against stress 

situations, their interaction with soil microorganisms have been demonstrated to 

mitigate symptoms and improve plant stress response. (Ortiz et al., 2015; 

Figure 1-6 Rhizosphere interactions diagram. Yellow arrow pathogenic microbes-roots 
interaction. Orange arrow beneficial microbes-roots interactions. Green discontinued arrow 
pathogenic-beneficial microbe interactions. Blue discontinued line commensal microbes’ 
interactions with beneficial and pathogenic microbes.  
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Marulanda et al., 2007). Bacteria are the most abundant microorganisms in the 

rhizosphere, therefore their interactions with the plant are very significant 

(Prashar et al., 2014). Soil bacteria can help plants through different mechanisms 

which are summarised in the table below (Table 1.2). 

Briefly, some soil bacteria produce exopolysaccharides (EPS) that 

improve soil structure and aggregation (Sandhya et al., 2009). Others may lead 

to phytohormone production that lead to root changes which increase the volume 

of soil explored and thus, the uptake of water and nutrients (Cohen et al., 2015; 

Creus et al., 2004). Soil bacteria can also increase enzymatic antioxidant activity 

in the plants. 
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Table 1-2 Bacterial mechanisms to enhance plant responses to drought 

Mechanisms Bacteria Plant species Reference 
EPS improve soil 

structure and 
aggregation  

Pseudomonas putida 
GAP-P45 

Sunflower (Sandhya 
et al., 
2009) 

 
Root changes by 
phytohormone 

production 

Pseudomonas putida 
BIRD-1 PSC-367 

Wheat (Ortiz et 
al. ,2015) 

Phyllobacterium 
brassicacearum STM196 

Arabidopsis  (Bresson 
et al., 
2014) 

(Galland 
et al., 
2012) 

Acinetobacter 
calcoaceticus 

X81661 

Grapevine 
 

(Rolli et 
al., 2014) 

 
Azospirillum brasilense 

Sp245 
Arabidopsis/ 

Wheat 
(Cohen et 
al., 2015) 
(Creus et 
al., 2004) 

Burkholderia 
phytofirmans PsJN 

Wheat (Naveed 
et al., 
2014) 

Pseudomonas 
plecoglossicida 

AB009457 

Grapevine 
 

(Rolli et 
al., 2014) 

 
Increase 

enzymatic 
antioxidant 

activity 

Pseudomonas 
plecoglossicida 

AB009457 

Grapevine 
 

(Rolli et 
al., 2014) 

 

EPS= Exopolysaccharides  

Polysaccharides produced by microorganisms can attach soil particles 

and form aggregates. Soil structure maintenance has an influence in several 

processes that can have an impact in crop yields. A well maintained soil can 

retained water better and make it more accessible for the plants (Sandhya et al., 

2009; Sandhya and Ali, 2015) . Drought stress can change soil properties making 

soil microbial activity unsuitable and impacting in soil structure. 
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1.3.1 Pseudomonas genus 

Pseudomonas is a ubiquitous bacteria genus that has been isolated from 

an array of habitats from waters, different types of soil to plants roots and leaves. 

These bacteria colonies habitats for their capacity to adhere to solid and their 

motility and also because of their metabolisms that allows them to use different 

compounds (Molina et al., 2000). 

Pseudomonas are known to produce EPS that helps them to attach to 

roots. EPS also protect them from water deficiency enabling them to survive 

under stress conditions (Sandhya et al., 2009). This bacterial genus is also able 

to produce phytohormones such as auxins (indole acetic acid), cytokinins and 

ethylene. They also have the capacity to affect plant hormones through the 

secretion of enzymes and therefore can directly interact with plant development 

and signals (Preston, 2004).  

1.3.1.1 Pseudomonas putida KT2440 

The genome of the strain Pseudomonas putida KT2440 was sequenced 

completely in 2002 by The Institute for Genomic Research (TIGR) and a German 

consortium (Nelson et al., 2002) (Weinel et al., 2002). It is a strain derived from 

a soil bacterium isolated in Japan, P. putida mt-2 (Molina et al., 2000.; Nakazawa, 

2002). P. putida KT2440 is a biologically safe strain which is widely use in 

biotechnology and agriculture (Weinel et al., 2002). P. putida mt-2 uses as carbon 

sources toluene, xylenes and alkylbenzoates because it possesses the TOL 

plasmid which bears appropriate genes for catabolism of these compounds. 

However, its derived strain KT2440 lacks this plasmid and therefore, it cannot 

degrade toluene and xylene (Nakazawa, 2002) but it can use an assortment of 
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compounds as carbon and nitrogen sources and it is able to colonize different 

soils (Molina et al., 2000). 

1.4 Compost  

BSI PAS 100:2018 defines compost as “solid particulate material that is the 

result of composting, that has been sanitized and stabilized and that confers 

beneficial effects when added to soil, used as a component of a growing medium, 

or is used in another way in conjunction with plants”. The composting process is 

the controlled  biological decomposition of biodegradable materials under mostly 

aerobic conditions that promote thermophilic temperatures (BSI PAS 100, 2018). 

A Publicly Available Specification (PAS) is a fast-track standardization 

document defining good practice for a product, service, or process, resulting from 

an expert consulting services from BSI (British Standard). PAS 100 (2018) 

describes the requirements for the composting process, the type of material that 

can be used as feedstocks, the quality of the end composted materials, storage, 

labelling and traceability. It specifies the requirements for quality management 

system (QMS) for their final uses. 

A number of different organic waste materials are used in the composting 

process such as municipal solid waste, green waste, animal manure or agri-

industrial waste (Ceglie et al., 2015). The inputs to the composting process 

specify in the PAS 100 are source segregated biowaste and/or biodegradable 

materials. Waste wood can be added to the process only if it is untreated. 

Digestate derived from anaerobic digestion conforming with PAS 110 or derived 

from anaerobic or aerobic process using only inputs specify in the PAS 100 can 

be added as inputs to the composting process as well (BSI PAS 100, 2018).  
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With changing waste management and landfill regulations, there are now 

increasing amounts of organic waste material needing outlets applied to 

agricultural land. These legislations indicate that the final disposal of solid waste 

involve valorisation of the material. The valorisation by biological processes can 

be composting (aerobic) or anaerobic digestion. These are well studied 

processes, but some feedstocks can present challenges for example food waste 

material has an heterogenous composition, it is high in moisture and has a low 

calorific value(Cerda et al., 2018). Food waste composition depends on different 

factors like the eating habits of consumers, collections, and sorting systems. All 

these factors have an impact on the composting process and in the final product, 

especially in the non-organic components in the food waste (Cerda et al., 2018; 

Huerta-Pujol et al., 2010; Thi et al., 2015). The impurities in the food waste affect 

directly to its metal content. The heavy metals and other impurities have an 

impact in the compost quality (Cerda et al., 2018; Hargreaves et al., 2008; Sax et 

al., 2017). 

 Depending on their properties and particle size compost derived material 

can be used as soil improver and mulches, as substrate for growing media or in 

manufactured topsoil and turf dressings. It is used in agriculture, horticulture, land 

restoration and other markets such as landscapes, or sport recreation (BSI PAS 

100, 2018). The minimum compost quality for general use is summarised in the 

Table 1-3 
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Table 1-3 Minimum compost quality for general use specify in PAS 100 2018  

Parameter  Method of test Unit Limit 

Escherichia coli BS ISO 16649-2 CFU/g fresh mass 1000 

Salmonella spp BS EN ISO 6579 25g fresh mass Absent 

Cadmium BS EN 13650 mg/ kg dry matter 1.5 

Chromium BS EN 13650 mg/ kg dry matter 100 

Copper BS EN 13650 mg/ kg dry matter 200 

Lead BS EN 13650 mg/ kg dry matter 200 

Mercury BS EN 13650 mg/ kg dry matter 1.0 

Nickel BS EN 13650 mg/ kg dry matter 50 

Zinc BS EN 13650 mg/ kg dry matter 400 

Stability 

(Microbial 

respiration rate) 

ORG 0020 

mgCO2/ g 

organic 

matter/day 

16 

Weeds and 

propagule 
REAL MT PRT Mean number/ L 

of compost  
0 

Stones >4 mm in 

grades other than 

munch 

REAL MT PC&S 
%mass/mass of 

air-dry sample 
8 

Stones >4 mm in 

grades other than 

munch 

REAL MT PC&S 
%mass/mass of 

air-dry sample 
10 

Total glass, metal 

plastic and other 

no-stone 

fragments  

REAL MT PC&S 
%mass/mass of 

air-dry sample 

0.25 of which 

0.12 is plastic 

 

The addition of compost increase organic matter in the soil; it increases 

soil porosity, hydraulic conductivity, structural stability, water holding capacity and 



Chapter 1 Introduction 

21 
 

aggregation (Curtis and Claassen, 2005; Tejada et al., 2006; Sodhi et al., 2009; 

Tejada et al., 2009; Nguyen et al., 2012).   

Furthermore, the application of compost material and other organic 

fertilizers and soil amendments could be a solution to high salinity soils and is key 

for a sustainable agriculture system. It helps to keep the soil organic matter that 

help to decrease the soil EC and accelerate the sodium leachate reducing the 

exchange sodium percentage (ESP) (Walker and Bernal, 2008) and it also 

contributes to carbon sequestration, mitigating the effects of climate change 

(Leogrande and Vitti, 2019). 

1.4.1 Compost maturity  

Compost must be stable and mature to avoid problems during storage and 

future applications as soil conditioner or growing medium that can include a wide 

range from reheating, odour formation, lost in quality, phytotoxicity or high C to N 

ratio that could lead to a nitrogen starvation in plants (Eggen and Vethe, 2001).  

Often the terms stability and maturity are used as synonyms, however they 

are different. California compost quality council  (CCQC) defines stability as the 

stage during composting related to the type of organic compounds remaining in 

the material and the resultant biological activity (Compost Maturity Index, CCQC), 

meanwhile maturity alludes to degree of decomposition of organic substances 

produce during the composting process (Gómez-Brandón et al., 2008), it is 

associated with phytotoxicity which reduces plants growth (Eggen and Vethe, 

2001). Stability can also be a process evaluation index and not just an 

assessment of the end product (Chroni et al., 2009). Although different, both 
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maturity and stability are strongly related since phytotoxic compounds are 

produced by microbiological activity in unstable compost (Gómez et al., 2006). 

 In addition, another problem from immature compost in continuous 

decomposition is the induction of anaerobic conditions which can deprive plant 

roots from oxygen and produce nitrite and hydrogen sulphide (Butler et al., 2001, 

Eggen and Vethe, 2001). 

1.4.1.1 Compost maturity assessment 

To evaluate the maturity of compost, seed germination bioassays are 

widely used. Seed germination test for compost maturity was first proposed by 

Zucconi et al., (1981), using cress seeds.  

For assessing compost maturity for its use in growing media or soil 

improver there are different plant growth and germination bioassays in different 

countries. In United States, the method used assess the germination of cucumber 

seeds (TMECC), in Italy the regulate compost for commercialization also uses a 

germination index method (Cesaro et al., 2015). In Portugal the method is based 

in the BSI 16086-1 2011, using Chinese cabbage (Standard 2011). The problem 

with these bioassays is that there is not a unified method, for example in the 

preparation of the compost sample with distilled water, the extraction ratio is a 

very important step since the concentration affect directly the toxicity of the 

compost. The ratio 1:10 is widely used however, other ratios are used like 1:5, 

1:2 (Luo et al., 2018). Moreover, the moisture of the fresh compost samples is 

quite different depending on different factors such as the source of compost or 

the composting process. In order to avoid problems from the interfering of the 

moisture content in the results, there are two methods usually used to prepare 



Chapter 1 Introduction 

23 
 

the extract sample (Luo et al., 2018). One method based in a certain extraction 

ratio and dry weight of the fresh sample (Chikae et al., 2006; Khan et al., 2014; 

Luo et al., 2018). The other method adjusts the moisture of the fresh compost 

sample to 85% before the extraction (Cesaro et al., 2015; Luo et al., 2018). 

Furthermore, the seed species use for compost toxicity is normally source locally 

and there is not a regular species determined. There are other differences 

between the germination bioassays methods like the volume of sample extract, 

the incubation time,  the number of seeds per plate, the operational definition of 

germination, which can be just the appearance of the radicle or when the root 

reach 2 or 5 mm (Luo et al., 2018) 

 The current UK bioassay for compost phytotoxicity  is based on the tomato 

plant growth (Renewable Energy Assurance Limited 2015) however, a more 

appropriate plant system to assay compost based product in UK agriculture could 

be explored by a barley based bioassay. Moreover, the tomato assay needs 28 

days while barley could shorten that experimental time.  

In fact a plant growth assay using barley is used to assess compost 

maturity in Germany to be used as soil improver and fertilizer or as a component 

in growing media (Kehres, 2003). This method was developed in 2002 based on 

a thesis from 1990, they use the spring barley variety Marthe and standard soil 

(EE0 from the Standardized Soil Association in Germany). 

As indicated above barley is an important UK crop, therefore, as well as 

ensuring food security through the breeding and evaluating the potential of soil 

microorganisms to enhance drought resistance; it is believed that this plant could 
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also be more appropriated to evaluate compost material since agriculture is the 

largest outlet for compost products in the UK.  
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1.5 Project aims 

Despite predictions of increased occurrence of drought events, tolerance to 

this abiotic stress has received relatively little attention by plant breeders.  A 

better understanding of the drought tolerance of barley varieties, including their 

interaction with key soil microbial community members, is needed. 

Barley is also a relevant model to assess the maturity of source segregated 

waste derived compost products for agricultural end use. As agriculture is the 

largest market for compost products, an agricultural model system for maturity 

assessment based on barley plants looks more suitable than using other plants. 

This thesis aims to resolve the following hypotheses: 

Commercial barley varieties will be able to tolerate short term drought and 

salt concentrations.  

The addition of soil bacterial Pseudomonas putida in a positive influence in 

the response to these stresses.  

An approach method based in the growth of barley plants is better than one 

based in tomato plants currently used in the UK to evaluate the maturity of 

commercial compost. 

.
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 Material and methods 

2.1 Plant material 

2.1.1 Barley 

The barley varieties used were a mixture of 2 row malting and 2 and 6 row 

feed. The winter varieties were kindly provided by KWS UK Ltd and the spring 

varieties except for Chanson were kindly provided by Limagrain UK. These 

varieties appear in the recommended lists elaborated by AHDB Cereals & 

Oilseeds division from 2015-2016 and 2016-2017 

(https://cereals.ahdb.org.uk/varieties/ahdb-recommended-lists.aspx, visited on 

05/03/2017).  

Table 2-1 Barley varieties used for the experiments 

 Variety End use Provider 

Winter 

Cassia 2 row feed KWS UK Ltd 

Daxor 6 row feed KWS UK Ltd 

Glacier 2 row feed KWS UK Ltd 

Infinity 2 row feed KWS UK Ltd 

Tower 2 row feed KWS UK Ltd 

Spring 

Concerto 2 row malting Limagrain UK Ltd 

Odyssey 2 row malting Limagrain UK Ltd 

Olympus 2 row malting Limagrain UK Ltd 

Ovation 2 row feed Limagrain UK Ltd 

Sienna 2 row malting Limagrain UK Ltd 

Chanson 2 row malting Saaten Union 
GmbH 

 

https://cereals.ahdb.org.uk/varieties/ahdb-recommended-lists.aspx
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2.1.2 Tomato 

The tomato variety used for the plant growth compost assay was as 

specified in the protocol BSI PAS 100:2011 “Specification for composted 

materials” (BSI 2011), Shirley F1, the seeds were acquired from Thompson & 

Morgan UK. The varieties Ailsa Craig and Moneymaker (Justseed Ltd. UK) were 

also used for the germination under salt stress experiments.  

2.1.3 Barley seed surface sterilization. 

Seeds were surface sterilised with a 10 % chlorine solution using one 

Biochlor (Teknon™) tablet in 1 L of water. The seeds were placed in tea infusers 

and left in the chlorine solution for 5 mins, rinsed 3 times in sterile distilled water 

for 5 mins each time. All the material (except for the chlorine solution) used for 

the surface sterilization were autoclaved at 121ºC for 15 minutes. 

2.1.4 Viability test 

The viability test chosen in this case was a modification of the peroxidase 

test (Schmidt 2007) and consisted of germinating the seeds, (not surface 

sterilised); in 100 mm glass Petri dishes with a filter paper previously sterilized in 

autoclave for 15 minutes at 121ºC (Fisher Scientific UK Ltd.) with 4 mL 1% 

hydrogen peroxide. The plates were placed in an incubator at 18ºC in the dark 

for 3 days.  In each plate 15 seeds per variety were placed over the filter paper 

as it can be seen for the Sienna variety (Fig. 2.1)  

2.2 Compost material 

The compost samples were collected at 9 different PAS 100 certified sites 

across Scotland from January 2018 to June 2018 (the sites’ names are 

confidential). The samples were green waste processed in windrows, and green 
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+ food waste in vessels. Five samples were finished composted product and 6 

were in a post sanitized stage but they had not reached the ready to use state. In 

Table 2.2 are summarised the characteristics of the samples. 

Table 2-2 Compost samples characterization 

Sample ID Site Collection time Stage Feedstock  

S1-F-G  1 January 2018 Finished 
 Green waste Windrow 

S2-PS-
G+F  2 February 2018 Post 

sanitized 
Green + food 

waste In vessel 

S3-PS-G  3 March 2018 Post 
sanitized 

Green waste 
 Windrow 

S4-PS-
G+F  2 April 2018 Post 

sanitized 
Green + food 

waste In vessel 

S5-PS-
G+F  4 April 2018 Post 

sanitized  
Green + food 

waste In vessel 

S6-PS-G  5 May 2018 Post 
sanitized Green waste Windrow 

S7-F-G+F  6 May 2018 Finished 
 

Green + food 
waste In vessel 

S8-F-G  7 May 2018 Finished 
 Green waste Windrow 

S9-F-G+F  8 May 2018 Finished Green + food 
waste In vessel 

S10-PS-
G+F  8 May 2018 Post 

sanitized 
Green + food 

waste In vessel 

S11-F-G  9 June 2018 Finished 
 

Green waste Windrow 

Sample ID corresponds to S= sample number, PS= post-sanitised stage, F= 
finished stage, G= green waste material, G+F= green and food waste material. 
Samples were collected at different times in 9 different locations identify by 
number from 1 to 9. 

 

2.3 Drought stress tolerance of barley varieties 

2.3.1 Morphological response to short drought in winter varieties 

Two different drought treatments were compared, seven days drought 

following by rewatering until the end of experiment and a second drought 

treatment of absolute drought for 10 days. The total experimental time was 17 
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days, the first seven days all the pots were watered with a complete Hoagland 

nutrient solution (Hoagland and Arnon 1938) every two days to avoid nutrient 

deficiencies; control pots were watered during all the experimental time 5-6 hours 

after photoperiod started. They were watered to full capacity until dripping from 

the bottom. The pots were arranged in a randomised design under 81 µEm-2s-1 a 

minimum (6000 lux) intensity, a photoperiod of 16 hours light 8 hours dark at a 

room temperature of 20-25 ºC and humidity between 30-41 %. A total of five pots 

of 300 mL containing a growing mixture of peat/perlite/vermiculite in 1/1/1 volume 

were set up per treatment and variety. The seeds were previously surface 

sterilised as indicated above in 2.1.3 and germinated in 100 mm glass Petri 

dishes with a filter paper (Fisher Scientific UK Ltd.) with 4 mL distilled water. 

 

Figure 2-1 Barley pots randomised layout under the control lighting in temperature 
control laboratory 
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After 17 days the experiment was stopped, and the morphological 

parameters analysed. Barley plants were cut for the stems directly over the 

growing media mixture surface. The roots were carefully cleaned with distilled 

water and the length measured with a ruler.  

The length of leaves was measured with the aid of the ImageJ software 

(http://imagej.nih.gov.gov/ij). 

Leaf surface area was determined for fresh leaves. Immediately after 

cutting, the leaves were place on A4 paper (210x297 mm) and scanned with the 

aid of a desktop scanner and the resulting Tiff images processed with ImageJ 

software as described below in Figure 2.2 
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Figure 2-2 Leaf surface area calculation with the image processing software ImageJ. a) 

The Tiff image was opened in the Image J software and the scale was set up for an A4 

paper size. b) The image was made binary (black and white) to measure it with the tool 

ROI management. c) With the aid of the wand tool, each leaf was selected, and the 

“measure” tool gave back the area of the selected leaf.  

a

 

b 

c 
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Relative water content (RWC) in roots and leaves was calculated with the 

fresh weight measured right after measuring the leaf surface area, the turgid 

weight calculated soaking the fresh leaves and roots on distilled water and 

leaving them for 24 hours in the dark at 4ºC and the dried weight calculated after 

drying the turgid leaves and roots at 80ºC overnight (de Mezer et al. 2014). 

RWC= [(Fw-Dw)/(Tw - Dw)] *100 (Barrs and Weatherley 1962) 

Fw is the Fresh weight in g 

Dw is the dry weight in g  

Tw is the turgid weight in g 

 

2.3.2 Morphological response to short drought in spring varieties 

Five spring barley varieties were compared in this experiment. The seeds 

were previously surface sterilised as indicated above in section 2.1.3. The 

germinated seeds resulting from the viability test were used in this experiment. 

Similar size seedlings were sowed in 300 mL pots with a growing mixture of 

perlite/vermiculite /peat 1/1/1 volume (perlite, Sinclair 2-5 mm peat 0-10mm 

Klasmann-Deilmann GmbH Germany). The pots were arranged in a randomised 

design and rotated twice during the experimental time to minimize difference 

between pots due to its position to the light. Pots were placed in a bench under 

81 µEm-2s-1a minimum (6000 lux) intensity in a cycle of 16 hours light 8 hours 

dark, the temperature in the room was between 17⁰C to 25⁰C and the humidity 

between 50-66% during all experimental time.  
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Two different drought treatments were compared, 7 days drought and 14 

days drought. The drought period started 7 days after sowing. During this time 

the plants were watered with a complete Hoagland nutrient solution (Hoagland 

and Arnon 1938). Along with the pots that were water restricted, control pots that 

were watered every 2 days were set up. At the initial of the experiment the pots 

were watered until dripping from the bottom and weigh in an analytical balance 

(OHAUS Pioneer, PA2102, OHAUS Corp.), this initial weight was recorded and 

the following watering day the weight in pots were measure again before adding 

the water to know how much was needed. The water was added when the pots 

were placed on the balance to match the initial weight, and this final number was 

recorded to use as initial weight the following watering day. This gravimetrical 

method also allowed to estimate how much water was lost between watering days 

and how much water was lost in droughted pots at the end of the experiment. 

 The plants were collected at 3 different experimental times. After 7 days, 

to have a control of the different varieties’ growth with no water restriction. At day 

14 after sowing when the plants have been under water deficiency for 7 days and 

at day 21, the plants have been 14 days without water.  

After harvesting morphological parameters leaf surface area, relative 

water content in roots and leaves and biomass (leaf dry weight) were analysed 

as described for the winter varieties (2.3.1).  

2.4 Drought tolerance in presence of microbes 

2.4.1 Pseudomonas putida KT2440 

The bacteria strain Pseudomonas putida KT2440 was used to assay if the 

barley varieties could face better short water stress episodes in its presence.  
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Pseudomonas isolation agar plates (Oxoid Ltd.)  were used to cultured 

isolated colonies, one single colony was pick up and inoculated in 100 mL of 

tryptone soya broth (Oxoid Ltd.) in a shaker incubator at 30 ⁰C overnight. Optical 

density of the culture was checked at 600nm with spectrophotometer model DR 

1900 (Hach Lange Ltd.). Pseudomonas culture was collected by centrifugation 

for 15 minutes at 4500 rpm. The supernatant was discharged, and the pellet 

washed with 0.85 Molar NaCl solution 3 times, after that the bacteria were diluted 

in 0.85 Molar NaCl solution to get the desire concentrations.  

The survival of P. putida KT2440 in the growing media and with the 

environmental conditions in the laboratory was tested. Also, its survival when 

drought stress was applied to the pots was checked. Five 300 mL pots containing 

perlite/peat/vermiculite as indicated previously in 2.2.2 were inoculated with 20 

mL P. putida KT2440 culture (106 CFU g-1 growing media). After 14 days samples 

of the growing media were taken and with the aid of an extraction buffer (8.5 g/L 

NaCl 1 g/L Na (PO3)6) the presence of the bacteria after the experimental time 

was checked. One gram of growing media was placed in 10 mL of extraction 

buffer and vortex for 5 minutes, then serial dilutions were made and 50 µL of 10-

3 and 10-2 dilution were inoculated to PIA plates (Figure 2.3). The presence of 

Pseudomonas in the growing media right after its preparation was also tested 

and no colonies grew in the PIA plates. CFU is an estimation of the number of 

cells present, a colony could be from a single cell or several ones.    

This method of colony enumeration in PIA plates has the limitation that the 

colonies recovered can be from other strains in the Pseudomonas genus besides 

P. putida KT2440 
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Figure 2-3 Pseudomonas colonies recover in Pseudomonas isolation agar from one of 

the pots after 14 days of experiment.  

 

2.4.2 Influence of Pseudomonas putida KT2440 inoculation in 

spring barley on the morphological response to short drought 

(7 days) 

The varieties Concerto and Sienna were chosen based on their 

performance in previous experiment. The seeds were surface sterilized and 

germinated in glass petri dishes as describe above for the five spring varieties 

experiment (section 2.2.2). Seedling of similar size were sowed in 300 mL pots 

with a growing media mixture of perlite/vermiculite /peat 1/1/1 volume. Five 

replicate pots were set up per treatment. For this experiment a short drought of 

seven days was tested and compared with the addition of P. putida inoculum 10 

6 CFU/mL in some of the pots after four days from sowing, 20 mL per pot. The 

weight of the pots was measured before and after every time water was added 
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as described in section 2.3.2. The experiment was run for 14 days, after that time 

the plants were harvested and morphological parameters LSA, RWC in roots and 

leaves and biomass were analysed as described in section 2.2.1  

2.4.3 Influence on morphological parameters of spring barley by the 

bacteria inoculum application time  

Following the previous experiment, the application time of the bacteria 

inoculum was also tested. Two different inoculation times were studied, four days 

after sowing and seven days after sowing. The inoculum concentration was the 

same for both times. The experiment set up was as the previous one with 5 pots 

per treatment. After a total of 14 days the plants were harvested, and 

morphological parameters analysed as describe in section 2.2.1. 

 

2.5 Salt stress germination tolerance  

2.5.1 Barley seed germination under salt stress 

Five spring barley varieties were used to assess salt stress across five 

concentrations of NaCl (analytical grade) up to 150 mM (corresponding to a 

calculated electrical conductivity (EC) value of 8100 µScm-1) with MilliQ water 

used as a zero control. The NaCl concentrations studied were 125 mM NaCl (EC 

6960 µScm-1), 62.5 mM NaCl (EC 3730 µScm-1), 31.25 mM NaCl (EC 1882 µScm-

1) and 15.62 mM NaCl (EC 954 µScm-1). These concentrations were made from 

the 150 mM NaCl stock. These concentrations were chosen because EC values 

find in compost can go from 1000 to 3000 µScm-1 (Aspray et al., 2015). Although 

some samples can reach higher EC levels depending on the origin of the 
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composted material, 4200 µScm-1 for example for olive waste composted 

material (Rossini-Oliva et al., 2017).     

The EC of the NaCl solutions was checked with a Hach HQ 40d 

multimeter, the conductivity probe was calibrated at 25 ˚C with standard NaCl 

solution (Hach Lange Ltd.). 

The seeds were previously surface sterilised as describe above and all the 

growth material was autoclaved. Amphotericin B (250 μg/mL solution Sigma-

Aldrich) was added to avoid the appearance of fungi. The concentration of the 

antifungal drug was between 10 mg/L to 2.5 mg/L depending on the sensitivity of 

the barley variety. 

A total of 7 plates per NaCl concentration were set up with 15 seeds in 

each plate, in this way the final number of studied seeds per NaCl concentration 

was 105 seeds per variety. The glass petri dishes were incubated at 18 ̊ C in dark 

for 4 days. After the incubation time the seeds were counted as germinated when 

the radicle was at least 0.5 cm long (Temel and Gozukirmizi, 2015). 

Due to the high differences in control germination between varieties that 

were found in this experiment a second experiment using 1% hydrogen peroxide 

as a means to maximise germination was set up. As in the previous experiment 

7 plates per NaCl concentration were set up with 15 seeds in each plate, also 2 

mL of hydrogen peroxide were added to each plate. In this experiment the 

addition of antibiotic was not necessary because no contamination appeared in 

these seeds 
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2.5.2 Tomato salt stress germination tolerance 

The germination of three tomato varieties under salt stress was compared. 

The varieties were Ailsa Craig and Moneymaker (Justseed Ltd, Wrexham, UK), 

and Shirley F1. 

A total of 100 seeds per variety were each distributed evenly across four 

glass Petri dishes of 100 mm diameter with filter paper of 90 mm (Qualitative, 

Fisher Scientific UK Ltd.) that were previously sterilised in the autoclave. A 

volume of 2 mL of salt solution (concentrations 125 mM NaCl, 62.5 mM NaCl, 

31.25 mM NaCl and 15.62 mM NaCl) was applied per plate, along with this control 

plates were set up with sterilised distilled water. The glass petri dishes were 

incubated at 18 ˚C in dark for 4 days. 

2.5.3 Salt tolerance genes in tomato seedlings 

2.5.3.1 RNA extraction 

The seedlings resulted from the salt stress germination experiment were 

stored at -80 ˚C in the freezer until the moment of doing the RNA extraction. The 

RNA from the vegetable material was extracted following the Trizol method 

(Chomczynski and Sacchi, 1987). Approximately 500 mg of plant tissue was 

ground with 5 mL of Trizol in a pestle and mortar until completely liquefied. The 

liquefied material was transferred to a 2 mL tube with 1 mL of chloroform, 

vortexed and centrifuged for 10 minutes at 130000 rpm in a micro centrifuged 

(miniSpin Eppendorf centrifuge). The supernatant containing the RNA was 

carefully pipetted to a new 2 mL tube with 1mL of isopropanol, vortexed and 

centrifuged again for 10 minutes at 130000 rpm. After that the supernatant was 

removed and the pellet was rinsed with 0.5 mL of 70% ethanol by vortex and 
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centrifugation for 3 minutes. The tubes were left opened for 20 minutes to 

evaporate the ethanol. The pellet was resuspended in 100 µL of distilled water.  

The RNA extracted was calculated with the aid of spectrophotometer (UV-

1650 pc UV-VIS Spectrophotometer, Shimadzu). The scan was run from 220 to 

360 nm. For clean nucleic acid, the ratio between OD at 260/280 must be around 

0.5. The RNA concentration is calculated with the OD at 260 nm, 1 OD is 

equivalent to 40 µg/mL of RNA.  

In order to check if the RNA is not degraded, gel electrophoresis was done. 

The gel was made with 25 mL TBE buffer and 0.25 g agarose. In a 2 mL tube 

was added 0.5 µL of RNA with 5 µL distilled water and 5 µL 2xRNA loading dye. 

The tubes and the ladder Riboruler High Range RNA ladder was heated at 70º C 

for 10 minutes, after that cooled down for 3 minutes; 5 µL was loaded to the gel 

and it was run for 20 minutes. 

 

2.5.3.2 QPCR methods 

The qScript One-Step SYBR Green qRT-PCR kit, ROX (Quanta 

BioScience, Inc.) was used for reverse transcription quantitative PCR from RNA 

with SYBR Green I detection. The primers chosen for to assess if there were 

different in the salt response of the 3 tomato varieties chosen are described in 

Table 2.5.1. The reactions were performed in Applied Biosystems StepOne™ 

Real-Time PCR Systems and analysed with the Step One software (Applied 

Biosystems). The qPCR was performed in triplicate, each final reaction volume 

of 25 µL contained a concentration of primers of 200 nM and 100 ng of RNA 

template. The volume of SYBR Green Mix Master Mix, ROX (2X) and qScript 
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One-Step RT was 12.5 and 0.5 µL respectively, nuclease free water was added 

to complete the 25 µL final volume.  

Table 2.5.1 Primers used for the qPCR  

Oligo name Sequence 5´-≥ 3´ 

LE Osmo-F TTCGAGGTACGCAACAACTG (20) 

LE Osmo-R GACCCCATATACGTGCCATC (20) 

LE Actin F CGGTGACCACTTTCCGATCT (20) 

LE Actin R TCCTCACCGTCAGCCATTTT (20) 

 

cDNA synthesis was performed during the holding stage at 48⁰C for 10 

min (reverse PCR) then at 95 ⁰C for 5 minutes, at this temperature the polymerase 

enzyme was activated. The PCR stage was 40 cycles of amplification at 95 ⁰C 

for 15 seconds, annealing and elongation at 60 ⁰C for 1 minute. Finally, the melt 

curve stage was run for 15 minutes between 60 ⁰C and 95 ⁰C.  

2.6 Compost characterization 

Physical and chemical characteristics of compost samples were analysed 

within 7 days from their arrival. The samples were kept at 4 ⁰C until analysed. 

2.6.1 Bulk density 

The bulk density of the compost samples was determined after screening 

to ≤ 10 mm in triplicate following the standard BS EN 13040:2007. The 10 mm 

sieved sample was placed in the test cylinder with the removable collar placed 

on top. Once the soil slightly overflowed the excess was removed and levelled 

with the plate. The 720 g plunger was placed on the plate and applied a pressure 
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of 9.17 g/cm2 to the compost. A diagram of the materials used for the laboratory 

bulk density is shown below in Fig. 2.5.1. After 3 minutes the plunger plate and 

removable collar were carefully removed and the cylinder with the sample was 

weighted in an analytical balance (OHAUS Pioneer, PA2102, OHAUS Corp.). The 

empty cylinder was also weighed. The bulk density was calculated with the 

following equation: 

 

BD=
(𝑚𝑚𝑚𝑚 −𝑚𝑚0)

𝑉𝑉
 

 

Where,  

BD is the laboratory bulk density in grams per litre 

m0 is the mass in grams of the empty cylinder 

mL is the mass in grams of the cylinder and the sample 

V is the volume in litres of the test cylinder.  
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Figure 2-4 Diagram of test cylinder, removal collar, plate and plunger used to calculate 

the bulk density  

2.6.2 pH and Electrical conductivity 

In order to measure the pH and electrical conductivity of the compost a 

sample was extracted with distilled water following the British standard BS EN 

13652:2001. The extraction volume was in a ratio of 1:5, in this case 60 mL of 

sample in 300 mL of distilled water at 22 ˚C ± 3 ˚C, the sample was placed in a 

shaker incubator for 30 minutes. After that the pH was measured with a portable 

pH meter (HI 8424; Hanna Instruments Ltd, UK) and the electrical conductivity 

was analysed with electrical conductivity/total dissolved solids meter calibrated 

at 25 ˚C (HI 99301; Hanna Instruments Ltd, UK).  

2.6.3 Moisture content and organic matter  

The moisture content was assessed following the standard BS EN 

13040:2007 and the organic matter as in BS EN 13039:2011. For the moisture 

content, 50 g of screened to 20 mm sample were dried overnight at 103 ⁰C. The 

moisture content was calculated with the following equation,  

𝑊𝑊𝑚𝑚 =
(𝑚𝑚𝑊𝑊 −𝑚𝑚𝑚𝑚)
(𝑚𝑚𝑊𝑊 −𝑚𝑚𝑚𝑚)

 X100 

 

Plunger (720 g) 

Plate 

Removable collar 

Test cylinder (1L) 
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Wm is the moisture content expressed as a percentage by mass. 

mW is the mass in grams of the wet sample plus tray. 

mD is the mass in grams of the dried sample plus tray. 

mT is the mass in grams of the empty dry tray. 

 To determine the organic matter 5 g of the previous dried sample were 

placed in a muffle furnace (Nabertherm GmbH) for 6 h at 450 ± 25 °C. The organic 

matter was calculated using the following equation,  

    𝑊𝑊𝑊𝑊𝑚𝑚 = (𝑚𝑚2−𝑚𝑚0)
(𝑚𝑚1−𝑚𝑚0)

X100 

 Wom is the organic matter content, in % m/m. 

m0 is the mass of the basin, in g. 

m1 is the mass of the basin and the sample after drying in grams. 

m2 is the mass of the basin and the sample after ignition in grams. 

 

2.6.4 Particle size distribution 

The particle size distribution of compost samples and peat was tested with 

the help of a sieve shaker (Octagon Digital, Endecotts Ltd, UK) for 5 minutes 

amplitude 5 with six sieves of the following sizes: 10 mm, 8 mm, 4 mm, 2 mm, 

1.5 mm and 0.5 mm. (Fig. 2.5.2). The samples were previously dried overnight. 

The retained material in each sieve was weighed and the percentage of the total 

material retained per sieve was calculated.  
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Figure 2-5 Sieve shaker with the dish, 0.5 mm, 1.4 mm, 2 mm, 4 mm, 8 mm and 10 mm 
sieves 

 

 

2.6.5 Heavy metals 

Heavy metals were analysed by an external laboratory (NRM laboratories, 

a division of Cawood Scientific Ltd). The samples were sieved through 10 mm 

before sending them.  

2.6.6 Stability  

The stability of each compost sample was analysed within the first 7 days 

of receiving the samples. The method used was a modification of the ORG0020 

test (“Development of standard laboratory based test to measure compost 
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stability Project Code : ORG0020,” 2005) as described by (Guillen Ferrari et al., 

2017). The setup illustrated in Fig. 2.5.3 

The 20 mm screened samples were characterized following the standards 

as described above in the points 2.5.1. for bulk density and 2.5.3. for moisture 

content and organic matter.  

 

Figure 2-6 Schematic set up of modified method ORG0020 (Guillen Ferrari et al. 2017) 

 

The CO2 emerged from the compost was collected in the 1M NaOH 

solution trap as sodium carbonate. Adding 24% barium chloride the carbonate 

precipitated as barium carbonate and the CO2 was measured by titration of the 

residual NaOH with 1M HCl. The CO2 from compost was calculated as follow  

mg CO2 evolved per 24 h time period = {[ B vol – S vol] x 44.2} / 2  

where  

B vol is the volume in ml M HCl for the blank titre  

S vol is the volume in ml M HCl for the sample titre  

The measurements were taken for 4 days. The final results were reported as 

mgCO2/gVS/d 

mg CO2/g VS/d = [Total mg CO2] / [SW x DM x VS x4] 
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where, 

DM is the dry matter in g  

SW is the compost sample weight in g 

VS is the organic matter in % m/m dry matter 

According with PAS-100-2011 the stability limit for general used of compost is 16 

mg CO2/g VS/d 

2.7 Plant response to compost material 

Two compost maturity test were compared, the method currently used in the 

UK based on tomato plants (Renewable Energy Assurance Limited 2015) and 

the method used in Germany that is based in barley plant growth (Kehres 2003).  

2.7.1 Tomato plant response 

The compost maturity in the U.K. is assessed with tomato seeds variety 

Shirley F1 following the method specified in the BSI PAS 100:2018 Specification 

for composted materials. This method assess compost amended peat growing 

media on tomato seeds germination, top growth and growing of weed seeds and 

propagules that could be present in the compost sample.  

The test was run for 28 days under controlled environmental conditions of 

light 3000 lux and temperature 20-25 ºC ±2. The growing media was made with 

peat 0-25 mm (Klasmann-Deilmann GmbH Germany) sieved to 10 mm and mixed 

with 1/3 V/V of compost sample. Inorganic fertilizer N - P2O5 - K2O containing 

trace elements, K2O to N ratio of the selected fertiliser should be ≤ 1.33:1 and 18 

(± 0.05) g of dolomitic limestone were added to complete the growing media. For 

these experiments, the fertilizer Hortibase Peat Mix A 14-16-18+0.7MgO+TE 
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(Hortifeeds, Ltd. UK) and magnesium limestone Elixir DolomiteLime (Elixir 

Garden Supplies, Ltd. UK) were used The final volume of 4.5 L of growing media 

was shared between three seeds trays (210 mm long, 150 mm wide and 45 mm 

deep). Control trays were also set up in triplicate with peat, fertiliser, and 

limestone. Ten Shirley F1 seeds were placed in each tray. A diagram of the 

experiment set up is shown in Fig. 2.6.1 below 

               

          

 

 

 

 

 

 

 

 

Figure 2.6.1  

The trays were watered from underneath making sure the growing mixture 

was not over-wet. Some of the samples (S3-PS-G, S4-PS-G+F) were placed in 

transparent plastic bags to speed the germination time, however this produced 

more fungi growing so this was discontinued.   

Seeds 

Watering trays 

®     ®     
®     ®     
®     ®     
®     ®     
®     ® 

®     ®     
®     ®     
®     ®     
®     ®     
®     ® 

®     ®     
®     ®     
®     ®     
®     ®     
®     ® 

4.5 L 
Growing  

media 

1.5 L  

Sample

 

1.5L  

Sample

 

1.5 L  

Sample

 

Figure 2-7 Experiment set up diagram. Three trays set up per sample with 10 seeds 

per tray. The growing trays were placed on watering trays. 
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The trays were checked at day 10 and day 14 removing any plants which 

had not emerged the 2 cotyledons and the germination recorded. If by day 14 the 

germination in control trays were lower than 80% the test was not valid. At day 

28, the upper part of each tomato plant was harvested and weighed (TGfMass). 

The mean TGfMass per tomato plant for all 3 Test Sample trays was calculates 

as a percentage of the mean TGfMass per tomato plant for all 3 PBGM control 

trays as explained in the following equations.  

a) Mean TGfMass per plant in control trays:  

𝑥𝑥 � =
𝑚𝑚𝑊𝑊𝑇𝑇𝑇𝑇𝑇𝑇 𝑚𝑚𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑇𝑇𝑇𝑇𝑝𝑝𝑇𝑇 𝑖𝑖𝑝𝑝 𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇1

𝑁𝑁𝑁𝑁𝑚𝑚𝑁𝑁𝑝𝑝𝑝𝑝 𝑊𝑊𝑇𝑇 𝑔𝑔𝑝𝑝𝑝𝑝𝑚𝑚𝑖𝑖𝑝𝑝𝑇𝑇𝑇𝑇𝑝𝑝𝑔𝑔 𝑝𝑝𝑇𝑇𝑇𝑇𝑝𝑝𝑇𝑇𝑇𝑇 𝑖𝑖𝑝𝑝 𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇1 

Where, 

Total TGfMass is the sum of the top part of each plant weigh in grams at 

28 days in control trays PBGM1 

The number of germinated plants in PBGM1 is the germination at 14 days 

in control tray 1. The mean TGFMass was calculated for the rest of the control 

trays. 

b) Mean TGfMass per plant in test trays: 

𝑥𝑥 � =
𝑚𝑚𝑊𝑊𝑇𝑇𝑇𝑇𝑇𝑇 𝑚𝑚𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑇𝑇𝑇𝑇𝑝𝑝𝑇𝑇 𝑖𝑖𝑝𝑝 𝑚𝑚1

𝑁𝑁𝑁𝑁𝑚𝑚𝑁𝑁𝑝𝑝𝑝𝑝 𝑊𝑊𝑇𝑇 𝑔𝑔𝑝𝑝𝑝𝑝𝑚𝑚𝑖𝑖𝑝𝑝𝑇𝑇𝑇𝑇𝑝𝑝𝑔𝑔 𝑝𝑝𝑇𝑇𝑇𝑇𝑝𝑝𝑇𝑇𝑇𝑇 𝑖𝑖𝑝𝑝 𝑚𝑚1 

Where, 

Total TGfMass is the sum of the top part of each plant weigh in grams at 

28 days in test trays.  
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The number of germinated plants in T1 is the germination at 14 days in 

test tray 1. The mean TGfMass was calculated for the rest of the test trays. 

The Mean TGfMass per tomato plant for all 3 Test Sample trays as a percentage 

of the mean TGfMass per tomato plant for all 3 PBGM control trays 

%

= �
(𝑚𝑚𝑝𝑝𝑇𝑇𝑝𝑝𝑚𝑚𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑚𝑚1 + 𝑚𝑚𝑝𝑝𝑇𝑇𝑝𝑝𝑚𝑚𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑚𝑚2 + 𝑚𝑚𝑝𝑝𝑇𝑇𝑝𝑝𝑚𝑚𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑚𝑚3)

(𝑚𝑚𝑝𝑝𝑇𝑇𝑝𝑝𝑚𝑚𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇1 + 𝑚𝑚𝑝𝑝𝑇𝑇𝑝𝑝𝑚𝑚𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇2 + 𝑚𝑚𝑝𝑝𝑇𝑇𝑝𝑝𝑚𝑚𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇3
�

∗ 100 

 

According to PAS 100 the germination of tomato seeds in the trays must 

be at least 80%, also average plant mass in peat-compost test mix trays as % of 

average plant mass in peat control trays must be minimum 80% and no 

abnormalities can be found in the plants. 

2.7.2 Barley plant response 

The plant response to compost material in Germany is tested using spring 

barley varieties. For this assay we used the variety Chanson. Two different 

sample mixtures were tested 25% and 50% volume of compost in the growing 

media and as a control peat 0-25 mm (Klasmann-Deilmann GmbH Germany) was 

used. The test material and the peat were sieved through 10 mm before setting 

up the experiment pots. For the 25% mixture, 0.5 L of compost was mixed with 

1.5 L of peat and for 50% 1 L of compost was mixed with 1 L of peat. The mixtures 

were spread in 500 mL plastic pots with liquid multi nutrient fertilizer that provided 

220 mg N per litre of growing media (BabyBio plant feed, Bayer Garden Bayer 

CropScience Ltd.). In each pot 50 seeds of barley were placed covered and water 
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with 60 mL of drinking quality water. A total of 3 pots per mixture were set up 

along with 3 control pots. The experiment was run for 10 days in an environment 

of 16h light/ 8h dark and temperature between 20-25 ºC ±. The aerial part of the 

plants was harvested, and the fresh weight was recorded.  

Average leaf length and germination per pot were measured for some of 

the compost samples, although these parameters were not specified in the 

original method it was considered that this could give more robust information on 

the performance of the method in the laboratory environment.  

The compost sample is considered to pass the test and be recommended 

for soil improver or fertilizer uses if the leaves in 25% compost mixture media get 

at least 90% of the mass in the reference peat control media and no necrosis or 

chlorosis are found in the plant leaves. (Kehres, 2003)   

𝐹𝐹𝑇𝑇(𝑝𝑝)25% = �
𝐹𝐹𝑇𝑇25
𝐹𝐹𝑇𝑇𝑝𝑝

� ∗ 100 

 

Where, 

FM(r) 25% is the relative yield of the variations with respect to the reference 

substrate in % 

FM25% is the mean fresh mass yields of the plant in grams 

FMp is the mean fresh mass yield of the reference substrate in grams.  

If the 50% compost proportion mixture also reaches at least 90% of the fresh 

mass yield of the reference peat, the tested compost could in addition be 

recommended for use as a mixing component in garden material. 
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2.8 Statistical analysis 

The results were analysed using the statistical analysis software package 

SPSS version 25.  

The normality of the data was analyses with Kolmogorov-Smirnov test, when 

the data were normally distributed an ANOVA followed by a post hoc HSD Tukey 

was performed. If the data failed the normally test, the data were transformed to 

adjust to the normal distribution with log 10 or square root. If after performing 

several transformations the data were still not normally distributed these data 

were analysed with Kruskal-Wallis non-parametric test following by the 

Bonferroni post hoc test.  
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 Results 

3.1 Drought stress tolerance of barley varieties 

Barley is the one of the most important crops in the world and is especially 

important to the Scottish economy. Drought episodes are expected to increase in 

the current situation of climate crises with even short-term droughts having a 

huge effect on crop yield. In this results section 10 commercial barley varieties 

from the annual lists of the recommended crop varieties by the AHDB Cereals & 

Oilseeds division, were subject to drought conditions and their physiological 

response to water scarcity was determined.   Five winter barley varieties and five 

spring varieties were used and subjected to a series of different water stress 

situations to evaluate which varieties faced drought better.  

3.1.1 Response to drought stress in barley winter varieties 

Following a 21-day period of drought it was observed that the leaf surface 

area of the variety Daxor was significantly lower than the other varieties studied 

in this experiment. The post hoc test showed that the differences were significant 

(p≤0.05) between Daxor and Glacier; with highly significant differences observed 

between Daxor, Cassia, Infinity and Tower (p≤0.01). At day 14 the differences 

between control and 7 days drought were significant (p≤0.05) and highly 

significant at day 21 between control and drought. Between the drought 

treatments there were not significant differences between the plants collected at 

day 14 and day 21 according to the Tukey post hoc test (p =0.121) (Figure 3.1).  
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Figure 3-1 Leaf surface area of the 5 winter barley varieties with controls at 7, 14 and 
21 days and drought at days 14 and 21. n=5. Error bars ±1 SD 

 

The relative water content in roots and leaves was then compared (Figure 

3.2). The differences in relative water content for the leaves between control 

conditions, seven days drought and the controls at 21 days were very small. In 

the roots the RWC of the controls were slightly higher than in seven days drought; 

however, none of these results were statistically significant.  
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Figure 3-2 RWC % in leaf (a) and root (b) for the winter varieties Cassia, Daxor, Glacier, 
Infinity and Tower; with controls at 7,14 and 21 days and drought at days 14 and 21. 
n=5. Error bars SD (±1) 

a 

b 
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There were no differences between varieties related to the RWC in leaves. At 

day 14 the differences between control and drought were significant (p ≤0.05). At 

day 21 the differences between control and drought were highly significant (p 

≤0.01). 

There were no differences between varieties related to the root RWC. 

Moreover, there were no differences between control and drought treatments with 

respect to RWC. 

For the winter varieties studied in this experiment the analyses showed that 

Daxor was significant less drought tolerant to short periods of drought stress 

among the five analysed varieties. It is also important to mention the big error 

bars in the root RWC parameter that could lead to less reliable conclusions. 

These could be due to the method that was used to separate the roots from the 

growing medium. Some roots were damaged in the process and the application 

of distilled water for cleaning the roots could have interfered in the results of this 

parameter as well.  

 

3.1.2 Response to drought stress in barley spring varieties  

There were no differences between varieties for the leaf surface area both in 

controls and after drought. Between treatments there were highly significant 

differences between controls at 14 d and 21 d (p<0.01) but there were no 

differences between control 7d and 14d. There were highly significant differences 

between the two drought treatments at 14d and 21d (p<0.01) (Figure 3.3). 
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Figure 3-3 Leaf surface area of the 5 spring barley varieties with controls at 7, 14 and 
21 days and drought at days 14 and 21. n=5. Ovation did not survive the 14 days drought. 
Error bars SD (±1) 

 

For the leaf RWC parameter there were no differences between the varieties 

studied or between the applied treatments. Figure 3.4. 



Chapter 3 Results 
 

57 
 

 

Figure 3-4 RWC in leaf for the 5 spring varieties studied, n=5 Error bars= SD (±1) 

 

Some root samples were lost at day 21 during harvesting due to some of the 

plants dying during this experimental timeframe. For the variety Ovation not 

enough replicates were harvested to perform statistical analysis for the root RWC, 

Ovation day 21 drought treatment was therefore omitted from the analysis. There 

were no significant differences between the varieties. The differences between 

treatments for four of the varieties were analysed using an ANOVA test. These 

results showed that for Concerto Odyssey, Ovation and Sienna they were 

normally distributed. The response of Olympus between treatments was 

analysed with a non-parametric test. 

For Concerto and Odyssey there were no observable differences between the 

controls or between the drought treatments at day 14 and day 21. However, there 
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were highly significant differences between control at day 14 and drought at day 

14 (p<0.01) and between control day 21 and drought day 21 (p<0.01) for 

Concerto. A similar result was also seen for variety Odyssey. 

Ovation showed no significant differences between the 3 controls. There were 

highly significant differences between control day 14 and drought day 14 (p= 

0.003). 

Sienna showed highly significant differences between control 7 days and 

control 21 days (p=0.003) and control day 14 and day 21 (p=0.002) but not 

between control day 7 and day 14. At day 14 there were highly significant 

differences between control and drought treatment (p=0.00) but there was no 

difference between the droughts at day 14 and day 21 (p=0.224).  

Data for Olympus was not normally distributed, the Kruskal Wallis test showed 

that there were differences between at least two of the treatments. 
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Figure 3-5 Mean Root RWC % (± SD) of spring barley varieties under different drought 
treatments at days 14 and 21 with their controls at same experimental time n=5 

 

 To summarise the results of this experiment, significant differences were 

found between plants harvested at 14 day and 21 day for the parameter leaf 

surface area as it could be expected the bigger leaves were the 21 days control 

ones and there were no significant differences in the leaf RWC for the controls at 

the different harvested times (7d, 14d and 21d). As previously pointed out in the 

3.1.1 section the root RWC parameter could be a less reliable one due to loses 

of root material during cleaning. This will be further discussed in chapter 4.  

The varieties Concerto and Sienna were chosen for the next experiments. 
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3.2 Drought tolerance in presence of microbes  

The influences of P.putida KT2440 inoculation on two of the spring barley 

varieties studied in the previous experiments was then investigated.  

3.2.1 Influence of Pseudomonas putida KT2440 inoculation on 

Spring barley varieties Concerto and Sienna 

Following inoculation with P. putida under normal water conditions, there 

was a significant increase (p=0.02) in the leaf surface area for Concerto plants 

compared to corresponding non inoculated plants. Under drought conditions 

there was also a significant increase in the leaf surface area. Specifically, 

average plant leaf surface area without bacteria was 10.92 cm2 compared to 

18.23 cm2 with the inoculant under the same drought conditions (Figure 3.6). 

There was no significant difference between root or leaf RWC for inoculated 

and non-inoculated plants under both control and drought conditions, and also 

there were no significant differences found in the biomass results between the 

studied treatments (Figure 3.7). 

For variety Sienna, the leaf surface area of plants inoculated with P. putida 

KT2440 was significant bigger in watered control plants, 21.8 cm2; than in 

drought plants with (14.4 cm2) or without (11.6 cm2) the bacterial inoculant. In 

Sienna the root RWC in the control plants without bacteria was 68.7% 

dropping to 15.1% in the plants that suffered drought stress. On the contrary, 

in the plants that were inoculated with bacteria there were no significant 

differences in the root RWC between controls and drought plants.  

Pseudomonas isolation agar plate counts were used to confirm survival of 

the P. putida KT2440 inoculum at the end of the experiment. 
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Figure 3-6 Leaf surface area (a) and Biomass (b) in barley varieties Concerto and 
Sienna under the 4 different treatments (Control: no added bacteria watered for the 
whole experimental time. Drought: no added bacteria, plants under water stress for 7 
days. Pseudomonas Control: added bacteria, plants watered for the whole experimental 
time. Pseudomonas Drought: Added bacteria, plants under water stress for 7 days. n=5 
for Concerto treatments and Sienna Control and n=4 for Sienna treatments Drought, 
Pseudomonas Control and Pseudomonas Drought. Error bars SD ±1  

b 

a 
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Figure 3-7 Leaf RWC (%) in barley varieties Concerto and Sienna under the 4 different 
treatments (Control: no added bacteria watered for the whole experimental time. 
Drought: no added bacteria, plants under water stress for 7 days. Pseudomonas Control: 
added bacteria, plants watered for the whole experimental time. Pseudomonas Drought: 
Added bacteria, plants under water stress for 7 days. n=5 for Concerto treatments and 
Sienna Control and n=4 for Sienna treatments Drought, Pseudomonas Control and 
Pseudomonas Drought.  Error bars SD ±1 
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Figure 3-8 Root RWC (%) in barley varieties Concerto and Sienna under the 4 different 
treatments (Control: no added bacteria watered for the whole experimental time. 
Drought: no added bacteria, plants under water stress for 7 days. Pseudomonas Control: 
added bacteria, plants watered for the whole experimental time. Pseudomonas Drought: 
Added bacteria, plants under water stress for 7 days. n=5 for Concerto treatments and 
Sienna Control and n=4 for Sienna treatments Drought, Pseudomonas Control and 
Pseudomonas Drought.  Error bars ±1SD 

 

Variation in pot weight was used to calculate how much water was added 

during the experiment and it gave an indication of how much water was lost at 

the end of the experiment for the drought plants. Water loss by the end of the 

experiment is summarised in Table 3.1. 

Table 3-1 Mean of water lost (g) at the end of the experiment (21 days) estimated from 
the pot weight lost since the last day of watering. (Day 20 for control pots and day 7 for 
drought treatments) 

Treatment 
Concerto 
Control 

Concerto 
Drought 

Concerto 
P.putida 
Control 

Concerto 
P.putida 
Drought 

Sienna 
Control 

Sienna 
Drought 

Sienna 
P.putida 
Control 

Sienna 
P.putida 
Drought 

Water (g) 
(SE) 

29.05 
(1.4) 

48.61    
(1.2) 

31.33  
(1.2) 

59.98 
(4.1) 

28.96 
(1.2) 

58.93 
(9.6) 

24.48  
(6.2) 

59.39 
(1.9) 
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 A correlation analysis was then carried out using the measured traits 

discussed previously. The water lost from Sienna control and Sienna inoculated 

with bacteria under drought stress was correlated with the LSA parameter; 

correlation 0.884 p=0.046 and 0.955 p=0.02, respectively. However, there were 

no significant correlations for Concerto plants between those parameters. There 

were significant differences in the final pot weight between Sienna control pots 

and Sienna drought pots (p=0.013) and between Sienna control pots and Sienna 

inoculated with bacteria drought pots (p=0.012). The weight of Sienna droughted 

pots and Sienna controls inoculated with bacteria showed highly significant 

differences (p=0.004) as well as inoculated Sienna droughted pots and controls 

(p=0.004). The Concerto pots weight data was not normally distributed (Lilliefors 

significant p≤0.05) hence, a non-parametric test was applied. The Kruskal-Wallis 

test showed that there were highly significant differences between at least two of 

the treatments (p=0.001). The Bonferroni post-hoc test showed that there were 

significant differences (p=0.014) between control and drought pots and also 

highly significant differences  between control and drought when bacteria were 

inoculated (p=0.004) and control pots and drought pots were bacteria were 

inoculated (p≤0.001). 

In conclusion fort his experiments there were no significant differences 

between treatments in the parameter biomass, leaf RWC or root RWC. The 

inoculation of P. putida KT2440 had a significant positive impact in the LSA in 

Sienna no droughted plants. For Concerto plants the addition of the bacteria 

inoculum also increased the LSA in watered and droughted plants. Following 

these results, a further experiment comparing inoculation times and the addition 

of low salt concentration to the Concerto and Sienna varieties was carried out. 
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3.2.2 Influence of Pseudomonas putida KT2440 inoculation time on 

spring barley varieties Concerto and Sienna 

In this experiment two inoculation time of P. putida KT2440 were 

compared. These were 4 and 7 days after seedling sowing, respectively. An 

additional control was conducted whereby, the addition of saline solution (0.85 % 

w/v NaCl) to the pots on the same days 4 and 7 was measured. This was to 

confirm that the effect of adding P. putida that was observed in the previous 

experiment (Section 3.2.1) was due to the bacteria and not to the NaCl solution 

in which it was collected and diluted in during inoculation.  

There were no significant differences in the inoculation application time for 

Sienna variety in any of the parameters analysed (ANOVA p˃0.05). For Concerto, 

the leaf surface area results were normally distributed, and the ANOVA analysed 

showed no significant differences between the studied treatments. The 

parameters RWC in root and leaf were not normally distributed thus, a non-

parametric test was used to analyse the results. The Kruskal Wallis showed that 

there were significant differences between at least two of the studied treatments 

for leaf RWC (p=0.046) and root RWC (p=0.040). The Bonferroni post hoc test 

showed significant differences in the Leaf RWC between control Concerto plants 

and the ones that were inoculated with bacteria on day 4 (p=0.012) and on day 7 

(p=0.014) and also with the addition of 0.85 NaCl (p=0.011). In the Root RWC 

there were differences between control plants and Concerto plants with the 

addition of 0.85 NaCl at both times day 4 and day 7 (p≤0.05) and also a significant 

difference between plants inoculated with bacteria on day 4 and plants inoculated 

with 0/85 NaCl on day 4 (p=0.036). See Figure 3.10 and Figure 3.11.  
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Figure 3-9 Leaf surface area (a) and Biomass (b) in barley varieties Concerto and 
Sienna under the 5 different treatments (Control: no added bacteria watered for the 
whole experimental time. Bac day 4: added bacteria at day 4 after sowing, plants watered 
for the whole experimental time. Bac day 7: Added bacteria 7 days after sowing. 0.85 
NaCl day 4: water with 0.85 NaCl solution at day 4 after sowing. 0.85 NaCl day 7: water 
with 0.85 NaCl solution at day 7 after sowing. n=5. Error bars ±1 SD 

 

a 

b 
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Figure 3-10 Leaf RWC (%) in barley varieties Concerto and Sienna under the 5 different 
treatments (Control: no added bacteria watered for the whole experimental time. Bac day 
4: added bacteria at day 4 after sowing, plants watered for the whole experimental time. 
Bac day 7: Added bacteria 7 days after sowing. 0.85 NaCl day 4: water with 0.85 NaCl 
solution at day 4 after sowing. 0.85 NaCl day 7: water with 0.85 NaCl solution at day 7 
after sowing. n=5. Error bars ±1 SD 
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Figure 3-11 Root RWC (%) in barley varieties Concerto and Sienna under the 5 different 
treatments (Control: no added bacteria watered for the whole experimental time. Bac day 
4: added bacteria at day 4 after sowing, plants watered for the whole experimental time. 
Bac day 7: Added bacteria 7 days after sowing. 0.85 NaCl day 4: water with 0.85 NaCl 
solution at day 4 after sowing. 0.85 NaCl day 7: water with 0.85 NaCl solution at day 7 
after sowing. n=5. Error bars ±1 SD 

 

The biomass data were normally distributed (Lilliefors significant p< 0.05), 

the ANOVA test showed that there were no significant differences in the plant 

biomass between the compared treatments (Concerto p=0.272 and Sienna p= 

0.190).  

From this experiment is possible to sum up that the inoculation time had not 

influence in the Sienna plants and neither was possible to see significant 

differences between salt addition or bacteria inoculation hence, the results 

observed in the previous experiments (section 3.2.1) could be due to the 

inoculation of P.putida or the effect of small salt concentrations left in the 

inoculum from the bacteria growing medium. However, in Concerto it was 



Chapter 3 Results 
 

69 
 

possible to observed significant differences between treatments.  The effect of 

salt in the barley varieties will be explored further in following experiments. 

3.3 Salt stress germination tolerance  

In this section are shown the effect of different salt concentrations on the 

germination of 5 spring barley varieties (Concerto, Odyssey, Olympus, Ovation 

and Sienna) and three tomato varieties (Ailsa Craig, Moneymaker and Shirley 

F1).  

The studied NaCl concentrations corresponded with the electrical 

conductivity (EC). The linear regression had a R2 = 0.998 shown in Figure 3.12  

 

Figure 3-12 Linear regression between Electrical conductivity expressed in µS/cm and 
the NaCl concentration R2= 0.998. 

 

3.3.1 Barley seed germination under salt stress 

The germination under different NaCl concentrations of the studied barley 

varieties was not normally distributed according with the Kolmogorov-Smirnov 

test, the Lilliefors significant was p<0.05. Hence, a non-parametric test was 

R² = 0.9983
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performed. The Kruskal-Wallis test showed that there were highly significant 

differences between the assessed varieties p≤0.001 for a significant level of 0.05. 

The Bonferroni post-hoc test found that there were highly significant differences 

in the germination of Ovation and Olympus (p=0.003) and Ovation and Concerto  

(p=0.001) seeds, also significant differences were found between Sienna and 

Concerto germination (p=0.006) under the salt concentrations studied.  The 

results obtained for this experiment are displayed in the figure 3.13.

 

Figure 3-13 Germination of barley varieties Concerto, Olympus, Ovation and Sienna with 
dH2O as control and salt concentrations 15.62, 62.5 and 125 mM NaCl. SD ±1, total n 
seeds 105 

 

A high level of variation was observed in the germination of the different 

varieties when using distilled water as a control. (Figure 3.13) Odyssey struggled 

to germinate even under control conditions (less than 20%). This necessitated a 

second experiment whereby hydrogen peroxide was added to promote 

germination. This resulted in a more consistent control germination, with all 
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varieties starting with 100 % germination with NaCl concentration at zero (Figure 

3.14). In the following graph the germination of the spring barley with the different 

NaCl concentrations studied and H2O2.  

 

Figure 3-14 Germination of barley varieties Concerto, Odyssey, Olympus, Ovation and 
Sienna with dH2O2 as control and NaCl salt concentrations and H2O2. SE ±1, total n 
seeds 105 

 

 

 

With the addition of the H2O2 all the studied varieties started at a 100% 

germination. When the NaCl concentration was increased, the germination of the 

barley varieties decreased with the exception of the variety Ovation which 

germination decreased with the addition of 15.62 and 62.5 mM NaCl but the 

germination with 125 mM NaCl increased to over 80%. The situation was similar 

with Olympus variety as it can be observed in Figure 3-14.  
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The results obtained for germination of barley varieties under different salt 

concentrations with the aid of H2O2 were not normally distributed (Kolmogorov-

Smirnov tests, Lilliefors significant p<0.01). The non-parametric test Kruskal-

Wallis found no differences between the varieties in the control germination with 

H2O2 and as well as in germination under the NaCl concentration studied, apart 

from germination with 62.5 mM NaCl p=0.02 for a significant level at 0.05. At this 

concentration all the varieties showed decreased germination at the lowest salt 

concentration tested; however, Odyssey showed better germination with 62,6 

mM NaCl than with 15.62 mM NaCl; 94.3%(SD2) 88.5% (SD 5) respectively.  

 

Figure 3-15 Germinated Sienna seeds with H2O2 after 3 days in the incubator at 18 ºC 

In summary, for some varieties a small NaCl concentration can have a negative 

effect on germination, as seen for variety Ovation at 15.62mM NaCl and 62.5 mM 

NaCl, which germination was below 80%. However, a higher concentration had 

less impact on their germination and with 125 mM NaCl the germination was back 

to over 80%.   
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3.4 Tomato seeds germination under salt stress 

For germination with 0, 15.62, 31.25, 150 mM NaCl there were no 

significant differences between the varieties for either day 8 or day 12. 

Germination at day 8 with 62.5 mM NaCl was significantly different between 

Shirley F1 and Ailsa Craig (p=0.013) and highly significant between Shirley F1 

and Moneymaker (p=0.01). With 125 mM NaCl there were no differences at day 

12 but at day 8 there were significant differences between Moneymaker and 

Shirley (p=0.02). Germination with 150 mM NaCl solution was low to almost zero 

(Figure 3.16 A and B). 

 
 
 

A 
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Figure 3-16 Germination of tomato varieties Ailsa Craig, Moneymaker and Shirley F1 
with 5 NaCl concentrations at day 8 (a) and at 12 days (b) 

 In summary the higher studied concentration (150mM NaCl) inhibited 

germination for the three tomato varieties and the second higher concentration 

showed different germination rated between the varieties. In order to further 

examined these results, the expression of salt tolerance gene was studied in 

following experiments.  

3.5 Salt induced gene expression in tomato seedling 

3.5.1 RNA extraction  

Table 3.2 shows the RNA extraction data for the seedlings of three tomato 

varieties that were germinated for 12 days with no added salt (control) and 125 

mM NaCl. The OD260 was the absorbance of the samples at 260 nm. The 

amount of RNA extracted from the seedling was calculated with this absorbance 

number knowing that the relation between 1 OD at that wavelength is 40 µg of 

RNA per µL. The ratio between the optical density at 280 nm and at 260 nm 

B 
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indicates the purity of the extraction and must be around 0.5, the presence of 

DNA or residual phenol from the extraction may alter this ratio. 

Table 3-2 RNA extracted from the three tomato seedlings after 12 days 
germination 

Sample OD 260 OD 280 280/260 µg/µL 
RNA 

Moneymaker Control 0.17 0.09 0.52 0.67 
Moneymaker 125 mM 0.03 0.02 0.47 0.14 
Ailsa Craig Control 1.14 0.59 0.52 4.55 
Ailsa Craig125 mM 0.37 0.19 0.50 1.49 
Shirley F1 Control 0.20 0.09 0.45 0.79 
Shirley F1 125 mM 0.42 0.20 0.48 1.68 

 

In order to assess if the RNA was degraded an electrophoresis gel was 

run with the samples extracted from the treated and untreated seeding for the 

three tomato varieties. The results of the gel are shown in the Figure 3.17 and 

Figure 3.18. 
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Figure 3-17:Electrophoresis gel for the RNA extracted from tomato Moneymaker 
seedling germinated in dH2O for the control and 125 mM NaCl solution for 12 days.  

  

Figure 3-18: Electrophoresis gel for the RNA extracted from tomato seedling Ailsa Craig 
and Shirley F1 germinated in dH2O (Control) and 125 mM NaCl solution for 12 days.  
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3.5.2 qPCR results 

The relative quantification of the salt induced gene Osmotin in the three 

studied tomato varieties under salt stress 125 mM NaCl (Ailsa Craig, 

Moneymaker and Shirley F1) is showed in the Figure 3-19. This relative 

quantification (RQ) was calculated with the delta delta method (ΔΔCt), where RQ 

is the fold change compared to the calibrator RQ= 2 – ΔΔCt. The housekeeping 

gene used was Actin. Tomato variety Ailsa Craig expressed 2 times more 

Osmotin gene in the 125 mM NaCl than in the control no salt stressed seedlings. 

For the other two varieties, Moneymaker and Shirley F1 there were no enhanced 

expression of this gene in the salt germinated tomatoes compared with the 

controls. Figure 3.19 shown the expression of the gene in salt stressed seedlings 

relative to the controls.  

 

Figure 3-19 Relative quantification of Osmotin gene with Actin as the housekeeping 
gene for salt germinated tomato varieties Ailsa Craig, money maker and Shirley F1. RQ= 
2 – ΔΔCt. Ct 
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3.6 Compost maturity assessment methods 

The aims of this section were to compare two plant response tests to 

composted material and the evaluation and development of the methods. 

3.6.1 Development of plant growth tests 

3.6.1.1 Particle size distribution influence in plant growth 

The particle size distribution of two commercial peat sizes was analysed. 

Although the methods specify that the peat and compost samples must be sieved 

to obtain material with ≤ 10 mm particles, the original size of the commercial peat 

material could have an effect in the growth.  

The two commercial peats that were compared had original particle sizes 

of 0-10 mm and 0-20 mm. Both were sieved through 10 mm sieved. The results 

in the growth development can be observed in figure 3.20. 

 

Figure 3-20 Comparison of root growth in two different commercial peats 0-10 mm (a) 
and 0-25 mm (b) 

 

Next the percentage of peat retained after sieving was looked at. As shown 

in in Figure 3.21 the percentage retained in the 10 mm sieve is visually different 

a b 
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between the 0-10 mm and 0-25 mm peats. Also, the percentage of fine particles 

of 0.5 mm and below is much higher in the 0-10 mm peat sample. The T-test 

showed significant differences in the retained percentages between the 0-10 mm 

and 0-25 mm commercial peats with 95% confidence (p≤0.01) df (41)  

 

 

Figure 3-21 Percentage of peat retained in each sieve for the two commercial peat sizes 
compared. 

 
The first compost sample S1-F-G was analysed with peat 0-10 mm, but 

the rest of samples were done with peat 0-25 mm. 

3.6.2 Tomato response to compost material 

The current method to assess the maturity of compost material in the UK 

is based on the response of tomato plants to compost based growing media 



Chapter 3 Results 
 

80 
 

mixture.  This method can sometimes present some challenges and thus there is 

scope for improvement.  

 

Tomato plant growth based on fresh weight results were normally 

distributed according with the test Kolmogorov-Smirnov with Lilliefors significant 

correction p= 0.082. The ANOVA analyses showed that there were highly 

significant differences in the tomato growth between some of the compost 

samples, F (10, 2.96), p=0.016. The post hoc tests HSD Tukey showed two 

homogenous subgroups and only highly significant differences between sample 

S6-PS-G and S2-PS-G+F (p= 0.01) and sample S6-PS-G and S4-PS-G+F 

(p=0.02). The tomato growth between samples of green compost and samples of 

green + food compost was highly significant different (p=0.005). 
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3.6.3 Barley response to compost material 

Barley plants growth in both compost mixtures studied, 25% and 50% 

volume of compost in growing media mixture were no normal distributed 

according to the Kolmogorov-Smirnov test, the Lilliefors significant was p=0.001 

for the 25% mixture and p≤0.001 for the 50% mixture. After transforming the data 

(log10, square root, exponential) the barley growth date was still not normally 

distributed so the hypothesis of differences in the plant growth between the 

different analysed compost samples was tested by a non-parametric test. The 

Kruskal-Wallis test showed that there were highly significant differences in the 

Figure 3-22 Percentage of tomato plants growth in compost mixtures in relation with their 
growth in a control growing media without compost.  The samples were a variety of finish 
(F) and post-sanitized (P-S) compost material with a green (G) or green+food (G+F) origin. 
Error bars SD±1 
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growth of barley plants in the growing medium mixtures 25% and 50%compost 

between some of the compost samples p=0.002.  

 

For the 25% compost mixture the Bonferroni post hoc test (significant level 

0.05) showed significant differences between sample S2-PS-G+F and samples 

S11-F-G, S10-PS-G+F, S9-F-G+F and S6-PS-G; between sample S4-PS-G+F 

and samples S6-PS-G and S11-F-G. There were also significant differences in 

the plant growth between sample S7-F-G+F and samples S11-F-G, S10-PS-

G+F, S9-F-G+F and S6-PS-G. 

The barley growth in the growing media with 50% of the compost samples 

were significant different (Bonferroni significance 0.05) between S2-PS-G+F and 

samples S11-F-G, S10-PS-G+F and S8-F-G; S4-PS-G+F and samples S11-F-G, 

G+F, S9-F-G+F and S8-F-G; and finally also were significant differences between 

S7-F-G+F and samples S11-F-G, S10-PS-G+F, S9-F-G+F and S8-F-G.  

Figure 3-23 Percentage of barley plants growth in compost mixtures 25% compost 
and 50% compost in relation with their growth in a control growing media without 
compost.  The samples were a variety of finish (F) and post-sanitized (P-S) compost 
material with a green (G) or green+food (G+F) origin. Error bars SD±1  
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When the compost samples were grouped by feedstock, the Kruskal-

Wallis test found also significant differences within the green compost samples 

for the growing mixture with 25% compost p= 0.013 between samples S3-PS-G 

and S11-F-G (post hoc Bonferroni p=0.018) and in the 50% compost growing 

mixture (p=0.033)  between sample S11-F-G and samples S3-PS-G (Bonferroni 

p=0.014) and S6-PS-G (post hoc Bonferroni p=0.028) and also within the 

green+food compost samples in both growing mixture percentage analysed (25% 

and 50%) p= 0.01 for 25% mixture and p=0.006 for 50% mixture. The post hoc 

analyses showed significant differences between samples from food-green waste 

feedstock in the 25 % compost mixture were between sample S2-PS-G+F and 

samples S5-PS-G+F (p=0.037), S9-F-G+F (p=0.005) and S10-PS-G+F 

(p=0.005). In the 50% compost mixture growing media the post hoc test showed 

highly significant differences in the plant growth between sample S2-PS-G+F and 

samples S9-F-G+F (0.003) and S10-PS-G+F (p= 0.007); and also between 

sample S7-F-G+F and samples S9-F-G+F (p= 0.003) and S10-PS-G+F 

(p=0.007).  

When the analyses was performed with the samples grouped by  finished 

or non-finished post-sanitised compost, the Kruskal-Wallis test showed that for 

the growing mixture with 25% compost there were significant differences between 

the finished samples (p=0.03) between sample S7-F-G+F and S11-F-G and 

highly significant differences between the post sanitised no finished samples 

p=0.00. The post hoc test showed differences between sample S2-PS-G+F and 

samples S6-PS-G (p=0.002) and S10-PS-G+F (p=0.003). In the growing media 

with 50% compost no differences in barley growth were found in finished samples 

but within the post sanitized samples there were highly significant differences 
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p=0.01. The post hoc test showed significant differences in the growth of barley 

plants between sample S2-PS-G+F and samples S3-PS-G (p=0.039), S6-PS-G 

(p=0.011) and S10-PS-G+F (p=0.002). Highly significant differences were also 

found between sample S4-PS-G+F and S10-PS-G+F (p=0.014).  

3.6.4 Comparison between the tomato and barley plant response to 

compost material 

A summary of the results for the plant growth in compost samples can be 

found in Table 3.3. 

The tomato plant growth method stipulated to record the presence of 

weeds and that the test was not passed if there were weeds or abnormalities on 

the trays. Only in two of the compost samples analysed were weeds found, in 

sample S5-PS-G+F and S8-F-G. 

Samples S2-PS-G+F and S4-PS-G+F failed to past both tomato and 

barley plant growth test because the growth percentage was less than 80% of 

the growth in control trays. In addition, samples S5-PS-G+F and S8-F-G did not 

pass the tomato growth test because 2 weeds were found in at least one of the 

samples trays of sample S8-F-G at day 20 and 1 weed in one tray of sample S5-

PS-G+F . Sample S8-F-G also did not get the 80% of the growth in control trays 

(74.66%) but it passed the barley plant test and improved the growth of the plant 

comparing with the control media trays, 208.25 % for the 50% compost growing 

media mixture. 

 

 



Chapter 3 Results 
 

85 
 

 

 

 



Chapter 3 Results  
 

86 
 

Table 3-3 Summarised results of the plant growth in the studied compost mixtures. For each compost sample analysed, a set 
of 3 controls were set up to compare the growth with compost with the no compost growing media mixture. The germination was 
also registered as long with the growing of any weeds on the tomato trays. (*analysed with peat 0-10 mm)  

 
 

Control plant growth 
(g) 

 Germination Plant growth with sample 

 Barley Tomato Weeds 
Tomato 
sample  

Barley 
compost 
(50/25) 

Tomato 
peat 

Tomato 
compost 

Barley Tomato 

Sample ID 

fresh dry fresh 

    50 % sample 
mix 

plant 
mass/control 

mass (%) 

25% sample 
mix plant 

mass/control 
mass (%) 

Sample mix  
plant 

mass/control 
mass (%) 

S1-F-G  4.58 n/a 2.17 (0.2) 0 n/a 9/8/10 10/10/10 298.8* 320.5* 144.36* 
S2-PS-G+F  3.41  n/a 3.17 (0.1) 0 0/0 10/10/10 9/8/7 n/a n/a 26.47 
S3-PS-G  4.83 n/a 2.55 (0.5) 0 n/a 10/9/10 10/9/10 220.6 188.6 88.23 
S4-PS-G+F  5.12 n/a 2.34 (0.3) 0 n/a 10/10/10 8/9/9 40.40 23.62 31.25 
S5-PS-G+F  3.96 n/a 2.34 (0.3) 1 n/a 10/10/10 10/10 211.78 195.12 92.71 
S6-PS-G  5.14 n/a 1.41 (0.9) 0 n/a 10/10/10 8/10/10 238.63 243.88 145.95 
S7-F-G+F  4.18 n/a 1.65 (0.4) 0 0/3 9/10/9 3/6/3 n/a 2.95 84.35 
S8-F-G  4.32 0.38 1.90 (0.4) 1 41/37 9/8/9 10/10/10 208.25 301.16 74.66 
S9-F-G+F  4.32 0.38 1.90 (0.4) 0 46/42 9/8/9 10/9/9 259.98 312.41 90.04 
S10-PS-G+F  4.32 0.38 1.90 (0.4) 0 44/44 9/8/9 10/9/7 232.46 277.02 85.78 
S11-F-G  4.44 0.41 2.30 (0.5) 0 47/46 10/10/10 10/10/10 307.13 275.47 123.02 
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3.6.5 Compost samples characterization 

The physico-chemical results for the parameters analysed in the compost 

are shown in Table 3.2 and the heavy metals results are in Table 3.3. In 

accordance with PAS 100:2018 the samples S1-F-G, S2-PS-G+F, S3-PS-G, S6-

F-G, S8-F-G, S9-F-G+F and S11-F-G were stable because their stability rates 

were below 16 mg CO2 g-1 VSd-1. Some of them were finished products but S2-

PS-G+F, S3-PS-G and S6-PS-G, were post sanitised but not finished compost 

samples. However, one of the finished compost samples S7-F-G+F was not 

stable with a rate of 17.9 mg CO2 g-1 VSd-1 slightly over the limit stabilised by the 

regulation. This sample also had the lowest pH value 5.7 and the higher Cd 

concentration 1.07 mg kg-1 dry matter although this value is within the limits for 

compost general use. It was not possible to perform multivariate analyses of 

variance between the compost characterization parameters and plant growing 

because the parameters has difference number of replicates (the number of 

replicates were those indicated in the different standard methods) and the 

analysis wouldn’t be accurate. Specially in the case of the heavy metals the 

media result was the only provided by the external laboratory.  
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Table 3-4 Compost physico-chemical characterization 

Sample ID BD (gL-1) pH EC (mScm-

1) 

MC (%) OM (%) Stability 
(mg CO2 
g-1 VSd-1 

S1-F-G  421.36 7.9 1.82 51.95 34.9 2.24 

S2-PS-G+F  438.81 6.1 1.91 54.96 76.9 4.7 

S3-PS-G  430.51 7.3 0.38 64.53 54.7 7.7 

S4-PS-G+F  419.34 6.6 1.5 58.26 89.5 30.6 

S5-PS-G+F  363.30 7.8 1.17 59.60 84.1 35.9 

S6-PS-G  567.99 8.3 0.63 59.91 79.1 4.3 

S7-F-G+F  499.88 5.7 1.43 57.52 84.1 17.9 

S8-F-G  584.19 7.9 0.20 58.16 70.2 6.1 

S9-F-G+F  519.85 8.1 0.59 51.68 76.2 4.3 

S10-PS-G+F  389.28 7.6 0.83 50.51 67.4 17.1 

S11-F-G  601.10 7.7 0.63 53.90 68.7 2.2 

BD=Bulk density (10 mm sample), EC= Electrical conductivity (10 mm sample), MC= 

Moisture content (20 mm sample), OM= Organic matter, Stability = Stability rate mg CO2 

g-1 VSd-1 

  



Chapter 3 Results  
 

89 
 

Table 3-5 Heavy metals concentrations in compost samples 

Metal 

(mg/kg dry 

matter) S2
-P

S-
G

+F
 

S3
-P

S-
G

 

S4
-P

S-
G

+F
 

S5
-P

S-
G

+F
 

S6
-P

S-
G

 

S7
-F

-G
+F

 

S8
-F

-G
 

S9
-F

-G
+F

 

S1
0-

PS
-G

+F
 

PS
11

-F
-G

 

Copper 119 130 46.4 35.3 52.2 46.6 40.9 53.4 43.4 42.9 

Zinc 338 180 161 117 212 152 193 210 182 150 

Lead 181 72.6 98.2 65.3 76.8 52.7 90.9 83.0 86.9 60.8 

Cadmium 0.35 0.46 0.31 0.30 0.37 1.07 0.48 0.47 0.41 0.34 

Mercury <0.1 0.17 <0.1 0.12 0.11 0.10 0.15 0.11 0.14 0.14 

Nickel 9.21 22.8 8.98 15.5 25.7 22.2 37.2 21.9 24.2 24.7 

Chromium 36.8 27.9 19.8 24.6 36.0 26.3 45.2 26.7 31.1 27.0 
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Table 3-6 Compost samples particle size distribution. Percentage retained in each sieve. 

 

Sample ID >10mm >8 mm >4 mm > 2 mm > 1.5 mm > 0.5 mm <0.5 mm 

  % retained 

S2-PS-G+F  30.62 7.34 22.72 25.0 6.22 6.43 1.67 

S3-PS-G  48.9 5.0 16.3 16.2 5.6 5.9 2.2 

S4-PS-G+F  10.3 11.6 24.9 27.4 9.1 13.3 3.5 

S5-PS-G+F  60.5 6.1 9.9 12.8 3.6 5.1 2.1 

S6-PS-G  61.8 11.5 16.2 7.0 1.4 1.2 0.9 

S7-F-G+F  29.3 5.2 15.6 21.9 9.0 14.9 4.2 

S8-F-G         7.3 3.7 16.4 24.2 12.0 23.8 12.6 

S9-F-G+F  5.35 4.95 16.22 19.50 10.48 26.98 16.52 

S10-PS-G+F  34.11 5.73 11.71 16.83 7.53 15.14 8.94 

S11-F-G  22.64 6.61 17.93 18.90 8.24 16.04 9.64 
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 Discussion 

In this chapter the effect of the abiotic stress drought on barley spring and 

winter varieties are discussed, along with the addition of P. putida bacteria 

inoculum to chosen spring barley varieties. In a second section of the chapter the 

effect of salt solutions on the germination of barley spring varieties and three 

tomato varieties were assessed to set the foundations  for the assessment and 

improvement of plant growth maturity assessment of composted material. 

Compost uses in agriculture are increasing and assessing the quality and state 

of the final product is of paramount importance to avoid phytotoxicity effects in 

the plants.   

4.1 Drought stress tolerance of barley varieties 

The effect of drought treatments for 7 days and 14 days, on the morphological 

parameters leaf surface area (LSA), relative water content (RWC) in leaves and 

roots were analysed in order to identify the most tolerant and sensitive varieties 

to water scarcity between the studied varieties.  

There were significant differences in the leaf surface area parameter between 

some of the winter varieties studied, specifically between Daxor and Glacier; and 

highly significant differences between Daxor and Cassia, Infinity and Tower 

(ANOVA p <0.01). However, the LSA between the spring varieties assessed was 

not significantly different for any treatment but there were significant differences 

between control and drought at day 14 (ANOVA p≤0.05) and highly significant 

differences at day 21 (ANOVA p≤0.01) suggesting that the effect of water scarcity 

in the leaf increased with the duration of the drought. At day 14 (7 days of drought) 

Odyssey was the variety that suffered the largest decrease for this parameter 
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(16.08 cm2) at day 14 but at day 21 was the lowest decrease (31.8 cm2). The 

variety that suffered most from drought at 21 days (14 days of water shortage) 

was Concerto, decreasing 56.8 cm2 from 74.15 cm2 (16) to 17.36 cm2 (5.6). 

Relative water content is a useful parameter to know the water state of the 

plants, it indicates the absolute amount of water and it is related to the water 

potential. A relationship that can vary with plant maturity and nature (Gonzalez & 

Gonzalez-Vilar, 2001)The relative water content of leaves and roots were not 

significantly different between the winter varieties for neither the control 

treatments nor drought treatments. In general, the mean of leaf relative water 

content for the five winter varieties decreased by 14.42% with 7 days of drought 

and 38.72% with a drought of 14 days. Moreover, there were no significant 

differences between spring varieties or treatments for the parameter Leaf RWC. 

These absence of differences between varieties for the leaf RWC parameter was 

similar to the results obtained by Lalić et al., (2017) that did not find differences 

in leaf RWC between 10 winter barley varieties that were under 21 days drought. 

This contrast with the findings by Vaezi et al., (2010 ) in their study of 10 barley 

genotypes originally from drought areas where there were significant differences 

in the leaf RWC for some of the studied genotypes.  

The relative water content is a parameter that gives information about the cell 

volume contraction and as previous mentioned is related to leaf water potential  

(Ψleaf) and water mass per leaf area (WMA); however, RWC provides 

information more specific to the water stress (Browne et al., 2020; Sack et al., 

2018) Sack et al. 2018 calculations indicated that the decrease of RWC in leaves 

was associated to the accumulation of ABA (abscisic acid) in the leaves and that 
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the water lost threshold that induced that accumulation varies between species 

and genotypes.  

Otherwise, the response of spring varieties to drought stress treatments for 

root RWC parameter was not homogenous; there were highly significant 

differences between control at day 14 and drought at day 14 (p<0.01) and control 

day 21 and drought day 21 (ANOVA p<0.01) for Concerto and also for Odyssey. 

Concerto had the highest decrease in root RWC at day 14 (7 days of drought) 

67.8% and at day 21 (14 days of drought) 66.06%. Sienna had the lowest 

decrease in root RWC at day 21 between the 5 spring varieties (43.6%). Ovation 

showed highly significant differences at day 14 between control and 7 days of 

droughts, going down a 54.3% from 80.6 (SD = 27.2) % to 26.3 (SD = 19.3) %. 

Only one plant of the five replicates for Ovation survived the 14 days of water 

stress. The root RWC of Olympus was highly significant difference between the 

treatments, at day 14 the decrease was 50.1% and at day 21 a 61.4%. The 

differences between treatments for some spring varieties variety agree with the 

results by González et al., 2008 who compared 6 barley cultivars and 6 breeding 

lines of barley finding significant differences in RWC between them after 22 days 

of drought treatment and larger differences after 36 drought days but not between 

the control plants.   

The variability in the response to drought treatments between varieties and 

between the parameter analysed is in accordance with the findings of diverse 

authors who compared the response of different barley varieties to water stress 

and who concluded, that the mechanisms that the plant uses to resist or adapt to 

drought differed between varieties, and also they are different depending on the 

duration and severity of the stress (de Mezer et al., 2014; Thameur et al., 2012).  
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It is important to mention the standard deviation in the roots RWC results that 

could indicated that the results for this parameter were not as reliable. This could 

be due to the method used for cleaning the roots from their attached growing 

medium. The use of distilled water could have affected the roots and rehydrate 

them. According to (Facette et al., 1999), RWC of roots in a soil with good 

moisture content was between 63 to 55 %. In these experiments the RWC in non-

drought plants was above 80% for most of the varieties what could be possible 

to the excess of water during the cleaning of roots. Also, the cleaning could have 

damaged some of the tissues and hence, some root material could have been 

lost. Therefore, although RWC is a widely used parameter for the study of drought 

stress other parameters could have given more reliable results to complete the 

whole picture of the drought effects on these varieties.  

In this experiment it was found that those spring varieties that had a better 

response to the assessed drought periods for the morphological response 

analysed were Sienna for the 14 days, and Ovation for the short drought period 

(7days). However, as mentioned before Ovation did not survived well under 

longer periods of drought and most of the replicates died at the end of the 

experimental time. Additionally, Concerto was after Ovation the variety that 

suffered most from the 14 days drought, having the biggest decreased for two of 

the parameters analysed, LSA was at 56.8 cm2 the lowest at 14 days drought 

compared with the control Concerto plant and 66.1% less root RWC. For these 

reasons, Sienna and Concerto were selected to study the effect of bacteria on 

their response to drought.   
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4.2 Influence of Pseudomonas putida KT2440 

Plants possess their endogenous mechanisms to respond to stress situations; 

however, soil microorganisms can enhance those response in many ways. There 

are numerous studies in the beneficial interactions between plants and soil 

bacteria to face water stress situations and other abiotic stresses. Model 

organisms from the bacteria genera Pseudomonas, Bacillus,  Azospirillum or 

Rhizobium among others, are well studied as plant growth promoting bacteria 

(PGPB) (Berg, 2009).  

In these experiments the influence of the strain Pseudomonas putida KT2440 

on the morphological parameters LSA and leaf and root RWC in the spring barley 

varieties Concerto and Sienna was assessed during short drought episodes and 

with control, no water restrictions.  

Leaf surface area significantly increased in Concerto plants with the 

inoculation of P. putida KT2440 for both treatments assessed, well-watered 

plants and 7 days droughted ones (p=0.02). The bacterial inoculation had a 

significant effect on the LSA of Sienna as well, P. putida KT2440 inoculation 

increased (p≥0.05) significantly the LSA in control plants (21.8 cm2) as well as 

drought inoculated plants (14.4cm2) compared with no inoculated drought plants 

(11.6 cm2).  

This positive effect showed by the addition of P. putida KT2440 could be 

explained because bacteria from the Pseudomonas genus can produce 

phytohormones like auxins or cytokines as well as producing enzymes that affect 

the plant hormones (Preston, 2004; Maksimov et al., 2015). The addition of plant 

growth promoting bacteria that produce cytokines produces an increased in shoot 
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and root biomass (Maksimov et al., 2015). In a study of the influence of P. putida 

GAP-P45 on sunflower seedlings,  Sandhya et al., (2009) found that this strain 

produced the auxin IAA and  gibberellic acid and also it helped with phosphate 

solubilization under water stress and no stress situations. They found out that the 

concentration of these factors decreased under drought but there were still 

present.  

For Concerto there were no significant differences in RWC for roots or leaves 

and biomass between the control and drought plants with or without bacterial 

inoculation. For the pot weight at day 21(water loss) there were significant 

differences between at least two of the treatments analysed however, because 

the data was not normally distributed it was difficult to attribute these differences 

to the addition of Pseudomonas to the pots that could have helped with the 

aggregation of the growing media and thus retained more water in the pots 

available to the plants.  

Root RWC in Sienna plants that were not inoculated with bacteria decreased 

53.6% under water stress with respect to the control uninoculated ones. However, 

in the plants that were inoculated with P. putida KT2440 although there was also 

a decreased in the RWC in roots, there were not significantly differences between 

droughted and not water stress plants for this parameter. Therefore, it would be 

possible to assume that the inoculation with this bacteria strain helped the Sienna 

variety plants to resists better the water deficit.  

Pseudomonas bacteria produce exopolysaccharides that allow them to 

survive under water deficit, help them to colonise the plant roots and increase the 

soil aggregation which helps the plant to access to water in drought stress 
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situations (Sandhya et al., 2009; Sandhya and Ali, 2015). Also some authors 

found that under the stress situations PGPB (plant growth promoting bacteria) 

generated more exopolysaccharides (EPS) and increased soil aggregation 

(Alami et al., 2000; Sandhya and Ali, 2015).  

Water lost from pots at the end of the experiment (21 days) was positively 

correlated with the LSA parameter in Sienna control plants and inoculated Sienna 

under water stress plants. Moreover, there were a positive correlation in Sienna 

control plants between water loss and root RWC. However, for Concerto plants 

there were no correlations between water lost and any of the morphological 

parameters analysed. This could be because the water lost in pots measured by 

gravimetrical method was not only due to transpiration by the plant but also by 

evaporation of water from the pots. In order to avoid this water lost the pots could 

have been covered with plastic bags or stones to minimised the evaporation (Xin 

et al., 2008). 

When comparing bacteria inoculation times Sienna showed not significant 

differences between inoculation at day 4 or inoculation at day 7 after sowing in 

any of the studied parameters. Moreover, not differences were found between 

Sienna plants with the addition of 0.85 NaCl and control or bacteria inoculated 

plants. The LSA and root RWC in Sienna decreased in salt treated plants as 

compared to control plants but this were not statistically significant (ANOVA, 

p>0.05). LSA in Concerto showed not significant differences with the addition of 

NaCl or bacteria inoculum at day 4 or 7 after sowing. The LSA parameter in 

Concerto plants inoculated with P putida KT2440 at day 4 increased with respect 

to the control pots, however this was not statistically significant. For the leaf RWC 

parameter the addition of bacteria at day 4 and 7 and addition of NaCl showed 
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an increase. This data was not normally distributed thus, a non-parametric test 

was applied (p<0.05) that indicated that there were significant differences 

between at least two of the treatments and the control. The effect of these 

treatments on the roots seemed to be the opposite, a decrease in the RWC was 

found with the addition of 0.85 NaCl and bacteria inoculum. But as mentioned 

previously the root RWC could not be as reliable parameter in these experiments.  

It is worth to mention that if the results from the different experiments are 

compared, a decreased in the general growth  from the first experiment 

performed (section 3.1.2) to the experiments that analysed the presence of 

bacteria (sections 3.2.1 and 3.2.2) can be observed for all the studied parameters 

This could be due to the time between experiments that could have affected the 

seeds, the effect of storage and time for the seed will be further discussed in the 

following section (4.3.1). In addition, laboratory conditions for experiments 

running simultaneously could not be controlled what could result in an increase 

in room temperature and decrease in the humidity.  

4.3 Salt stress germination  

The salt solutions used in these germination experiments were 125 mM, 

62.5 mM, 31.25 mM and 15.62 corresponding with EC values 6960, 3730, 1882 

and 954 µScm-1 respectively. Since one of the objectives of this thesis was to 

assess the use of barley and tomato varieties for compost phytotoxicity 

evaluation, the electrical conductivities (EC) studied should be around values 

often found in composted material. The EC of the compost depends on their 

origin, typical values can go from 1000 to 3000 µScm-1  (Aspray et al., 2015); 
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however, compost material from olive industry waste can reach a EC of 4200 

µScm-1 (Rossini-Oliva et al., 2017).  

4.3.1 Barley varieties germination in salt solutions 

The initial results of barley gemination with distilled H2O were very 

heterogeneous between the studied varieties (p<0.01) to the extent that variety 

Odyssey did not germinate under these experimental conditions. After 

consideration of the seed sterilization method and the time and conditions of 

seeds storage, a seed viability test was performed. The capacity of the seeds to 

germinate can be affected during storage by factors such as temperature and air 

humidity (Martmcic and Guberac, 1998). Studies with different barley varieties 

stored at high temperature  and humidity showed a bigger decreased in 

germination than seeds stored at 4 ° at low humidity (Sole, 1994; Coin et al., 

1995; Martmcic and Guberac, 1998). In general, a decrease of 1% in the air 

moisture content and 5°C during storage, doubles the storage life of the seed 

(Bewley and Black, 1994). For these experiments, the seeds were storage in a 

cold room at 4 °C.  

The method used for assessing viability was a modification of the peroxide 

test (Schmidt 2007). Addition of H2O2 increases the oxygen supply to the embryo 

and as a consequence accelerated the germination (Schmidt 2007). The test was 

successful for all the barley varieties; the seed were considered viable when 

radicles emerged, and 100% of the barley seeds were viable. Since all the seeds 

were viable a possible reason why the germination with distilled water was not 

high enough for these barley seeds could be the storage temperature. The 

experiment was set up with the seeds at 4°C from the cold room and although 
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the storage at low temperature can stopped the viability loss of the seeds it can 

induced dormancy. Seed dormancy can impede the germination process. This 

property can be driven by physical dormancy, a physical barrier that prevent the 

gas exchange and water passing through the seed. Other type of dormancy can 

be morphological due to under development of the embryo, the seed is not 

mature. The environmental factors that surround the seeds are important to 

understand the dormancy property (Penfield, 2017).  

In order to avoid the problems of under-germination in the control 

treatments, the second set of experiments to evaluate the effect of salt solutions 

on barley germination was performed allowing the seeds to acclimate to room 

temperature (15-20°C) and stop dormancy stage for three days before placing 

them on the filter papers. Moreover, the seeds were pre-treated with  1% H2O2 

as in the viability test to help the initiation of the germination (Schmidt 2007). 

Germination under control conditions of the five spring varieties reached 

100% germination after four days, permitting the evaluation of the effect of salt 

solutions on the germination of the barley varieties. The data from the salt stress 

test was not normally distributed hence, a non-parametric test was carried out. 

The Kruskal-Wallis test found that there were no significant differences in 

germination between the varieties for the compared salt treatments except for 

germination with 62.5 mM NaCl solution (p<0.05). The tendency of all the 

varieties was to decrease from control to 62.5 mM NaCl solution however, 

Odyssey germination was higher at this concentration than at 15.62 mM NaCl. 

Furthermore, the germination of Odyssey and Sienna was tested with 150 mM 

NaCl solution and for this last one variety the germination increased from 81.9% 

with 125 mM NaCl to 90.4 %, this results were similar to the findings of other 
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studies where the germination of barley was enhanced with 50 and 100 mM 

solution (Temel and Gozukirmizi, 2015).  Barley is the most salt tolerant cereal 

(Munns and Tester, 2008; Temel and Gozukirmizi, 2015) however there are 

difference in tolerance between genotypes (Bağcı et al., 2003; Temel and 

Gozukirmizi, 2015) what is consistent with the results obtained in this experiment. 

The results in this study indicates that as a salt tolerant plant, germination 

of barley can be benefited by a moderate salt concertation (70-100 mM NaCl) in 

their growing media. Nevertheless, some barley genotypes are more salt 

sensitive, and their germination can be negatively affected by salinity in the soil. 

This varieties that are more sensitive to salinity, could be used as plant models 

for assessing compost maturity; because salt concentration influences the 

electrical conductivity parameter that must be controlled. 

4.3.2 Salt stress germination tolerance in tomato 

The assessed tomato varieties Ailsa Craig, Moneymaker and Shirley F1 

were negatively affected by the addition of 150 mM NaCl solution.  Moneymaker 

was the most salt tolerant variety of the three studied, the germination was above 

90% for all the applied salt treatments except for 150 mM. On the other hand, 

Shirley F1 was the most sensitive to the studied salt solutions; these seeds did 

not germinate at all with 150 mM solution and reach only a 47% germination with 

the 125 mM NaCl solution at 12 days. The germination with 61.25 mM was 

significantly lower in Shirley F1 than in Ailsa Craig and highly significantly lower 

than Money maker.  

Cultivated tomatoes can be more salt sensitive than wild ones (Bai et al., 

2018; Cunhua et al., 2012; Gharbi et al., 2016; Kissoudis et al., 2015); several 
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authors have compared different cultivars of tomato with wild species that 

naturally grown in high salinity and arid areas for example  Gharbi et al., 2016 

compared the halophyte wild Solanum chilense and the variety Ailsa Craig.  They 

suggested that the salt resistance of the wild species could be related with a 

higher synthesis of ethylene. A study that assessed the effect of NaCl stress on 

the variety Money maker compared with a wild tomato species Lycopersicon 

pimpinellifolium (Cunhua et al., 2012), found that with a high NaCl concentration 

of 200 mM NaCl Moneymaker  growth was inhibited immediately ;however, 

increasing the salt concentration gradually by 25 mM a day allowed the plants to 

keep growing. This is an interesting result that suggest that tomato variety 

Moneymaker can increase its salinity tolerance gradually.  These results of  

growth inhibition found by (Cunhua et al., 2012) when high salt concentration 

were applied directly were consistent with the inhibition of germination on the  

varieties Ailsa Craig, Moneymaker and Shirley F1 studied here  with the 150 mM 

NaCl solution. On the contrary, Zaki and Yokoi, 2016 studied the salt tolerance in 

several cultivated tomato varieties and wild tomato species with high salt 

concentrations, finding that even with 300 mM NaCl the plants could grow. Ailsa 

Craig and Moneymaker plants could develop roots at 100 mM NaCl while other 

varieties they studied like Aichi-first did not grow any roots at 100 mM NaCl. 

However, the most salt tolerant in their study was Rutgers that grew at the highest 

salt concentration.  

.   
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4.3.2.1 Salt tolerance gene expression in tomato seedling 

In order to support the germination results with salt solution and possible 

confirm that Moneymaker and Ailsa Craig were more salt tolerant than Shirley 

F1, the expression of salt tolerant gene Osmotin (AK322366), was studied. 

 Hichri et al., 2017 studied the tolerance of salt in tomato variety Ailsa Craig 

through the assessment of WRKY transcription factor, a group of proteins 

involves in the regulation of multiple processes of plants development, 

reproduction, hormonal synthesis and senescence (Huang et al. 2012) (Hichri et 

al., 2017). Specifically, they studied the SlWRKY3 transcription factor that is 

induced by drought, NaCl and KCl. In their study, the Osmotin gene was up 

regulated in transgenic modified tomato Ailsa Craig that overexpressed 

SlWRKY3 when compared with Ailsa Craig non modified tomatoes. Salinity 

produces an osmotic stress and also causes toxicity due to Na+ and Cl- 

accumulation; in response to this stress several mechanisms are activated to 

retain cell structures and enzymatic activities (Hichri et al., 2017). In salt stressed 

tobacco plants, the overexpression of TaWRKY44 increases proline production 

which is associated with a tolerance to salinity stress (Wang et al., 2015). 

However, in tomato  plants overexpressing SlWRKY3, the proline content was 

lower than in non-modified Ailsa Craig, when they induced salt stress to the 

tomato with 125 mM NaCl solution, the proline content increased in both 

tomatoes lines, but it was higher in non-transgenic tomato (Hichri et al., 2017).  

In this experiment, Ailsa Craig showed a 2-fold increase in relative of 

Osmotin when germinated in 125 mM NaCl solution compared with no salt 

treatment. However, in Moneymaker and Shirley F1, salinity did not increase the 
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expression of this particular gene. The Osmotin gene could be unaffected in these 

varieties because they have not been salt stressed sufficiently to induce the gene 

expression, the concentration applied could have been too low to induce its 

expression or  it needed more time to be expressed, This seedling were stressed 

for 12 days while in (Hichri et al., 2017) experiments the plants were under salt 

stress for four weeks.  

Based on this finding Ailsa Craig seemed the most salt tolerant of the three 

studied varieties, although only Osmotin gene was studied in this experiment and 

an extensive study of other genes that are regulated by the SlWRKY family would 

be necessary for a robust conclusion.  

For a more complete picture of drought tolerance of the studied varieties, it 

would have been interesting to analyse the expression of salt tolerance genes on 

more concentrations and in the barley varieties as well. However, due to time 

restriction and seed availability it was not possible to do so in this work.  
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4.4 Compost maturity assessment 

The maturity of the compost is extremely important in the final commercialised 

product, as in a non-mature product phytotoxic compounds can be found.  

4.4.1 Compost samples characterization. Stability, stage, and 

feedstock 

All the green waste compost samples studied here were stable as defined by 

BSI PAS-100, 2018. The stability rates were below 16 mg CO2 g-1 VSd-1; even 

those that came from the post sanitised stage (i.e. were unfinished composts). 

However, one of the finished samples from a green+food waste composting site 

was found to be unstable (S7-F-GF). 

Sample S7-F-GF had the lowest pH (5.7) and a high Cd concentration (1.07 

mg kg-1 dry matter). Although this Cd value was within the limits set by BSI PAS-

100 for compost outputs, the target for Cd concentration in compost should be 

below 0.5 mg kg-1 dry matter according to Guidelines for the Specification of 

Quality Compost for use in Growing Media (WRAP, 2018) .  It also had one of the 

highest EC value within the samples examined (EC=1.43 mScm-1) however, this 

value was far below those that can be found in compost materials from olive oil 

industry waste which can reach values of 12.03 mScm-1 (Muscolo et al., 2018). 

Some authors indicated that the optimal reference level for EC in growing 

substrate should be <0.5 mScm-1 (Bustamante et al., 2008)(Abad et al., 2001). 

Guidelines for the Specification of Quality Compost for use in Growing Media 

(WRAP, 2018) indicates that the EC of the compost material should be lower than 

1.5 mScm-1 and ideally less than 0.6 mScm-1. Salinity is a big limiting factor for 

germination and seedlings growth (Bustamante et al., 2008; Meng et al., 2019), 
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the germination of tomato seeds in growing media mixture at day 10 with sample 

S7-F-G+F was very low (3/6/3 of 10/10/10) although this sample passed the 

tomato plant growth test (84.3%). This same sample had a phytotoxic effect on 

barley seeds and did not germinated in the growing media with 50% or 25% 

volume compost mixture.  

 

4.4.2 Particle size distribution (PSD) and bulk density 

As indicated in the results section 3.3.2, when two commercial peats (both 

sieved through 10 mm) were compared, the 0-25 mm sample showed better root 

development than the finer peat (0-10 mm) sample. Similar to this were the 

results found by Cannavo and Michel in their work with rose plants where higher 

root volume occurred in coarse peat  (Cannavo and Michel, 2013). This could be 

due to the particle size distribution (PSD) influence in pore size and as 

consequence the air-water balance in the growing media (Abad et al., 2005). In 

fine peat there could be a lower gas diffusion, resulting in lack of oxygen to the 

roots. Also, the finer the peat, the lower the air-filled porosity and the higher the 

unsaturated hydraulic conductivity (Cannavo and Michel, 2013). 

The Guidelines for the Specification of Quality Compost for use in Growing 

Media (WRAP, 2018) recommends an optimal range for PSD in compost samples 

for multipurpose general use of 0% particles over 8 mm. However, the plant 

growth methods used indicated that the compost and peat must be sieved 

through 10 mm sieve. The sample S1-F-G had just 6% particles over 8 mm, this 

was a ready-to-use finished compost. On the other hand, this sample had a big 

percentage of fine particles ≤ 0.5 mm, 48.7%. The other finished compost 
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samples had percentage of particle above 8 mm between 3.5 and 6.6 %. In the 

PAS 100 Specification for composted material (BSI, 2011) there was no specific 

reference to the percentage of particles above 8 mm so all the finished samples 

passed the PAS 100 in relation with their PSD and Bulk density. 

The bulk density of the composted material should be in a range of 400-500 

gL-1 and not surpass 550 gL-1 (WRAP, 2018). Not all the samples analysed were 

between this range, sample S5-PS-G+F and S10-PS-G+F that were both 

unfinished post sanitised samples had a bulk density below 400 gL-1 and there 

were also samples over 550 gL-1, S6-PS-G+F, S8-F-G and S11-F-G; these last 

two samples were green finished composting material. Bulk density is a physical 

parameter that defines the soil compactness, it is related to porosity and also this 

change with the moisture content (Keller and Håkansson, 2010). Several authors 

(Keller and Håkansson, 2010; Reichert et al., 2009)  indicated that plant growth 

and crop yield can be influenced by the growing media structure and 

compactness and that should be within an optimal compactness range, so if it is 

over it, roots find more resistance and the aeration is low; and on the contrary if 

the compactness is low the roots are under unsaturated conditions and the 

transport of nutrients and water would be low. However, the root system could 

have different tolerance to compactness of the growing media (Keller and 

Håkansson, 2010; Reichert et al., 2009).  

 

4.4.3 Plant growth methods comparison  

All the finished compost samples that were analysed passed the tomato plant 

test, except sample S8-F-G that had a growth percentage just below 80% 
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(74.6%), and a weed was found in one of the sample trays so according to the 

method the sample was not mature (BSI, 2011). However, this sample passed 

the barley plant test, and it improved growth from the control pots, and although 

the barley plant method did not specify to record weed occurrence, no other 

plants apart from barley were found in any test pots (Ferderal Compost Quality 

Assurance Organisation, 1994).  

On the other hand, sample S7-F-G+F passed the tomato test (84.3%) but 

failed the barley growth test. In fact, the germination was completely inhibited in 

the growing media mixture with 50% volume of compost and in mixture with 25% 

volume of compost the growth was only 2.9 % of the control pots. Sample S7-F-

G+F was the one with the lower pH and a high Cd concentration.  

Bioavailability of heavy metals may be affected by pH in the growing media  

(Hendershot et al., 2000) (Adriano, 2001.)(Smykalova and Zamecnikova, 2003) 

(Dong et al., 2007; Ginocchio et al., 2009). Ginocchio et al 2009 in their 

experiments with barley and heavy metals found that at a pH of 5.5, Al caused 

yield reduction in the crop. (Smykalova and Zamecnikova, 2003) found in their 

study with barley and Cd that a pH 5.9 in growing media, the older barley plants 

had the higher Cd content. This is similar to the results found for sample S7-F-

G+F that had a pH of 5.7 in barley growth. Some authors suggested that Cd 

absorption by plants could be increased by three-fold with the increment of pH by 

an unit between pH 4 and 7.7 and that keeping a neutral pH of 7 may influence 

the absorption speed of metals (Yang, X; Yang, 1996) (Dong et al., 2007). As 

indicated in many studies adding substance to the soils that modified the pH 

changes the metal availability to plants and therefore their phytotoxicity 

(Ginocchio et al., 2009; Hendershot et al., 2000; Yang, X; Yang, 1996). The 
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tomato plant response method used in the UK (BSI, 2011), indicates that dolomite 

limestone must be added to the growing media along with the fertilizer, peat and 

compost sample. However, the barley plant method (Ferderal Compost Quality 

Assurance Organisation, 1994) did not add any component to the growing media 

other than peat or standardised soil and fertiliser along with the compost sample 

examined. Therefore, this difference between the two evaluated methods could 

be the reason why for sample S7-F-G+F the barley germination was inhibited 

while the tomato plants not only grew well but the growth was enhanced by the 

addition of this sample. 

Among the post sanitised no finished compost samples, S2-PS-G+F and S4-

PS-G+F failed to pass both tomato and barley growth test. However, sample S5-

PS-G+F pass the barley test and enhance plant growth (around 200% of control 

growth) but failed the tomato test due to weed growth in one of the sample trays.  

The tomato growth test eliminated two samples based on the appearance of 

abnormalities on the sample trays, but these same samples were found to be 

ready to use with the barley test. On the other hand, the addition of limestone in 

the growing media in the tomato test failed to identified sample S7-F-G+F as 

being not ready for use due to its pH and Cd concentration that although the Cd 

was within the permitted range according to WRAP, 2014, the Cd available for 

the plant was modified due to the pH value and with the addition of limestone.  

In this work two plant growth methods for compost evaluation have been 

compared; however, there are a great variety of other phytotoxicity tests used to 

assess compost materials maturity. Germination phytotoxicity tests are widely 

used and although they are quick methods, plant growth bioassays give a more 
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complete understanding of the compost effect on the plant (Himanen and 

Hänninen, 2009). For example, if abnormalities occurred or weed appears during 

the experimental time as indicated above in the tomato test.  

The barley plant test is a quicker test, results are obtained after 10 days and 

more straightforward than the tomato one; thus, it seems more suitable for the 

compost industry, however some modifications could be included in the method 

to make it more robust. The number of germinated plants could be recorded 

during the experimental time on the days that the pots are watered and the total 

height of the barley plants could be measured during the experiment and at the 

harvest time along with visual observation of the leaves and occurrence of weeds. 

The tomato plant test incorporated some of these measurements, and it is more 

sensitive to salt concentration than barley plants. However, some barley varieties 

are more salt sensitive as indicated previously; thus, a variety sensitive to salinity 

like Ovation could be used as a plant model. 

Other plants could be considered for the compost maturity assessment as 

there are not a consensus method between the different countries, in fact 

Chinese cabbage plant growth for compost maturity assessment is used in some 

countries like Portugal using a British standard method BSI 16086-1 2011.  

In case that the compost industry or/and the regulator organisms decide to 

carry on with the tomato plant test, this could be modified to avoid problems with 

the pH modification of the growing media with the addition of limestone to the 

growing media mixtures.  

Moreover, the growing media mixture and control could be made without peat. 

There is a growing environmental concern in the extraction of peat from the 
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ecosystem (Morales et al., 2017; Ceglie et al., 2015); therefore, an alternative 

material could be used in the growing media mixture, the original German method 

stablished the use of a Standard Soil 0 (EE0) (Kehres, B. and Andrease, K., 

2003). 
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 Conclusion 

This research aims to contributed to a better understanding of the drought 

tolerance of commercial barley varieties currently use in British agriculture and, 

at the same time to suggest a more suitable plant bioassay to assess compost 

maturity. Since agriculture is one of the main outputs of compost material and 

barley is one of the most extensive crops in the UK and spring barley the main 

cereal cultivated in Scotland, the barley bioassays fit better in this market. 

In conclusion, to the propound hypothesis, how modern commercial barley 

varieties tolerate short term drought and salt concentrations. Is the addition of soil 

bacterial Pseudomonas putida a positive influence in the response to these 

stresses? This thesis found that the effect of drought on barley was different 

between the varieties and the duration of the drought affects differently. Barley 

variety Concerto was the studied variety that suffer the most from the lack of 

water, meanwhile the variety Sienna was the most tolerant to the drought 

situations that were studied in this work.   

The inoculation of bacteria strain Pseudomonas putida KT2440 increased the 

leaf surface area in the barley varieties Concerto and Sienna with respect to non-

inoculated plants in droughted plants and under normal watering conditions as 

well. This positive effect was not depending on the application time of the bacteria 

inoculum and was observed at day 4 and 7.  

Salt stress is another important abiotic stress which is related to drought too. 

Barley is a salt tolerant cereal; however, this tolerance is different between 

varieties. Oddysey variety germination increased at 62.5 mM NaCl concentration 
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respected to the lower salt concentrations studied. On the contrary the other 

barley varieties studied under salt stress decreased their germination at this 

concentration and the tendency of decreasing continued with the addition of 

higher salt concentrations.  

In conclusion to the hypothesis:  an approach method based in the growth of 

barley plants is better than one based in tomato plants currently used in the UK 

to evaluate the maturity of commercial compost; the experiments carried out 

found that barley plant bioassay is quicker than the tomato growth test to evaluate 

the compost maturity. The set-up of the barley test is also more convenient, and 

the test gives the information to use the compost as a soil improver or as a 

fertilizer. However, some improvements could be incorporated to the assay. For 

example, the number of germinated seeds or the appearance of abnormalities 

and weeds could be monitored during the test as it is done in the tomato test.  

Furthermore, could be interesting to explore the use of other species for the 

maturity assessment bioassays. 

In future works the presence of drought tolerance genes in the commercial 

barley varieties studied here could be explored to give a more robust answer to 

which one is the most tolerant to this abiotic stress. 
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