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Abstract 
 

Isoprene is the most abundantly produced biogenic volatile organic compound (BVOC) and 

is an important climate active gas that plays a complex role in atmospheric chemistry. 

Through a combination of cultivation, and cultivation-independent techniques this project 

set out to investigate the diversity and distribution of isoprene degrading bacteria, and to 

investigate the factors that influence their abundance in complex microbial communities in 

a range of environments.  

DNA-Stable isotope probing (DNA-SIP) was combined with amplicon sequencing techniques 

and metagenomics, investigating the isoprene degrading community harboured by a high 

isoprene emitting willow (Salix fragilis) in the UK, and one of the highest known emitters, 

the oil palm tree (Elaeis guineensis) in Malaysia. Willow leaves harboured a diverse 

community of isoprene degrading bacteria and represented the first phyllosphere 

environment to contain communities of Methylobacterium and Mycobacterium that could 

metabolise isotopically-labelled isoprene during a DNA-SIP experiment. A Mycobacterium 

metagenome-assembled genome (MAG) was recovered, containing the first known 

instance of two complete isoprene degradation metabolic gene clusters in a single genome. 

Malaysian oil palm soil and phyllosphere studies showed that the soil environment 

harboured a novel and much more diverse community of isoprene degrading bacteria than 

the associated phyllosphere. Amplicon sequencing of the isoA gene (encoding the α-

subunit of the isoprene monooxygenase) showed that genomes from phyllosphere and soil 

communities contained a novel diversity of isoA which is essential for bacterial degradation 

of isoprene. The abundance of isoprene degrading bacteria in a number of environments 

was also investigated with a combination of metagenomic gene mining and qPCR. qPCR 

methods were carried out with newly-designed gene probes, validated in this study, that 

target the isoA gene. Results showed that isoA containing bacteria are found in 

environments that do not emit isoprene, and make up 0.02% - 1% of the whole microbial 

community in a given environment.  
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1 Introduction 
 

1.1 Biogeochemical cycle of isoprene 
Biogenic volatile organic compounds (BVOCs) play a critical role in global tropospheric 

chemistry, photochemical ozone creation and the oxidative capacity of the atmosphere 

(Fehsenfeld et al. 1992). The most abundant of these is isoprene (2-methyl-1,3-butadiene; 

C5H8), a hemiterpene and a common structural motif in isoprenoids (Lichtenthaler et al. 

1997; Lichtenthaler 1999). The scale of isoprene emissions is equal that of all other BVOCs, 

such as monoterpenes, sesquiterpenes, methanol, acetone and ethene, combined. 

Isoprene emission is estimated by Guenther et al. (2012) at 550 ± 100 Tg C yr-1. This figure 

is similar in scale to global emissions of methane, yet in comparison, we still know very 

little about some aspects of the global isoprene cycle, particularly its biodegradation.  

 

1.1.1 Atmospheric chemistry of isoprene 
Isoprene is a reactive diene. This high-reactivity, due to twin carbon-carbon double bonds, 

means that isoprene plays a complex role in atmospheric chemistry. For example, it is 

thought to have both warming and cooling effects on the Earth’s climate. Also, isoprene’s 

net effect on global temperature shifts is particularly susceptible to local conditions. The 

twin carbon-carbon double bonds leave isoprene susceptible to attack by nitrate (NO3), 

hydroxyl radicals (OH) and ozone (O3) with a reaction lifetime that can range from less than 

an hour to a little over a day (Steinfeld 1998; Atkinson and Arey 2003). The oxidation of 

isoprene is important in the modulation of global tropospheric O3 and methane (CH4) 

concentrations. However, the full scope of isoprene atmospheric chemistry is complex and 

new details are still being brought to light today. We know that nitrogen oxides (NOx) are a 

key aspect of this process. Isoprene reacts readily with O3 when levels of nitric oxide (NO) 

are low, and as a result lowers the levels of atmospheric O3. However, in circumstances 

where NO levels are high, such as highly polluted urban environments, isoprene oxidation 

produces nitrogen dioxide (NO2; Pacifico et al., 2009) . Through photolysis, this leads to an 

increase of atmospheric O3 (Monson et al. 2007) , a potent greenhouse gas and pollutant 

that impacts human health (Fowler et al., 2008).  

Products of isoprene oxidation can also partition in the condensed phase and lead to the 

formation of secondary organic aerosols (SOA; Figure 1.1; Claeys et al., 2004). The yield of 

this process is low at >3%, however the sheer scale of isoprene emissions mean that 
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contribution of isoprene to the formation of SOA in non-negligible (Henze and Seinfeld 

2006). SOA are an important source of cloud condensation nuclei and in creating them, 

isoprene contributes to a cooling effect in local climate (Carslaw et al. 2009).  

 

 

Figure 1.1. Proposed chemistry leading to formation of SOA by isoprene. Taken from Lin et al. (2013) 

 

1.1.2 Anthropogenic sources of isoprene 
Unlike other climate active gases of concern, only a small proportion of isoprene emissions 

are due to anthropogenic activity. However, there are a number of man-made sources for 

the compound, which is a key chemical commodity for a range of industrial products. Many 

elastomers used in golf balls, surgical gloves, condoms, shoes and rubber bands contain 

isoprene. It’s most prevalent use however, is in the production of cis-polyisoprene 

(synthetic rubber), especially for tire manufacturing. Alongside these areas, isoprene is also 

used as an intermediate for perfumes, flavourings, vitamins and pharmaceuticals (Vickers 

and Sabri 2015). Originally, isoprene was synthesized chemically via the pyrolysis of natural 

rubber, but nowadays the bulk of isoprene production stems from fossil fuel resources, 

with global industrial production at over 1 million tonnes per year (Morais et al. 2015).  
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With plant emissions of isoprene at over 500 Tg yr-1, it is interesting to note that industrial 

production currently only matches a fraction of that amount (Atkinson and Arey 2003; 

Morais et al. 2015). This means natural isoprene production is theoretically enough to meet 

industrial demands several hundred times over, were it effectively harnessed (Morais et al. 

2015). Biotechnological approaches to isoprene production have been investigated and 

were reviewed by Ye et al. (2016). Pioneering work showed that isoprene could be 

produced by naturally occurring bacteria like Bacillus subtilis, but yield was quite low 

(Julsing et al. 2007). Overexpression of the biosynthetic pathways responsible for isoprene 

production in both bacteria and yeast has seen further success and led to the pilot-scale 

production of ‘bioisoprene’ by a small number of biotechnology companies (McAuliffe et 

al., 2010; Vickers et al., 2015). However, despite a growing interest in the development of 

bioisoprene, methods of production have still to reach a point of economic feasibility, with 

barriers such as the regulative mechanisms within host strains still to be overcome.  

 

1.1.3 Biogenic sources of isoprene  
Isoprene is unusual as a climate active gas in that the vast majority of emissions are 

biogenic in origin (Guenther et al. 2012). The sources of biogenic isoprene production are 

wide and varied, with emissions recorded from plants (Sharkey and Yeh, 2001; Sharkey et 

al., 2007), bacteria (Kuzma et al. 1995; Ray Fall and Copley 2000), fungi (Bu’lock 1973; Bäck 

et al. 2010), animals (Thomas D. Sharkey 1996), humans (Fenske and Paulson 2011), algae 

(Dani et al. 2020; Meskhidze et al. 2015; D. A. Exton et al. 2013) and corals (Exton et al., 

2015; Hrebien et al., 2020). The scale of emission between these groups varies by orders of 

magnitude, for example, isoprene emissions from the marine environment are estimated 

to range between 0.1 – 11.6 Tg C yr-1 (reviewed by Dawson et al. 2021) while terrestrial 

plants are estimated to emit approximately 535 Tg isoprene yr-1 (Guenther et al. 2012).  
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Table 1.1. Isoprene emission rates from a range of tree species.  

Isoprene emission rates are measured in µg g (dry weight) h-1.   

Common Name Species µg g(dw) h-1 Reference 

Malaysian oil palm Elaeis guineensis 175 Kesselmeier & Staudt, 1999 

Oregon white oak Quercus garryana 59.2 Hewitt & Street, 1992 

Crack willow Salix fragilis 37 Pio, C.A et al. 1993 

White poplar Populus alba 19.94 Hewitt & Street, 1992 

Black spruce Picea mariana 15 Hewitt & Street, 1992 

Miscanthus Miscanthus x giganteus <0.1 Morrison et al., 2016 

Swamp ash Fraxinus caroliniana <0.1 Hewitt & Street, 1992 

American beech Fagus grandifolia <0.1 Hewitt & Street, 1992 

European fir Abies alba <0.1 Hewitt & Street, 1992 

Silver birch Betula pendula <0.1 Hewitt & Street, 1992 

Palestine oak Quercus calliprinos <0.1 Csiky & Seufert, 1999 
 

Terrestrial trees in particular are responsible for approximately 90% of all isoprene 

emissions (Guenther et al. 2012), and the rate of emission between individual tree species 

varies drastically (Table 1.1). One notable example of this can be seen in the genus 

Quercus, or oak, wherein all known species of oak in North America produce isoprene, 

whilst many Mediterranean species produce none at all (Csiky and Seufert 1999). It is 

interesting to note that while the majority of tropical trees do not produce isoprene, the 

bulk of isoprene production from trees globally come from those few tropical species that 

do (Geron et al., 2006; Sharkey et al., 2007; Guenther et al., 2012). Trees are not the only 

terrestrial plants that emit isoprene, emissions have also been recorded in mosses (Hanson 

et al. 1999), grasses (Hewitt et al., 1990), sedges (Bai et al. 2006) and some commercial 

crops (T. D. Sharkey, Wiberley, and Donohue 2007). A relatively old but very useful 

comparison of recorded isoprene emission in plants collated by the Hewitt group at the 

University of Lancaster can be found at http://es.lancs.ac.uk/cnhgroup/iso-emissions.pdf.  

 

 

 

 

 

http://es.lancs.ac.uk/cnhgroup/iso-emissions.pdf
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1.1.4 Biological sinks of isoprene 
While the atmospheric oxidation of isoprene is a rapid process, biological sinks also play a 

role in the biogeochemical cycle of isoprene (Figure 1.2).  

 

 

Figure 1.2. Biogeochemical cycle of isoprene. Arrows pointing up represent sources of isoprene production 
while downwards facing arrows represent isoprene sinks. Taken from McGenity et al. 2018.  

 

The ability of microbial life within soils to act as an isoprene sink was first suggested by 

Cleveland and Yavitt (1997, 1998). In their study, soil samples collected from various 

arboreal environments around the world were incubated with 508 ppbv of isoprene in 

sealed containers at 25˚C in the dark. Isoprene degradation was measured via gas 

chromatography, and with appropriate controls accounted for, such as utilising autoclaved 

soils to ensure any observed reduction was due to microbial processes, results showed a 

consistent decrease in isoprene concentrations at a rate dependant on soil type. Since then 

in situ studies have shown rapid consumption of isoprene within temperate forest and 

tropical rainforest mesocosms (Pegoraro et al. 2006; 2005). Microbial uptake of isoprene 

over a range of concentrations (2-200 ppbv) was shown via continuous flow experiments 

utilising temperate forest soils (Gray et al., 2015), these studies more closely matched the 

recorded average ambient concentrations of isoprene at 0.5-10 ppbv (Cleveland and Yavitt 

1998). Consumption of isoprene in marine environments was first shown by Alvarez et al. 
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(2009), who examined this activity in estuarine, coastal and open marine communities. This 

study was also of note as it demonstrated the ability of isoprene degrading bacteria in 

microcosms to consume isoprene produced by marine microalgae cultures, proving 

localised communities could benefit directly from isoprene produced within their 

immediate vicinity and at concentrations relevant to environmental conditions. This new 

field of research informed the expanded model for the biogeochemical cycle of isoprene 

with inclusion of soils and marine environments as isoprene sinks as seen in Figure 1.2.  

To better understand the mechanisms by which these soil microcosms act to degrade 

isoprene, isolation of individual degrading species was necessary. Early examples of 

isolated bacteria growing on isoprene as a sole carbon source came from studies by Ginkel 

et al., (1987), Ewers et al., (1990) and Cleveland and Yavitt (1997). These studies led to the 

isolation of isoprene-degrading bacteria from the genera Rhodococcus, Arthrobacter, 

Nocardia and Alcaligenes. While these isolates provided early information into the diversity 

of isoprene-degrading bacteria, they were not characterised in any great detail, and as such 

the mechanisms of degradation remained unknown.  

 

1.1.5 Future of isoprene emissions and climate 
There are a number of factors that suggest that isoprene emissions will fluctuate in the 

future as a result of both climate change and a shift in land-usage. A study by Feng et al. 

(2019) looked at environmental factors associated with climate change such as 

temperature rise, drought, increased CO2 and increased O3, conducting a meta-analysis to 

determine their impacts on isoprene emissions. They found that while a rise in global 

temperatures would result in a significant increase in isoprene emissions (+22%), all other 

environmental factors that were tested had the opposite effect. Exposure to chronic O3 

pollution in particular was shown to significantly reduce isoprene emission by -21%. 

Though it should be noted that the majority of the trees tested in this study were native to 

a temperate climate and not representative of emissions from warmer regions.  

Previously, shifts in land-use were attributed mostly to deforestation for the expansion of 

food cropland. This had the combined impact of removing trees that produce isoprene and 

replacing them with food crops that do not, resulting in a 15% decrease in isoprene 

emissions between 1901 and 2002 (Lathière, Hewitt, and Beerling 2010). While both 

deforestation and the expansion of cropland are unlikely to cease in the near-future, the 

kinds of crops that are being planted have changed as the demand for biofuel and 
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alternative plant-based oils has increased. As seen in Table 1.1, the Malaysian oil palm 

produces 175 µg g (dw) h-1 of isoprene, and is also the single most cultivated crop in large 

swathes of South-East Asia such as Indonesia and Malaysia. Oil palm production in Malaysia 

has grown by a factor of 5 over the last 20 years, increasing at a rate of +7% a year in both 

Indonesia and Malaysia (Food and Agricultural Organization (FAO) 2015). Oil palm 

plantations cover >85% of total agricultural land in Malaysia (Cheng et al. 2019). The vast 

expansion of a single crop plantation that emits such high amounts of isoprene has led to 

serious concerns over the risk of localised increases in atmospheric isoprene levels and 

subsequent impacts on local air quality (Hewitt et al. 2009). A study by Stavrakou et al. 

(2014) stated that when oil palm plantations were explicitly taken into account with the 

use of the MEGAN model (Guenther et al. 2012), isoprene fluxes in Indonesia increased by 

10%.  

The combined picture creates a complex outlook for overall isoprene emissions in the 

future. Whether the cumulative effect of both climate change and land-usage will result in 

an increase or decrease in overall isoprene levels remains to be seen.  

 

1.2 Biogenic production of isoprene in terrestrial plants 

1.2.1 Isoprene biosynthesis  
Isoprene is the basic subunit of terpenoids, a large and diverse class of organic compounds 

produced by all free-living organisms. Carotenoids, hopanoids, sterols, chlorophylls and 

archaeal lipids are all examples of terpenoids, which also make up many hormones and 

signalling molecules (Holstein and Hohl 2004; Rohmer 1999). Terpenoids are synthesized by 

condensations of iso-pentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate 

(DMAPP). These intermediates are biosynthesized via two distinct pathways, the 

mevalonate pathway (MVA) or the non-mevalonate pathway, also called the  

methylerythritol phosphate (MEP) pathway (Figure 1.3). The MVA pathway is responsible 

for the biosynthesis of terpenoids in animals, fungi, archaea and some bacteria, whereas 

the MEP pathway is utilised by most other bacteria, and by plants (J. Yang et al. 2012; 

Rohmer 1999). The biosynthesis of isoprene in plants through the MEP pathway is 

catalysed by the isoprene synthase (IspS), a terpenoid synthase dependant on Mg that 

functions by catalysing the removal of pyrophosphate from DMAPP (Figure 1.3). IspS has 

been well-characterised in the Populus x canescens species (Köksal et al. 2010).  
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Figure 1.3. Biosynthesis of isoprene and isoprenoids via the MVA and MEP pathways. MVA pathway enzymes shown are: 
AACT acetoacetyl-CoA thiolase, HMGS 3-hydroxy-3-methylglutaryl-CoA synthase, HMGR 3-hydroxy-3-methylglutaryl-CoA 
reductase, MK mevalonate kinase, PMK phosphomevalonate kinase, MDC mevalonate 5-diphosphate decarboxylase. MEP 
pathway enzymes shown are: DXPS 1-deoxyxylulose 5-phosphate synthase, DXR 1-deoxyxylulose 5-phosphate 
reductoisomerase, MCT 2-C-methyl-D-erythritol 4-phosphate cytidyl transferase, CMK 4-(cytidine 5′-diphospho)-2-C-methyl-
D-erythritol kinase, MECPS 2-C-methyl-D-erythritol-2,4-cyclodiphosphate synthase. IPPI is isopentenyl diphosphate 
isomerase and ISPS is the isoprene synthase. Taken from McGenity et al., 2018.  
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1.2.2 Metabolic role of isoprene biosynthesis  
Synthesis of isoprene takes place in the chloroplasts of plants and is released via the 

stomata. Emission levels are dependant solely on biosynthesis rates however, and are not 

regulated by stomata control (Sharkey and Yeh, 2001). It has been shown that the carbon 

necessary for the production of isoprene is mostly derived from photosynthesis and can 

make up about 2% of a plant’s photosynthetically-fixed carbon, requiring 20 ATP and 14 

NADPH molecules (Fall and Monson 1992; Sharkey and Yeh 2001). Interestingly, the 

purpose of this marked energy investment is not yet fully understood. It has been reported 

that isoprene improves the resilience of plants to oxidative, thermal and biotic stress 

(Thomas D Sharkey and Yeh 2001; Behnke et al. 2007; Laothawornkitkul et al. 2008; Vickers 

et al. 2009), while other suggested roles for isoprene biosynthesis include predation 

avoidance, plant signalling and as a means to dissipate excess energy produced via 

photosynthesis (Magel et al., 2006; Loivamäki et al., 2008). 

The hypothesis that isoprene acts as a thermoprotectant in plants was explored in a 

number of studies that showed that inhibiting the plant’s endogenous isoprene synthesis 

lowered the temperature at which damage occurred to the photosynthetic apparatus, 

whilst reintroducing  exogenous isoprene reversed the effect (Singsaas et al. 1997; Sharkey 

and Singsaas 1995). It is interesting to note however, that the addition of isoprene to plants 

that do not produce it, does not increase tolerance to heat stress (Logan and Monson 

1999). None of the above studies clarified the mechanisms by which plants might utilise 

isoprene in such a way.  

 

Figure 1.4. Proposed thermo- and oxidative protective role of isoprene in plants. Borrowed from Velikova et 
al. (2012).  
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It was originally hypothesized that isoprene acted to stabilise the photosynthetic 

membrane of chloroplasts by virtue of its lipophilic-hydrophilic properties. Damage caused 

to the photosynthetic apparatus of plants by high temperatures is due to thylakoid 

membrane dissolution. Isoprene was thought to negate this by intercalating into the 

membrane and tethering lipid bilayers together while strengthening adhesion of 

membrane proteins both to the bilayer and to one another. A study by Velikova et al. 

(2012) suggested that this process also acted as a feedforward cycle that involves 

isoprene’s role as an antioxidant. In this study, isoprene was shown to quench reactive 

oxygen species (ROS) that can be caused by ozone stress in Arabidopsis plants. ROS cause 

damage to membrane stability which in turn release further ROS. This leads to a build-up of 

H2O2 and eventually to cell death. The study suggested that isoprene may prevent this 

deleterious feedforward cycle by both quenching ROS and simultaneously strengthening 

membrane stability as seen in Figure 1.4.   

However, recent studies have disputed these older models and posit that due to the highly 

volatile nature of isoprene and its inability to dissolve well into cellular components, 

isoprene is unable to accumulate in chloroplastic membranes at a concentration high 

enough to provide any significant impact on membrane stability (Lantz et al. 2019).  

It is interesting to note that while isoprene does appear to act as a thermoprotectant in 

isoprene emitting plants, it does not serve to protect against sustained heat stress, but 

specifically in circumstances of sudden sharp increases of temperature (Sharkey et al., 

2007). With this in mind, isoprene’s function within marine algae is not well understood. 

Being an aquatic environment, marine habitats act as a robust buffer for rapid temperature 

changes. It could be that this is the reason isoprene emissions in the marine environment 

are lower than terrestrial levels. However, there is a definite correlation between marine 

isoprene emissions and temperature and light intensity. A study by Dani and Loreto (2017) 

suggest that isoprene’s main role within marine algae is that of an antioxidant, protecting 

them from ROS similar to the previously mentioned Velikova et al. (2012) study in plants. 

However, the former study goes further, suggesting that dimethylsulfide (DMS) also serves 

this purpose, and that emissions of one or the other compound is a preferential behaviour 

varying between algal taxa. They speculate that due to isoprene-emitting marine algae 

having an evolutionary advantage over DMS-emitters in terms of withstanding the rising 

sea-surface temperatures caused by climate change, that marine isoprene emissions are 

likely to rise in tandem (Dani and Loreto 2017).  
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Isoprene emission in plants has shown to be both diurnal and seasonal. Emissions increase 

in the morning, reach their highest level during the afternoon and decline again thereafter 

(Wilkinson et al. 2006). This is supported by the circadian control of isoprene synthase 

upregulation (Loivamäki et al. 2007; Mayrhofer et al. 2005). In terms of seasonality, 

transcript levels of IspS were shown to start low in spring, increase rapidly with the first 

strong temperature increase of early summer, remain high throughout early summer but 

fluctuate with temperature and light variations, and then begin to decline in late summer 

and autumn (Mayrhofer et al. 2005).  

Finally, a review by Lantz et al. (2019) suggested that isoprene may play a role in gene 

expression. Exposure to exogenous isoprene has been shown to illicit changes in gene 

expression in studies involving Arabidopsis thaliana, a plant that emits no isoprene itself 

(Harvey and Sharkey 2016). Later studies involving Arabidopsis transformed with the 

isoprene synthase of Eucalyptus globulus showed a similar result (Zuo et al. 2019). Lantz et 

al. (2019) show that the genes influenced by these changes in expression often play a role 

in thermotolerance, or protection from photo- and oxidative-stress. However, it is noted 

that in order for isoprene to illicit such changes in gene expression, plants must have a 

mechanism by which to detect it. At present, there are no known receptors for isoprene in 

plants, and direct evidence for this theory is still somewhat limited. As such, the biological 

role of isoprene, one of the most abundantly produced BVOCs on the planet, the 

biosynthesis of which warrants a substantial expenditure of energy from the plants that 

produce it, remains mostly a mystery.  

 

 

1.3 Isoprene biodegradation 

1.3.1 Metabolic pathway of isoprene degradation 

 

Section 1.1.4 introduced the concept of bacteria as a biological sink for isoprene. Early 

isolation of Rhodococcus, Arthrobacter, Nocardia and Alcaligenes by Ginkel et al., (1987), 

Ewers et al. (1990) and Cleveland and Yavitt (1997) opened the door to research 

investigating the diversity of such bacteria, but it was not until van Hylckama Vlieg et al. 

(1998) isolated a Gram-positive Actinobacteria, identified as Rhodococcus AD45, that 

characterisation of the isoprene degradation pathway really took off.  

Rhodococcus AD45 was shown to oxidize isoprene to 1,2-epoxy-2-methyl-3-butene in the 

first step of the isoprene degradation pathway, and in a study published a year later it was 
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shown that this product is acted upon by a glutathione S-transferase (IsoI). IsoI carried out 

the detoxification of epoxyisoprene by conjugation with glutathione, forming 1-hydroxy-2-

glutathionyl-2-methyl-3-butene (HGMB) (van Hylckama Vlieg et al. 1998; 1999; 2000). IsoI 

was subsequently purified and characterised along with an associated dehydrogenase IsoH 

(van Hylckama Vlieg et al. 1999). IsoH catalysed two sequential oxidation steps, yielding 

2NADH and 2-glutathionyl-2-methyl-3-butenoic acid (GMBA; Figure 1.5). To date the fate of 

GMBA after this step remains unknown, though Crombie et al. (2018) suggest that the 

subsequent removal of the glutathione moiety and β-oxidation of the intermediates of 

isoprene metabolism allows the species to grow on isoprene as its sole carbon source.  

 

 

Figure 1.5. Metabolic pathway for isoprene degradation. Taken from Crombie et al. (2018).  
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With the identification of these enzymes, the design of primers to target the genes that 

encoded them became possible. This led to the construction of a gene library for 

Rhodococcus AD45 and the identification of a gene cluster involved in the isoprene 

degradation pathway (van Hylckama Vlieg et al. 2000). This gene cluster was predicted to 

encode for an isoprene monooxygenase (IsoMO) based on its sequence similarity to 

toluene monooxygenase from the Gram-negative species Pseudomonas mendocina KR1 

(Whited and Gibson 1991). Later, IsoMO was shown to be a multicomponent soluble diiron 

monooxygenase (SDIMO) encoded for by the genes isoABCDEF, with all of these genes 

present on a 300 kbp megaplasmid  (Leahy et al., 2003; Holmes and Coleman, 2008; 

Crombie et al., 2015). Crombie et al. (2015) confirmed that IsoMO was essential for 

isoprene metabolism by constructing an isoA deletion mutant of Rhodococcus AD45 and 

demonstrating subsequent inhibition of growth on isoprene. This study also used RNA 

sequencing to investigate Rhodococcus AD45 cells exposed to isoprene or epoxyisoprene, 

and found that 22 contiguous genes, including isoABCDEFGHIJ, were highly upregulated as 

a result under both conditions. This confirmed the isoprene degradation gene cluster as we 

know it today (Figure 1.6).  

 

Figure 1.6. Organisation of the isoprene degradation gene cluster 

 

As can be seen in Figure 1.6, isoA, B and E are responsible for encoding the diiron 

oxygenase component of the IsoMO, isoF encodes a flavoprotein NADH reductase, isoC 

encodes a Reiske-type ferredoxin, and together with isoD which encodes a coupling 

protein, form the multicomponent isoprene monooxygenase. Additional genes, isoG, isoH, 

isoI and isoJ  encode a putative coenzyme A transferase, a dehydrogenase and two 

glutathione transferases, all of which are located upstream of the IsoMO genes (van 

Hylckama Vlieg et al. 1998; 1999; 2000). 
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Figure 1.7. Isoprene degradation gene clusters from representative Gram-positive and Gram-negative isoprene degrading bacteria. Genes encoding the IsoMO (isoABCDEF) are coloured 
red. Regulatory genes are shown in black. Adjacent genes not known to be involved with isoprene degradation are shown in white. Borrowed from Carrion et al. (2020).  
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An interesting pattern that has emerged as more isoprene degrading isolates have been 

characterised, is the duplication of certain downstream genes in the isoprene degradation 

pathway. This trait is so far seen specifically in Gram-positive isolates wherein some or all 

of the genes isoGHIJ have non-identical copies (Crombie et al., 2015; Johnston et al., 2017; 

Gibson et al., 2020 ; Figure 1.7). Work by Crombie et al. (2015) suggests that these 

duplicate genes serve to aid in the prevention of epoxide accumulation during isoprene 

metabolism, and that their absence in Gram-negative isoprene degrading bacteria is due to 

a better-adapted systems for mitigation of epoxyisoprene-induced stress. However, more 

Gram-negative isolates are required to determine whether the pattern between Gram-

positive and negative isoprene degrading bacteria and the presence of duplicate iso genes 

holds true.  

1.3.2 Diversity of isoprene degrading bacteria today 
Having identified soils as a sink for isoprene (see section 1.1.4), and showing the action was 

a microbial process (confirmed by autoclaving soils which prevented further oxidation of 

isoprene), further attempts to isolate bacteria responsible for isoprene degradation were 

carried out. Many of the earlier representatives of isoprene degrading isolates were Gram-

positive Actinobacteria, such as Gordonia, Micrococcus, Mycobacterium and Rhodococcus, 

with Rhodococcus seeming to be particularly abundant in a range of environments (Ewers 

et al., 1990; van Hylckama Vlieg et al., 1998; Alvarez et al., 2009; El Khawand et al., 2016; 

Crombie et al., 2017; Johnston et al., 2017; Murphy, 2017; Figure 1.7).  

Earlier studies focused on aquatic environments, with species of Rhodococcus, Gordonia 

and Mycobacterium isolated from marine sediments, estuarine and fresh water samples 

(Alvarez et al., 2009; Johnston et al., 2017). The study by Alvarez et al. (2009) also showed 

that marine sediments harboured a greater isoprene degrading potential than water 

samples in estuarine environments. It was noted that the rate of isoprene uptake was 

significantly increased in circumstances where samples were incubated with lower 

concentrations of isoprene. It was also noted that communities from sampling locations 

that experience lower atmospheric levels of isoprene showed higher rates of isoprene 

uptake. This suggested that higher concentrations of isoprene may have a toxic or 

inhibitory effect on isoprene metabolism in the natural community.  
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Figure 1.8. 16S rRNA gene-based phylogeny of isoprene degrading bacteria. Taken from Crombie et al. (2018) 
showing isolate strains of isoprene degrading bacteria available at time of publication (in bold) alongside other 
representative strains. 
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The effect of isoprene concentration also appeared to extend to the phylogeny of the 

bacteria that were isolated in these experiments. Earlier studies that were dominated by 

representatives of the Actinobacteria phylum (the phylogeny of which can be seen in Figure 

1.8) were often characterised by relatively high concentrations of isoprene during 

enrichment. For example, earlier DNA-Stable Isotope Probing (DNA-SIP) experiments 

(explored in detail in section 1.4.2) utilised 0.5% (v/v) isoprene and consistently showed 

Actinobacteria to dominate the enriched communities they recovered (El Khawand et al., 

2016; Johnston et al., 2017). 

A study by Crombie et al. (2018) investigated this effect by carrying out two separate DNA-

SIP experiments on the same samples, one involving incubation with labelled isoprene at 

500 ppmv and the other with 150 ppmv. In this study, both incubations showed 

Rhodococcus was the dominant genus, followed by Comamonadaceae, however in the 

lower concentration enrichment, the abundance of Comamonadaceae increased from 3% 

relative abundance (RA) to 16% RA of the whole isoprene degrading community, with 

Variovorax being most abundant. This result suggests that incubation with higher isoprene 

concentrations may bias community analyses towards an overabundance of Actinobacteria 

as suspected (Table 1.2).  

Later studies utilising the DNA-SIP method subsequently lowered the concentration of 

isoprene used during incubation. A study investigating the isoprene degrading bacteria 

harboured by soils associated with willow trees used 25 ppmv during the incubation period 

and identified a community profile quite distinct from previous studies (Larke-Mejia et al., 

2019; Table 1.2). Here, Gram-negative Proteobacteria were dominant, specifically 

Burkholderiales. Ramlibacter and Variovorax represented a combined 72% of the isoprene 

degrading community at the first timepoint, with Rhodococcus representing only 4.5% 

relative abundance (RA). Because the environment studied in this experiment is different to 

those previously tested with higher concentrations of isoprene, it means the species of tree 

these bacteria were associated with, or other abiotic factors, cannot be ruled out as the 

variable responsible for the distinct difference in community profile. It does suggest 

however, that Actinobacteria thrive mostly under higher isoprene conditions, and in 

situations where lower concentrations are available, a more diverse community can thrive. 
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Table 1.2. Isoprene degrading community identified via DNA-SIP. Active isoprene degraders are listed in order 
of abundance. Adapted from Carrión et al. (2020). 

Study Environment Isoprene 
Concentration (ppm) 

Active Isoprene Degraders 

El Khawand et al., 2016 Willow soil 5000 Rhodococcus, Variovorax, 
Comamonas 

Johnston et al., 2017 Estuarine water 
and sediment 

2000 Microbacterium, Rhodococcus, 
Mycobacterium, Gordonia 

Crombie et al., 2018 Poplar leaves 500 Rhodococcus, 
Xanthamonadaceae, 
Comamonadaceae 

150 Rhodococcus, Variovorax 

Larke-Mejía et al., 2019 Willow soil 25 Ramlibacter, Variovorax, 
Rhodococcus 

Larke-Mejía et al., 2020 Oil palm leaves 25 Gordonia, Sphingomonas, 
Aquincola 

Oil palm soil 25 Aquabacterium, Rhodococcus, 
Saccharibacter 

 

The variety of isoprene degrading bacterial isolates grew wider. Pseudomonas and 

Klebsiella isoprene degrading strains were isolated from rubber-contaminated soil 

(Srivastva et al. 2015), while isoprene degrading strains from the genera Arthrobacter, 

Bacillus, Pseudomonas, Sphingobacterium, Sphingobium, and Pantoea were isolated from 

the soils and leaves associated with tropical teak (Tectona grandis) and mahua trees 

(Madhuca latifolia) (Singh, Srivastava, and Dubey 2019). Following DNA-SIP experiments 

that indicated the presence of isoprene degrading members of the Comamonadaceae 

family, Larke-Mejia et al. (2019) carried out a targeted isolation experiment. The study 

utilised lower levels of isoprene during enrichment (25 ppmv) to avoid specifically selecting 

for Actinobacteria. This method was successful and resulted in the isolation of some of the 

first Gram-negative isoprene-degrading bacteria. Enrichments from soils and leaves 

associated with a willow and an oil palm tree from Kew Gardens, London, contained 

isoprene degrading strains of Variovorax, Sphingopyxis and Ramlibacter (Larke-Mejia et al. 

2019). Variovorax sp. WS11 would go on to be investigated as a model organism to 

complement research done in Rhodococcus AD45 but within a novel, genetically pliable 

Gram-negative system (Dawson et al. 2020; Dawson 2021).  
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1.4 Molecular ecology methods to survey distribution and diversity of 

isoprene degrading bacteria  
 

1.4.1 Functional gene probes 

The range of isoprene degrading isolates described in section 1.3.2 indicates that isoprene 

metabolism appears to be a widespread characteristic found in many phylogenetically 

diverse bacteria. While enrichment cultures are a useful tool to identify bacteria with 

specific metabolic traits, it is time consuming as a means of widespread screening. 

Universal primers that target genes like the 16S rRNA gene for phylogenetic identification 

are essential for the characterisation of bacteria, but do not give any information as to their 

metabolic capabilities. 

In the past, studies investigating methane metabolism successfully utilised another SDIMO, 

the soluble methane monooxygenase (sMMO) to screen for methane degrading bacteria in 

the environment. These studies designed functional gene probes targeting mmoX, the α-

subunit of the hydroxylase of the sMMO enzyme, using them to significantly increase our 

knowledge of methane oxidising bacteria in the environment. (McDonald et al., 1995; 

Dumont and Murrell, 2005a; McDonald et al., 2008; Ul Haque et al., 2018).  

Once a range of isoprene degrading isolates had been obtained and the genetic pathway of 

isoprene degradation elucidated, a similar approach to investigating isoprene degrading 

bacteria became possible. Earlier studies were able to utilise the genetic information 

obtained from cultured isoprene degrading organisms available at the time, to produce 

functional gene probes that allowed for targeted detection of such bacteria in 

environmental samples. These probes were designed to detect and amplify isoA, encoding 

the α-subunit of the isoprene monooxygenase, within which the active site of the enzyme 

is located. As a conserved gene essential for isoprene degradation (as described in section 

1.3.1), isoA is considered an ideal biomarker for isoprene metabolism (Crombie et al. 2015; 

El Khawand et al. 2016). However, these earlier isoA gene probes were limited by the 

diversity of the isoprene degrading bacteria mined to design them, meaning earlier primers 

were biased towards Rhodococcus-like sequences and those recovered from other 

Actinobacteria.  

 



   Introduction 
  

 
 20 

As with all gene probes, there is a constant need to update their design as isoA sequences 

from a wider variety of bacteria are recovered. With every addition of a phylogenetically 

diverse isoA sequence to databases, the subsequent primer design becomes more robust 

and capable of capturing a more accurate profile of isoA genes in the environment.  

1.4.2 DNA-SIP 
While techniques such as PCR, cloning and amplicon sequencing allow us to easily identify 

microbes from the environment at a molecular level, they do not readily allow for linkages 

between phylogeny and function at any relevant scale, especially with regards to the many 

unculturable bacteria known to make up the bulk of the planet’s microbiome. Techniques 

such as DNA-SIP allow us to link the identity and function of bacteria in the environment at 

a broad scale, and allow us to specifically investigate groups of bacteria endowed with a 

shared and perhaps less common metabolic trait from within a complex community 

(Radajewski et al., 2000; Dumont et al., 2005b; Figure 1.9).  

 Figure 1.9. Graphical workflow of a DNA-SIP experiment. (a) Environmental samples are enriched with 
isotopically labelled and unlabelled control substrate. (b) Control and labelled DNA is extracted and suspended 
in a caesium chloride solution that undergoes isopycnic ultracentrifugation to distribute DNA into a gradient 
determined by buoyant density. (c1) DNA from bacteria that have incorporated the isotopically labelled 
substrate is found lower in the gradient. (c2) Samples undergo fractionation to recover DNA of varying buoyant 
density in individual tubes. (d) Fractions containing ‘heavy’ isotopically labelled DNA and ‘light’ unlabelled DNA 
are sequenced. (e) Downstream analyses such as amplicon sequencing or metagenomics can be carried out to 
obtain phylogenetic and functional information of the target population. Adapted from Ghori et al. (2019). 
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The principal behind this technique was demonstrated in 1958 by Meselson and Stahl who 

showed that stable isotope labelled 15N and 14N could be incorporated into DNA and 

subsequently separated via density-gradient centrifugation ( Figure 1.9). Since then, the 

technique has been shown to be compatible with use of 2H and 13C in the labelling process. 

Earlier experiments utilising labelled carbon focused on methylotrophs and their 

incorporation of 13CH3OH and 13CH4 , added to soil samples or enrichment cultures. 

(Radajewski et al. 2002; Morris et al. 2002; Radajewski et al. 2000).  

The specifics of DNA-SIP as a method can be found in section 2.5. The process has been a 

well-used and successful tool in the investigation of the diversity and distribution of 

isoprene degrading bacteria in the past. To date, DNA-SIP has been used by El Khawand et 

al. (2016) and Larke-Mejia et al. (2019) to investigate the soils associated with willow trees. 

Crombie et al. (2018) used DNA-SIP to investigate the isoprene degrading community of a 

poplar phyllosphere, Larke-Mejía et al. (2020) to investigate oil palm leaves from Kew 

Gardens, and Johnston et al. (2017) to investigate isoprene degrading bacteria from an 

estuarine environment. Through these studies (the results of which are summarised in 

Table 1.2), we have a much broader idea of the diversity of isoprene degrading bacteria 

than could ever be obtained through traditional isolation methods. In fact, many attempts 

to isolate bacteria with DNA found in the ‘heavy’ fraction of 13C labelled samples, who were 

found to contain isoA-like sequences, have been unsuccessful. This shows the value of 

culture-independent methods of identification.  

 

1.4.3 Metagenomic sequencing  
One of the culture-independent methods most heavily used in tandem with DNA-SIP is that 

of metagenomic sequencing. Metagenomics is the study of collective genomes in an 

environmental community. Unlike amplicon sequencing which utilises a gene target 

approach, metagenomics uses a whole-genome shotgun method to fragment and 

sequence the entire bulk DNA of a community. As a result, the reads generated through 

metagenomics are not biased by primer specificity and can originate from bacteria, viruses, 

phages, archaea, fungi and other eukaryotes. Metagenomic data also includes plasmid DNA 

along with extra-chromosomal, host, chloroplast and mitochondrial elements.   

While metagenomics as a concept opened up a wide and exciting vista of microbiome 

research, it does have its drawbacks. Specifically, the sequencing depth required to analyse 

resident bacteria in a studied environment at any resolution is inversely proportional to the 
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abundance of said bacteria. This is an issue if the purpose of the study is to investigate a 

particular metabolic process carried out by a relatively small group of bacteria. Increasing 

the depth of metagenomic sequencing to obtain enough reads from these groups can 

quickly become cost prohibitive (Xu 2006; Nazir 2016; Fadiji and Babalola 2020).  

The combination of DNA-SIP and metagenomics sequencing is an elegant solution to this 

issue (reviewed in Chen and Murrell, 2010). With the use of DNA-SIP allowing the 

separation of DNA from bacteria that carry out isoprene degradation from those that do 

not, it greatly reduces the complexity of the community being sequenced and thus lowers 

the depth required for informative resolution (Schloss and Handelsman 2003). This 

decreased complexity and the resulting more granular data on individuals responsible for 

isoprene degradation then allows for the successful creation of metagenome assembled 

genomes or MAGs. With the use of MAGs, unculturable bacteria can be analysed in a 

similar manner to whole genome sequencing or WGS, with the potential for entire 

metabolic pathways to be identified and explored.  

This method has been successfully used in previous studies investigating bacteria involved 

in the isoprene cycle. Crombie et al., (2018) combined metagenomic sequencing with DNA-

SIP while investigating the phyllosphere of a poplar tree. In this study they were able to 

recover a number of MAGs closely resembling isoprene degrading Rhodococcus isolates, 

along with a Pseudonocardia MAG and one designated as Variovorax before a physical 

isolate of that genera had been obtained. Larke-Mejia et al. (2019) used a similar process 

while investigating soils associated with a willow tree. Here metagenomic analysis allowed 

for the recovery of a number of MAGs identified as belonging to the family Burkholderiales, 

and one identified as Sphingomonadales harbouring genes related to isoprene 

biodegradation. 

A drawback of the DNA-SIP – metagenomic approach is that it severely reduces the 

throughput potential of stand-alone metagenomic methods. DNA-SIP experiments, 

particularly ones based on isoprene metabolism, are both time- and labour-expensive. Also, 

the amount of DNA required for metagenomic sequencing is quite high, while the DNA 

obtained from individual fractions of a DNA-SIP experiment are typically very low.  

An alternative approach would be the use of RNA-SIP, where the use of RNA instead of 

DNA allows for a specific insight into active communities. RNA-SIP is in general a more 

sensitive method due to an earlier and faster accumulation of isotope to RNA than to DNA. 

Benefits of RNA-SIP include faster labelling of active organisms, the ability to label active 
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but non-replicating bacteria and it also removes the impact of GC content on the 

fractionation process. However, despite the higher sensitivity of the RNA-SIP method, 

downstream applications are limited to those that include rRNA with implications for its 

usefulness in accurately interpreting the physiological role of bacteria in the studied 

environment (Neufeld et al. 2007; Jameson et al. 2017).  

As such, to date, the use of metagenomics with DNA-SIP has been an important method in 

the study of the ecology of isoprene degrading bacteria and features heavily in the 

following research.  

 

1.5 Aims & Objectives of this Study 
 

The primary aim of this study was to contribute to our understanding of the role that 

bacteria play as biological sinks in the biogeochemical cycle of isoprene. There were three 

main areas of interest that the following research set out to address.  

The first was to identify the bacteria involved in the biodegradation of isoprene. While this 

PhD project was built on a body of work carried out by previous lab members that explored 

this question (the results of which are detailed in Table 1.2), each experiment further 

expanded our understanding as to the diversity of isoprene degrading bacteria, and 

indicated that there was still much to be discovered with regards to their phylogenetic 

range.  

The second area of interest was in relation to the distribution of isoprene degrading 

bacteria. Isoprene itself is ubiquitous and is emitted across the globe. This project aimed to 

contribute to our understanding as to the geographical distribution of environments that 

may harbour these species. A specific focus of this aim was to examine whether different 

locations, biomes or host species, particularly those that produce or experience high levels 

of isoprene, might have an impact on the presence and diversity of the associated isoprene 

degrading bacteria. 

Finally, this project aimed to investigate the abundance of isoprene degrading bacteria in 

terrestrial environments associated with both isoprene-emitting and non-emitting plants. 

To date, all research on their ecology focused on enrichment-based methods that do not 

reflect the bacterial community harboured in the natural environment. If we are to truly 

understand the role that bacteria play in the biogeochemical cycle of isoprene, we must 
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first determine how common a trait isoprene metabolism is without the addition of 

artificial selective pressures. This project aimed to take early steps in addressing the 

question, to what extent do bacteria in the environment contribute to the biogeochemical 

cycle of isoprene under natural conditions.   
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2   Materials and Methods  
 

2.1  Materials 
All molecular biology- and analytical-grade components were purchased from Thermo 

Fisher Scientific (Waltham, MA, USA), Sigma-Aldrich (St Louis, MO, USA), Melford 

(Chelsworth, Ipswich, UK) or Merck (Kenilworth, NJ, USA). Gases were purchased from 

Sigma-Aldrich, Air Liquide UK (Birmingham, UK), BOC (Manchester, UK) or CK Special Gases 

Limited (Newton Unthank, UK). Custom oligonucleotides were synthesised by Thermo 

Fisher Scientific.  

 

2.2  Cultivation methods 

2.2.1 Growth media, buffer preparation and antibiotics 
All growth media and solutions were prepared with distilled water and subsequently 

autoclaved at 15 psi for 15 minutes at 121˚C. Solutions or components sensitive to extreme 

heat were sterilised with the use of a sterile, disposable 0.2 µm syringe filter (Sartorius, 

Göttingen, Germany) and added when autoclaved solutions had cooled to room 

temperature. Solid media were prepared with the addition of 1.5% (w/v) Bacto Agar (Difco, 

Waltham, MA, USA). Rich solid medium was prepared with 1.8% (w/v) R2A agar (Oxoid 

Limited, Hampshire, UK).  Ampicillin was filter sterilized and added to autoclaved, cooled 

growth medium to a concentration of 100 µg ml-1. Liquid media utilised were prepared as 

follows.  
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Ewers medium (Dorn et al. 1974)   

(10x) mineral salts:  

(NH4)2SO4 10 g L-1 

MgSO4.7H2O 2 g L-1 

Ca(NO3)2.4H2O 0.725 g L-1 

(100x) Fe Ammonium Citrate:  

Fe Ammonium Citrate 1 g L-1 

(1,000x) Trace Elements (SL-6) (Quayle & Pfennig 1975) 

ZnSO4.7H2O  10 mg L-1  

MnCl2.4H2O  3 mg L-1  

H3BO3  30 mg L-1  

CoCl2.6H2O  20 mg L-1  

CuCl2.2H2O  1 mg L-1  

NiCl2.6H2O  2 mg L-1  

Na2MoO4.2H2O  3 mg L-1  

1 M Phosphate Buffer (pH 6.0)  

KH2PO4  0.5 M  

Na2HPO4  0.5 M  

(1,000x) Marine Ammonium Mineral Salts (MAMS) vitamins (Kanagawa et al. 1982)  

Thiamine hydrochloride  10 mg L-1  

Nicotinic acid  20 mg L-1  

Pyroxidine hydrochloride  20 mg L-1  

p-aminobenzoic acid  10 mg L-1  

Riboflavin  20 mg L-1  

Calcium pantothenate  20 mg L-1  

Biotin  1 mg L-1  

Cyanocobalamin B12  2 mg L-1  

Lipoic acid  5 mg L-1  

Folic acid  5 mg L-1  
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Ammonium Nitrate Mineral Salts (ANMS) (Adapted from Brenner et.al 1984) 

(10x) ANMS salts:  

KNO3 5 g L-1 

NH4Cl 5 g L-1 

MgSO4.7H2O 10 g L-1 

CaCl2.2H2O 2 g L-1 

(1,000x) Fe EDTA:  

Fe EDTA 0.38 g L-1 

(100x) Sodium Molybdate:  

Na2MoO4.2H20 0.26 g L-1 

(100x) Trace Elements  

CuSo4.5H2O 0.25 g L-1  

FeSO4.7H20 0.5 g L-1  

ZnSo4.7H20 0.4 g L-1  

H3BO3 0.015 g L-1  

CaCl2.6H2O 0.05 g L-1  

EDTA disodium salt 0.25 g L-1  

MnCl2.4H2O 0.02 g L-1  

NiCl2.6H2O 0.01 g L-1  

1 M Phosphate Buffer (pH 6.8)  

KH2PO4  0.5 M  

Na2HPO4.12H20 0.5 M  

 

 

Marine Basal Medium (Baumann et al. 1981)   

(4x) Basal media:  

Tris HCl 1M (pH 7.5) 150 mL 

K2HPO4 87 mg 

NH4Cl 1.5 g  

H2O 375 mL 

(20x) Fe EDTA 

Fe EDTA 0.5 g L-1 

(1,000x) Vitamin supplement   

Biotin  20 mg L-1  

Folic acid  20 mg L-1  

Pyridoxine HCl 100 mg L-1  

Riboflavin  50 mg L-1  

Thiamine 50 mg L-1  

Nicotinic acid 50 mg L-1  

Pantothenic acid  50 mg L-1  

Cyanocobalamin B12 1 mg L-1  

P-aminobenzoic acid  50 mg L-1  

Sea Salts    

Sea Salts 1 g/psu/L 
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2.2.2 Enrichment, isolation and maintenance  
Enrichment of isoprene degrading bacteria from environmental samples was carried out in 

liquid medium initially, MBM was used for marine isolates and Ewers for terrestrial or 

freshwater isolates. Environmental enrichments were grown in sterile 125 mL serum vials 

sealed with butyl rubber seals and supplied with 25 ppmv gaseous isoprene. Isoprene 

consumption was measured by gas chromatography (GC) as described in section 2.2.3. Sub-

culturing was carried out three times at 2-week intervals. Cultures were then plated to 

solid minimal medium and incubated in an air-tight container supplied with 25 ppmv 

isoprene alongside minimal media plates containing no culture as a control. Colonies that 

formed were individually streaked to fresh minimal medium plates and grown again under 

the same conditions. Biomass was gathered from plates and isolates were inoculated into 

fresh minimal liquid medium, supplied with 25 ppmv isoprene and incubated at 30˚C with 

shaking in the dark. Isoprene levels in the headspace were monitored daily via GC. Upon 

confirmation of consistent isoprene uptake, isolates were stored on rich R2A agar or 

minimal solid medium stored in anaerobic jars with isoprene for short-term storage. 

Isolates were identified and the presence of isoA genes confirmed utilising 16S rRNA gene 

and isoA gene PCR methods described in section 2.4.2 

Nocardioides sp. WS12 was grown on ANMS medium with a pH of 6.8, supplemented with 

1% (v/v) glucose or 125 ppmv isoprene in the headspace. Cultures were grown at 25˚C with 

shaking in the dark. Nocardioides sp. WS12 was stored on R2A agar or ANMS solid medium 

for short-term storage. Long-term storage at -80˚C was in the form of concentrated 

cultures supplemented with 10% (v/v) glycerol and snap frozen in liquid nitrogen.   

Purity of isolate cultures was routinely monitored by serial dilution and subsequent plating 

to solid rich medium. Cultures were also observed via microscopy at 1,000x magnification 

to check for contamination with the use of a Zeiss Axioskop 50 microscope, 130 VA Type B 

(Carl Zeiss Ltd, Cambridge, UK).  

 

2.2.3 Quantification of isoprene uptake 
Isoprene uptake by isolates and environmental cultures was measured by gas 

chromatography. An air-tight glass syringe (Agilent, Cheadle, UK) was used to take a 50 µL 

gas sample from the headspace of sealed cultures. Samples were injected into to a 7820A 

gas chromatograph (Agilent) and measured as described by Crombie et al. (2015). 
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Measurement of isoprene uptake during the oil palm DNA-SIP experiment described in 

Chapter 5 was carried out with the use of a Fast Isoprene Sensor (Hills-Scientific, Boulder, 

CO, USA). 50 µL of headspace gas was injected into the Fast Isoprene Sensor. Data were 

exported to QTiPlot and the peak area produced by the photon count was used to 

determine isoprene concentration with the use of a standard curve of known isoprene 

concentrations ranging between 70 and 500 ppmv.  

It should be noted that in terms of enrichment cultures, measuring the depletion of 

isoprene alone does not account for the possibility that certain bacteria may oxidise 

isoprene without utilising it for growth, or others may grow because they have the ability 

to utilise by-products of isoprene metabolism without the ability to metabolise isoprene 

itself.  

 

2.3  Extraction of nucleic acids 

2.3.1 Genomic and plasmid DNA extraction 
To extract gDNA, pure cultures were grown in 50 mL liquid medium with glucose to an 

OD540 of 0.8-1. Cultures were centrifuged for 2 minutes at 11,000 x g and the supernatant 

discarded. gDNA was extracted using the Wizard Genomic DNA Purification Kit (Promega, 

WI, USA) according to the manufacturer’s instructions.  

Plasmid DNA was extracted from 5 mL overnight Escherichia coli cultures with the GeneJet 

Plasmid Miniprep Kit (Thermo Fisher Scientific) according to manufacturer’s instructions.  

 

2.3.2 High-MW DNA extraction 
In circumstances when high concentration, high molecular weight gDNA was required, the 

following protocol based on Current Protocols in Molecular Biology Unit 2.4 (Ausubel et al., 

2003) was followed. Volumes given are suitable for 20 – 50 mL cell cultures.  

Protocol components:  

Resuspension buffer: 20 mM Tris, 2 mM EDTA, pH 8.0  

RNase A: 10 mg mL-1 

NaCl: 5 M stock solution 

CTAB/NaCl: 10 % (w/v) CTAB in 0.7 M NaCl. 
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Phenol:Chl:IAA 

Prepared fresh on day of use: 

Lysozyme: 100 mg mL-1 

Proteinase K: 10 mg mL-1  

N-laurylsarcosine: 10 % w/v 

 

Method: 

Cell pellet was suspended in 5 mL resuspension buffer. 60 µL of lysozyme was added and 

the solution was incubated for 60 mins at 37˚C. 375 µL of Proteinase K and 7 µL of RNase A 

was added. Solution was incubated again for 15 minutes at 37˚C. N-laurylsarcosine was 

added at a volume of 780 µL and the solution incubated for 60 minutes at 60˚C to lyse cells. 

1012 µL of the 5 M stock of NaCl was added, followed by 803 µL CTAB/NaCl (to give 1% 

CTAB). The solution was incubated for 15 minutes at 60˚C. 

An equal volume of phenol:Chl:IAA was added and the solution shaken vigorously for 5 

seconds, then incubated for 10 minutes at 60˚C. The solution was shaken once at 5 minutes 

and once more at the end of this incubation step to separate DNA from protein and other 

solids at the interphase. The solution was centrifuged for 5 minutes at 8,000 x g and the 

upper aqueous phase extracted to a fresh tube. The phenol:Chl:IAA step was repeated 

twice more without the initial incubation step and with mixing for 5 minutes each time on a 

tube roller. Extraction with Chl:IAA was carried out once, with an additional second 

extraction where necessary if a white interface was still visible.  

DNA was precipitated with the addition of 2 volumes of cold 100% ethanol. The solution 

was incubated for 60 minutes or overnight at 20˚C followed by centrifugation for 20 

minutes at 13,000 x g at 4˚C. DNA was washed with cold 70% ethanol, centrifuged once 

more and briefly air-dried. The DNA pellet was then resuspended in 400 µL buffer (5 mM 

Tris pH 8.5).  
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2.4  Nucleic acid manipulation techniques 

2.4.1 Quantification of DNA 
The concentration of DNA was measured with the use of a Qubit 3.0 flurometer (Thermo 

Fisher Scientific) with either dsDNA Broad Range (BR) or High Sensitivity (HS) reagents 

depending on the expected DNA concentration range. Measurements were carried out 

according to the manufacturer’s instructions.  

2.4.2 Polymerase chain reaction (PCR) of isoA and 16S rRNA gene 
All PCRs were carried out with the use of a DNA Engine Tetrad thermocycler (Bio-Rad, CA, 

USA). Reactions were prepared in 50 µL volumes using DreamTaq DNA polymerase and 

associated buffer (Thermo Fisher Scientific). A typical reaction included 5 µL buffer, 4 µM of 

each relevant primer (see Table 2.1), dNTPs (2.0 mM of each), 50 ng gDNA template or 20 

ng to 1 µg environmental DNA and the remaining volume made of nuclease-free H20. Each 

PCR experiment included a negative control containing no DNA template, and a positive 

control of genomic DNA from a known strain.  

PCRs using DNA extracted directly from bacterial colonies were also carried out. In such 

cases, a sterile toothpick was used to pick one half of a single colony and the tip of the 

toothpick placed in 100 µL of sterile water in a PCR tube. Tubes were heated to 100˚C on a 

heat rack for 10 minutes and 1 µL of the heat-lysed culture was used as template for the 

PCR reaction. Colony PCRs were utilised for large-scale screening purposes.  

When amplifying isoA the following conditions were used: 

An initial step of 94˚C for 2 minutes, followed by 31 cycles of 95˚C for 15 seconds, 54˚C for 

30 seconds, 72˚C for 1 minute and an extension step of 72˚C for 7 minutes. In 

circumstances where environmental DNA was utilised, and amplification was weak (such as 

the amplification of isoA genes from freshwater and marine samples in Chapter 3), 40 

cycles were carried out.  

Following amplification, PCR products were purified for downstream analyses with the 

Machery-Nagel NucleoSpin and PCR Clean-up Kit (Thermo Fisher Scientific) as per the 

manufacturer’s instructions.  
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 Table 2.1. Details of primers used in this study. GC-clamp sequences are underscored.  

Name Target Sequence (5'-3') Product 
Size 
(bp) 

Reference 

27F Near-complete 16S rRNA gene  AGAGTTTGATCMTGGCTCAG 1400 Lane D.J. (1991) 

1492R Near-complete 16S rRNA gene  TACGGYTACCTTGTTAGGACTT Lane D.J. (1991) 

519F V4-V5 hypervariable region of 
16SrRNA gene 

CAGCMGCCGCGGTAATAC 391 Stores et al. (2016) 

907R V4-V5 hypervariable region of 
16SrRNA gene 

CCGTCAATTCMTTTGAGTTT Lane D.J. (1991) 

341F-GC V3-V5 hypervariable region of 16S 
rRNA gene (contains GC clamp) 

CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGCCTACGGAGGCAGCAG 566 Muyzer G. (1995) 

907R V3-V5 hypervariable region of 16S 
rRNA gene 

CCGTCAATTCMTTTRAGTTT Muyzer G. (1995) 

M13F Plasmid inserts (various) GTAAAACGACGGCCAG Variable Invitrogen 

M13R Plasmid inserts (various) CAGGAAACAGCTATGAC Invitrogen 

isoA14F Region of isoA gene encoding first 
iron centre of IsoA 

GVGACGAYTGGTAYGACA 497 Carrion et. al. (2018) 

isoA511R Region of isoA gene encoding first 
iron centre of IsoA 

TCGTCRAAGAARTTCTTBAC Carrion et. al. (2018) 
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2.4.3 Preparation of Escherichia coli TOP10 cells and pGEM-T Easy cloning 
Preparation of chemically competent Escherichia coli cells 

Chemically competent Escherichia coli cells were grown in SOB medium prepared as 

follows. 20 g of tryptone, 5 g yeast extract and 0.5 g NaCl were added to 900 mL distilled 

H2O. Then, 2.5 mM KCl was added, and 5 M NaOH was used to adjust the pH to 7.0. Total 

volume was brought to 1 L with distilled H2O and the solution was autoclaved. Immediately 

before use, sterile 2 M MgCl2 was added to make a final concentration of 10 mM.  

CCMB80 buffer was made as follows. 11.8 g CaCl2.2H2O, 4 g MnCl2.4H2O, 2 g MgCl2.6H2O, 

100 mL glycerol, 10 mL CH3COOK (1 M stock, pH 7.0) were added to 800 mL distilled H2O. 

The solution was sterilised via filtration and stored at 4˚C.  

Glassware was treated for use by filling each container halfway with distilled water and 

sterilising by autoclaving.  

Seed stocks were prepared by growth of Escherichia coli TOP10 cells on solid SOB medium 

at room temperature for 36 hours. Single colonies were transferred to 2 mL liquid SOB 

medium and incubated once more overnight at room temperature. Glycerol was added at 

15% (v/v) and 1 mL was snap frozen in liquid nitrogen and stored at -80˚C.  

To prepare chemically competent Eschericia coli  TOP10 cells, 250 mL SOB medium was 

inoculated with 1 mL of seed stock and grown at 30˚C with shaking until the culture 

reached an OD540 of 0.3-0.4. The culture was cooled on ice for 10 minutes and cells 

harvested by centrifugation. The cell pellet was resuspended in 80 mL ice cold CCMB80 

buffer and incubated on ice for 20 minutes before centrifugation. The cell pellet was 

resuspended in 10 mL  ice cold CCMB80 buffer and the OD540 adjusted to 5-7.5. Competent 

cells were snap frozen in liquid nitrogen and stored at -80˚C.  

Ligation of DNA 

Clone libraries were created with the use of the pGEM-T Easy Vector System (Promega). 

The target gene was amplified via PCR from environmental DNA and the product purified as 

described previously. Ligations were set up at an insert:vector molar ratio of both 1:1 and 

1:3. A ligation mix at the 1:1 ratio consisted of 1 µL PCR product, 1 µL pGEM-T Easy Vector 

(50 ng), 1 µL T4 DNA ligase, 5 µL 2x Rapid Ligation Buffer and 2 µL nuclease-free H2O. 

Positive controls were set up similarly with control insert DNA in the place of PCR product. 

A background control with no DNA was also set up. Reactions were mixed well and stored 

overnight at 4˚C.  
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Transformation of chemically-competent Escherichia coli TOP10 cells 

SOB medium was removed from storage in advance and allowed to warm to room 

temperature. Chemically competent Escherichia coli TOP10 cells were thawed on ice and 50 

µL were combined with 50 – 100 ng of plasmid DNA or ligation mix. The mixture was put on 

ice for 30 minutes to 1 hour, then heat shocked for 3 minutes in a 42˚C heat bath. 

Immediately after this the mixture was returned to the ice for 5 – 10 seconds. 500 mL of 

room temperature SOC medium was added and the culture incubated at 37˚C with shaking 

for 1 hour. The culture was then centrifuged for 3 minutes at 7,000 xg and the supernatant 

discarded. The pellet was resuspended with what small amount of medium remained in the 

bottom of the tube and streaked to solid LB medium containing 50 µL ampicillin and 50 µL 

xgal per plate. Plates were incubated for 12 – 24 hours at 37˚C.  

Plasmid Extraction from E. coli 

Positive clones were inoculated in flasks with 5 mL LB and 5 µL ampicillin and incubated 

overnight at 37˚C with shaking. Once grown, 3 mL of cells were pelleted via centrifugation 

and plasmid DNA extracted with the use of the GeneJET Plasmid Miniprep Kit (Thermo Fisher 

Scientific) according to manufacturer’s instructions.  

 

2.4.4 Agarose gel electrophoresis 
Agarose was added to 1x Tris Borate EDTA (TBE) buffer at 1% (w/v) and microwaved until 

the agarose had completely dissolved. Once cooled to room temperature, 0.5 µg mL-1 

ethidium bromide was added before the gel was poured into an appropriate tank and 

allowed to set. A GeneRuler 1 kb DNA ladder (Thermo Fisher Scientific) was used to 

determine the size of sample DNA. Gels were run at 90 V for 20 – 40 minutes. Gels were 

visualised via a ChemiDoc XRS System (Bio-Rad).  

 

2.4.5 Denaturing gradient gel electrophoresis  
16S rRNA genes were amplified with primers 341-GC F and 907R (Valášková and Baldrian 

2009). The DCode Universal Mutation Detection System (Bio-Rad) was used to carry out 

denaturing gradient gel electrophoresis (DGGE) following the manufacturer’s instructions. 

PCR products were run on an 8% (w/v) polyacrylamide gel made of acrylamide-

bisacrylamide 37.5:1 in x1 TAE buffer (pH 8.0) with a 30 – 70% linear denaturant gradient. 

100% denaturant represented 7 M urea and 40% (w/v) formamide. Electrophoresis was 
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carried out at 75 V for 16 hours. Staining was carried out with 3 µL SYBR Green I Nucleic 

Acid Gel Stain (Thermo Fisher Scientific) and gels were imaged using a GelDoc XR system 

(Bio-Rad).  

2.5  DNA-stable isotope probing 

2.5.1 Soil sample preparation 
The exact location of each set of soil samples used is detailed in each of the relevant 

chapters. However, as a rule, the processing of bulk soil samples associated with individual 

plants or locations was done using the following methods. In circumstances when bulk soil 

could not be transported to the ELSA lab (such as oil palm soils in Chapter 5), soil 

microcosms were set up with soil washings. 5 g of soils were resuspended in 50 mL of 

sterile distilled H2O in 250 mL conical flasks. Flasks were shaken at 150 rpm for 30 minutes 

at room temperature. The resulting soil suspensions were decanted to sterile 50 mL 

measuring cylinders allowed to settle for 1 hour. The upper aqueous layer was transferred 

to a sterile flask. This method was repeated once more with the addition of a sonication 

step. This was to ensure the recovery of any cells that may have been tightly adhered to 

soil particles, but to also ensure that fragile cells that may be damaged by sonication would 

also make it through processing. Sonication was carried out for 5 minutes in a water bath 

(Mettler Electronics, CA, USA). The soil washings obtained from both methods (sonicated 

and un-sonicated) were combined in custom-made sterile 2 L air-tight Duran bottles with a 

spout that was sealed with a butyl-rubber seal to allow for easy enrichment with gas 

substrates. Samples were provided with 25 ppmv isoprene and incubated in the dark at 

30˚C with shaking. In circumstances where soil could be used directly, the washing steps 

were skipped, and soil was incubated directly in sterile distilled H2O.  

2.5.2 Phyllosphere sample preparation 
When dealing with leaf samples, biomass levels are expected to be low, so a concentrated 

washing technique was used. Leaves were placed into sterile glass bottle containing 250 mL 

sterile distilled H2O. Leaf samples were sonicated for 5 minutes in a water bath (Mettler 

Electronics, CA, USA) and shaken at room temperature for 1 hour to dislodge cells from the 

leaf surface. The washings were then filtered through a 0.22 µm cellulose nitrate 

membrane filter (Pall, NY, USA) in order to concentrate the microbial cell mass. Filters were 

washed into a sterile 2 L air-tight Duran bottles using 40 mL sterile Ewers medium. Leaf 

samples were incubated in the presence of 25 ppmv isoprene and incubated in the dark at 

30˚C with shaking.  
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2.5.3 DNA-SIP experiments using 13C isoprene 
The synthesis of 13C isoprene was carried out by Gregg Whited and colleagues at Dupont, 

DE, USA. This 13C-labelled isoprene was provided to leaf and/or soil microcosms to monitor 

uptake of labelled isoprene and subsequent incorporation of the isotope into the DNA of 

isoprene degrading bacteria. Unlabelled 12C isoprene was provided to control samples. 

Sampling was carried out at various timepoints throughout incubation of SIP samples as 

detailed in each relevant chapter. Typically when enough isoprene had been incorporated 

to ensure sufficient labelling of the DNA in samples enriched with 13C isoprene. The aim 

was to incubate for the minimal length of time to ensure this while also avoiding cross-

feeding, which is more likely to occur the longer samples are incubated for prior to 

collecting material for the extraction of DNA. Isoprene uptake was monitored by GC or FIS 

as described in section 2.2.3.  

2.5.4 Fractionation of isotopically-labelled and unlabelled DNA solutions 
Fractionation was carried out as described by Neufeld et al. (2007). This method uses a 

caesium chloride gradient followed by isopycnic ultracentrifugation to separate out DNA in 

solution according to its density. Although density of the CsCl solution itself is incredibly 

difficult to accurately measure, in this case the refractive index was used as a proxy. Once 

the DNA was added, the solution was subjected to density gradient ultracentrifugation at 

177,000 xg in with the use of a Beckman Vti 65.2 rotor with vacuum at 20˚C for 65 – 80 

hours. No brake was used to ensure the gradient was not disturbed at the end of the 

ultracentrifugation run.  

Once the gradient was established, the solution was fractionated to separate DNA labelled 

with 13C isoprene from that which was not. In samples that were incubated with 12C 

isoprene, any difference in density is due to an unusually high GC-content in the DNA, 

though it is always expected that this will be a rare occurrence. The contents of each tube 

were separated into 12 – 14 fractions via gradient fractionation with the use of a peristaltic 

pump (Watson Marlow Pumps, Cornwall, UK). An AR200 digital refractometer (Reichert, 

NY, USA) was used to determine the refractive index of each fraction. This was plotted 

against DNA concentration, quantified via Qubit with the use of the dsDNA HS assay kit, to 

identify heavy and light fractions produced by the DNA-SIP.  
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2.6  Amplicon sequencing analysis  

2.6.1 Preparation of samples for amplicon sequencing 
Amplicon sequencing was used to investigate both 16S rRNA gene and isoA diversity within 

samples described in a number of chapters. Duplicate PCRs were carried out on each 

sample to amplify the gene of interest and the PCR products were pooled prior to 

purification to avoid PCR bias. In certain circumstances (such as in Chapter 5), it was not 

always possible to obtain a PCR product from the heavy fraction of samples incubated with 

12C isoprene. This is because not enough members of the community contain a particularly 

high GC-content in their genome and as such little to no DNA is fractionated into the 

relevant refractive index range described in section 1.5.4.  

In the experiments described in Chapter 3 and Chapter 5, isoA and 16S rRNA gene amplicon 

libraries were prepared and sequenced by MrDNA (Shallowater, TX, USA). PCR products 

provided were used in a 5 cycle PCR using the HotStarTaq Plus Master Mix Kit (Qiagen, MD, 

USA). After amplification, PCR products were checked on a 2% agarose gel and multiple 

samples pooled together in equal proportions based on their MW and DNA concentration. 

Pooled samples were then purified with the use of calibrated Agencourt AMPure XP beads 

(Beckman Coulter, CA, USA). Purified products were sequenced on an Illumina MiSeq 

platform following the manufacturer’s instructions. 

In Chapter 4, 16S rRNA gene amplicon sequencing was carried out by the Centre for 

Genomic Research (University of Liverpool, UK). PCR products were sequenced with the use 

of the Illumina MiSeq platform with 2 x 250 bp paired-end reads.  

2.6.2 Analysis of 16S rRNA gene amplicon sequencing 
The 16S rRNA gene amplicon data produced in Chapter 5 were analysed using the MrDNA 

analysis pipeline. Briefly, sequences were joined and short sequences >150 bp of sequences 

with ambiguous base calls were removed. Sequences were denoised, operational 

taxonomic units (OTUs) generated, and chimeras removed. OTUs were defined by 97% 

similarity. Final OTUs were taxonomically classified with the use of BLASTn against a 

specially curated database of DNA sequences extracted from The RDPII (Maidak et al. 1996) 

and NCBI databases (Altschul et al. 1990).  

All other amplicons, both 16S rRNA gene and isoA, were analysed personally in-house with 

the use of the Bioconductor package DADA2 (Callahan et al., 2016; version 1.6). Forward 

and reverse reads were trimmed to remove any adapter sequences and quality-filtered if 

the expected error rate was greater than 2 as assessed by the DADA2 quality analysis 
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function. Sequences were denoised using estimated error rates and the resultant 

sequences were dereplicated. Chimeric sequences were removed, and individual amplicon 

sequence variants (ASVs) were determined with the DADA2 algorithm. ASVs were 

taxonomically identified with the use of the RDP rRNA database (Maidak et al., 1996; 

trainset 18) in the case of 16S rRNA gene amplicons, or a personally curated database of 

isoA sequences recovered from isoprene degrading bacterial isolate genomes in the case of 

isoA amplicon analyses. Identification of isoA ASVs was carried out manually with BLASTx.  

 

2.7 Metagenome analysis  

2.7.1 Sequencing of metagenomic data  
Metagenomic sequencing described in Chapter 5 was carried out at MrDNA. 50 ng of each 

sample was used to create metagenomic libraries using the Nextera DNA Sample 

Preparation Kit (Illumina, CA, USA). Libraries were pooled in equimolar ratios of 1 nM and 

sequenced as paired end reads with the Illumina NovaSeq 6000 system.  

The sequencing of metagenomic data in Chapter 6 was carried out by Centre for Genomic 

Research. Library preparation (insert size <500 bp) and sequencing were carried out on an 

Illumina HiSeq 2500 platform in high-output mode (v4) (2 x 125 bp paired-end reads). 

Samples were processed with the Nextera XT kit following the Nextera XT workflow with an 

additional purification step using Agencourt AMPure XP beads.  

2.7.2 Metagenome community analysis, quality assessment, assembly and binning 

techniques 
In both metagenomic studies, the community profiling of unassembled reads was carried 

out with Kraken (Wood and Salzberg, 2014; version 1.1.1). Results were fed to Bracken (Lu 

et al., 2017; version 2.5) with a kmer of 31 to determine the relative abundance of each 

taxa.  

Further analyses of metagenomic sequences in Chapter 5 was carried out as follows. Reads 

were quality filtered with the use of the iu-filter-quality-minoche script (Minoche, Dohm, 

and Himmelbauer 2011). Reads were then assembled using metaSPAdes (Nurk et al., 2017; 

version 3.13) with kmers 21, 33 and 55. The quality of each of the assemblies was analysed 

with the use of MetaQUAST (Mikheenko et al., 2016; version 4.6.3). Assembled contigs 

were utilised to construct metagenome-assembled genomes (MAGs) using MaxBin2 (Wu et 

al., 2016; version 2.2.2). The completion and contamination of each MAG was assessed 

with CheckM (Parks et al., 2015; version 1.0.18). MAGs with >75% completeness and <5% 
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contamination were reassembled and taxonomically identified using the 

MetaWRAP::reassemble_bins and MetaWRAP::classify_bins modules of the MetaWRAP 

pipeline (Uritskiy et al., 2018; version 1.2.2). MAGs were concatenated and used to create a 

local database to search manually with BLAST for the presence of any homologues to 

known isoprene degrading proteins corresponding to IsoABCDEFGHIJ, along with 

associated proteins ALdH1, GshB and GarB (reviewed in Murrell et al., 2020) with a cut-off 

value of E < 1e-10 in permissive searches and E < 1e-40 in restrictive searches. MAGs were 

functionally annotated with the use of PROKKA (Seemann, 2014; version 1.13.3). 

The analysis of metagenomic sequence data obtained in Chapter 5 was carried out with a 

variety of modules from the MetaWRAP pipeline as follows.  Raw pooled reads obtained 

from the heavy fraction of samples incubated with 13C during the DNA-SIP experiment were 

pre-processed with the use of the metaWRAP::Read_qc module with default settings but 

without the bmtagger step. The MetaWRAP::Assembly module was used to assemble reads 

utilising MetaSPAdes. Binning was carried out with MetaWRAP::Binning using metaBAT2 

(Kang et al., 2019; version 2.12.1), MaxBin2 (version 2.2.6) and CONCOCT (Alneberg et al., 

2014; version 1.0.0). The results from each of the three assemblers were compiled to 

determine which MAGs were of the highest quality. These MAGs were reassembled in an 

effort to improve completion. Completeness, strain heterogeneity and contamination were 

assessed with CheckM (version 1.0.18) using the lineage-specific workflow. Taxonomy of 

each MAG was assigned with the use of MateWRAP::Classify_bins module. Functional 

annotation was carried out with PROKKA. In cases where a higher level of resolution was 

desired for taxonomic classification, MAGs were processed with the MiGA pipeline 

(Rodriguez-R et al. 2018).  

In all cases, visual analysis and functional gene mining of annotated MAG sequences was 

carried out with the use of the Artemis genome browser and visualization tool (Carver et 

al., 2012; version 16.0.0).  
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2.8 Genome analysis  

2.8.1 Genome Sequencing 
Sequencing of Nocardioides sp. WS12 was carried out by MicrobesNG (University of 

Birmingham, UK). Nocardioides sp. WS12 was grown in ANMS media with 10 mM glucose at 

25˚C with shaking. Once the liquid culture had reached the mid-exponential growth stage, 

cells were collected and plated to R2A agar plates. During this period, the culture was 

checked for signs of contamination via microscopy. After 3 days of growth, biomass was 

collected and deposited into barcoded bead tubes provided by MicrobesNG who then 

carried out combined long-read and short-read whole genome sequencing as follows. For 

short-read Illumina sequencing, beads were washed with extraction buffer containing 

lysozyme and RNase A, then incubated for 25 minutes at 37˚C. Proteinase K and RNase A 

were added and the solution incubated for 5 minutes at 65˚C. gDNA was purified with an 

equal volume of Solid Phase Reversible Immobilisation (SPRI) beads and resuspended in EB 

buffer. DNA was quantified in triplicate with the Quant-It dsDNA HS assay in an Eppendorf 

AF2000 plate reader (Eppendorf, Hamburg, Germany). Libraries were prepared with a 

Nextera XT Library Prep Kit following manufacturer’s instructions, with two modifications: 2 

ng of DNA was used instead of 1 ng, and the PCR elongation time was increased by 30 

seconds to 1 minute. Quantification and library preparation were carried out with the use 

of a Microlab STAR automated liquid handling system (Hamilton, NV, USA). Pooled libraries 

were quantified with the use of the Kapa Biosystems Library Quantification Kit for Illumina 

on a Roche light cycler 96 qPCR machine (Roche, Basel, Switzerland). Sequencing of 

libraries was carried out on the Illumina HiSeq using a 250 bp paired-end protocol.  

Long-read sequencing was carried out on the same samples as follows. Liquid cultures were 

spun down and the pellet resuspended and stored in the cryopreservative of a Microbank 

tube (Pro-Lab Diagnostics UK, Wirral, UK). Approximately 2 x 109 Nocardioides sp. WS12 

cells were used for HMW DNA extraction using a Nanobind CCB Big DNA Kit (Circulomics, 

Baltimore, MD, USA). Quantification of DNA was carried out with the Qubit dsDNA HS 

assay. Long-read genomic DNA libraries were prepared with an Oxford Nanopore SQK-

RBK004 Kit with Native Barcoding EXP-NBD104/114 (ONT, Oxford, UK) using 400 – 500 ng 

of library and loaded in a FLO-MIN106 (R.9.4) flow cell in a GridION (ONT, Oxford, UK). 

Reads were adapter trimmed with Trimmomatic (Bolger Anthony M. et al., 2014; version 

0.30) with a sliding window quality cutoff of Q15.  

Genome assembly with both datasets combined was carried out with Unicycler (Wick et al., 

2017; version 0.4.0).  
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2.8.2 Whole genome analysis  
The quality of the combined short- and long-read Nocardioides sp. WS12 genome was 

analysed with the use of The MicroScope Microbial Genome Annotation and Analysis 

Platform (Vallenet et al., 2020; version 3.13.5). The MicroScope platform was used to 

determine basic characteristics of the genome as described in Table 3.4. It was also used to 

annotate and query functional genes. Translated amino acid sequences that seemed likely 

to play a role in isoprene degradation were compared to a personally curated base of Iso 

proteins with tBLASTn. The MiGA pipeline was used to further investigate taxonomic 

affiliation, novelty and gene diversity with the use of the NCBI prokaryotic genome 

database.  

2.9 Quantitative PCR (qPCR) methods  

2.9.1 qPCR of 16S rRNA genes  
Prior to use as template for quantitative PCR (qPCR), environmental DNA was utilised in a 

standard 16S rRNA gene PCR to ensure that amplification was possible. If a product was not 

obtained, DNA was cleaned with an extra run with the FastDNA SPIN kit for soils (MP 

Biomedicals, Solon, OH, USA) following manufacturer’s instructions to remove inhibitors, 

which are particularly prevalent in soil samples and can prevent effective amplification.  

qPCRs were carried out in 20 µL reactions with the use of a StepOnePlus machine (Applied 

Biosystems, Foster City, CA, USA). Sensifast SYBR Hi-ROX master mix (BioLine, London, UK) 

was used for all reactions. Primers 519F and 907R were used for 16S rRNA gene qPCR 

reactions (Mao et al. 2012)Error! Reference source not found.. Reactions contained 10 – 7

0 pg template DNA, 400 nM of each primer and 10 µL of SensiFAST SYBR Hi-ROX master 

mix. The qPCR reaction consisted of an initial denaturation step at 95°C for 3 min, followed 

by 40 cycles of 95 °C for 20 seconds, 55 °C for 20 seconds and 72 °C for 30 seconds. Data 

were collected at 72 °C for 15 seconds. 

Efficiency was calculated with the use of a 10-fold standard curve. Standards were created 

by cloning the 16S rRNA gene of Rhodococcus AD45 into the pGEMT Easy Vector and using 

this as template DNA at various concentrations. The detection limit was 102 copies per 20 

µL reaction. Specificity was measured via agarose gel electrophoresis of qPCR products and 

the use of melting curves in which the temperature was increased in 0.3˚C increments from 

60 - 95˚C.  
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2.9.2 qPCR of isoA genes  
qPCR of the isoA gene was carried out with the isoA14F and isoA511R primer set (Carrión et 

al. 2018). Reactions contained 1 – 18 ng of template DNA, 400 nM of each primer and 10 µL 

of SensiFAST SYBR Hi-ROX master mix. The qPCR reaction consisted of an initial 

denaturation step at 95°C for 3 minutes, followed by 40 cycles of 95°C for 20 seconds, 60°C 

for 20 seconds and 72°C for 30 seconds. Data were acquired at 88°C for 15 seconds to avoid 

quantification of primer dimers. Standards, efficiency and specificity checks were carried 

out as described in section 1.9.1 with the cloned isoA gene of Rhodococcus AD45 acting as a 

standard. 

isoA copy numbers were normalised to 16S rRNA gene copy number to estimate a rough 

relative abundance of isoprene degrading bacteria in the sampled environment.  

 

2.10 Mining of isoA genes in public metagenome datasets 

Hidden Markov Model (HMM-based) surveys on both public metagenomes and those 

collated within the ELSA lab were carried out to search for and quantify isoA sequences in 

the environment following the method used by Curson et al. (2018). A collection of isoA 

sequences recovered from isoprene degrading isolates were used as training data to create 

an isoA HMM profile with the use of HMMR tools (http://hmmer.janelia.org/; version 3.1). 

HMM profiles for the recA gene were downloaded from the Functional Gene Pipeline and 

Repository (FunGene; Fish et al., 2013). HMM searches were carried out against peptide 

sequences predicted from metagenome assemblies of interest with a cut-off value of 1e-30. 

Each IsoA sequence retrieved was manually analysed via BLASTp to ensure there were no 

false positives. The number of unique hits to IsoA was normalised to number of RecA 

sequences recovered, to the read number of the smallest metagenome and to the shortest 

protein length (in this case RecA).  

 

 

 

http://hmmer.janelia.org/
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3 Validation of novel isoA primers and genome analysis of 

Nocardioides sp. WS12. 

3.1  Summary 
This chapter details the validation of newly designed isoA gene primers and the 

characterisation of a newly isolated isoprene degrading bacterium Nocardioides WS12. The 

isoA gene primers were tested on DNA extracted from a number of environments via the 

creation of clone libraries and isoA gene amplicon sequencing, and were shown to amplify 

a wide variety of isoA genes with high specificity. The process of validation showed that 

isoprene degrading bacteria were present in terrestrial, industrial, phyllosphere, soil, 

freshwater and marine environments.  

Nocardioides WS12 was isolated from one of the tested environments, soil associated with 

a willow tree. The genome of Nocardioides WS12 was sequenced and analysed to reveal a 

complete isoprene monooxygenase gene cluster along with genes associated with rubber 

degradation. Nocardioides WS12 grew on isoprene as the sole source of carbon and energy 

and was tested on a number of other compounds for both growth and oxidation.  

This work is adapted from the original publications “Gene probing reveals the widespread 

distribution, diversity and abundance of isoprene-degrading bacteria in the environment” 

by Carrión et al. in Microbiome (2018), and also “Complete genome of isoprene degrading 

Nocardioides sp. WS12” by Gibson et al. in Microorganisms (2020).  

isoA primer design and control strain validation were carried out by Dr. Ornella Carrión. 

Other aspects of primer validation, including enrichment of environmental samples, 

amplification of isoA genes and clone libraries were carried out jointly by Dr. Ornella 

Carrión and myself. isoA amplicon sequencing analysis and phylogenetic trees were carried 

out by me. Isolation of Nocardioides WS12 was carried out by Dr. Nasmille Larke-Mejía, all 

further physical and genomic characterisation of Nocardioides WS12 were carried out 

myself.  
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3.2  Background 
Earlier studies into isoprene degrading bacteria in the environment found that 

Actinobacteria were the dominant phylum in both freshwater and terrestrial environments 

(El Khawand et al., 2016; Johnston et al., 2017; Crombie et al., 2018). As a result, the 

primers developed during this period were derived from isoA sequences from a relatively 

small phylogenetic group of isoprene degraders. It was not until later studies, and the 

utilisation of lower isoprene concentrations in incubations and DNA-SIP experiments, that a 

wider diversity of isoprene degrading bacteria were recovered (Larke-Mejia et al. 2019; 

Carrión et al. 2020; Robin A. Dawson et al. 2020; Gibson, Larke-Mejía, and Colin Murrell 

2020). The availability of this greater diversity of isoA sequences allowed for new primers 

to be designed with the potential to amplify a broader range of isoA sequences from the 

environment.  

Studies such as these are only made possible by the physical isolation and sequencing of 

bona fide isoprene degrading bacteria. One example of the isolates utilised during primer 

design was the Actinobacterium Nocardioides WS12, isolated from the soil associated with 

a willow tree on the UEA campus (Larke-Mejia et al. 2019). Nocardioides are associated 

with a variety of different plant species, often in the phyllosphere environment (Yadav 

2017; Franco et al. 2007; Bao et al. 2020; Larke-Mejia et al. 2019). However until the 

isolation of Nocardioides WS12, none had been shown to degrade isoprene.  

 

3.3  Materials & Methods  
All methods utilised for primer validation in this chapter were carried out as described in 

Chapter 2. This includes enrichment, clone libraries, isoA and 16S rRNA gene PCR and isoA 

gene amplicon analyses.  

Nocardioides sp. WS12 was isolated from soil samples collected 10-20 cm from the trunk of 

a Salix alba tree and 5–10 cm below the soil surface as previously described (Larke-Mejia et 

al. 2019). Subsequent cultures were maintained in Ammonia Nitrate Mineral salts (ANMS) 

media (adapted from Brenner (1984)) with the addition of 5 gL-1 ammonium nitrate. 125 

ppmv of isoprene was added and cultures were incubated at 25˚C with shaking. Growth, 

purity checks and substrate specificity analysis were carried out as described in Chapter 2. 

Once purity was confirmed, Nocardioides sp. WS12 cells were grown in ANMS medium with 

10 mM glucose and plated to R2A (Oxoid) agar plates and grown for three days. At this 

point, biomass was collected and deposited into barcoded bead tubes supplied by 
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MicrobesNG (University of Birmingham, Birmingham, UK). Combined long-read and short-

read genome sequencing was carried out by MicrobesNG as follows. Three beads were 

washed with extraction buffer containing lysozyme and RNase A and incubated for 25 min 

at 37˚C. Proteinase K and RNaseA were added and incubated for 5 min at 65˚C. Genomic 

DNA was purified using an equal volume of Solid Phase Reversible Immobilisation (SPRI) 

beads and resuspended in EB buffer. DNA was quantified in triplicate with the Quantit 

dsDNA High Sensitivity assay in an Ependorff AF2200 plate reader. Genomic DNA libraries 

were prepared using Nextera XT Library Prep Kit (Illumina, San Diego, USA) following the 

manufacturer’s protocol with the following modifications: two nanograms of DNA instead 

of one were used as input, and PCR elongation time was increased to 1 min from 30 

seconds. DNA quantification and library preparation were carried out on a Hamilton 

Microlab STAR automated liquid handling system. Pooled libraries were quantified using 

the Kapa Biosystems Library Quantification Kit for Illumina on a Roche light cycler 96 qPCR 

machine. Libraries were sequenced on the Illumina HiSeq using a 250bp paired-end 

protocol. Reads were adapter trimmed using Trimmomatic 0.30 (Bolger Anthony M., Marc, 

and Bjoern 2014) with a sliding window quality cutoff of Q15. De novo assembly was 

performed on samples using SPAdes version 3.7 (Bankevich et al. 2012). All subsequent 

genome analyses were carried out as described in Chapter 2. 

 

3.4  Results & Discussion 

3.4.1 Validation of isoA primers 
To assist in the identification of novel and diverse isoprene degrading bacteria in the 

environment, new gene probes that target isoA were designed. As mentioned, isoA 

encodes for the α-subunit of the isoprene monooxygenase and is highly conserved amongst 

all know isoprene degrading bacteria. This makes isoA an ideal marker gene for targeted 

functional and phylogenetic analyses of isoprene biodegradation in the environment. The 

isoA sequences recovered from 38 validated isoprene degrading bacteria, both available via 

Genbank or from bacteria isolated within the lab, were used to create an alignment 

(detailed in Table 3.1). These bacteria were members of Actinobacteria (such as Gordonia, 

Mycobacterium and Rhodococcus), Alphaproteobacteria (Sphingopyxis) and 

Betaproteobacteria (Variovorax). Sequences recovered from metagenomic datasets 

originating from willow soil, willow leaf and poplar leaf enrichments were also used where 

they shared >85% amino acid identity and 98% coverage with an isoA from a confirmed 

isoprene degrading bacteria. Similar genes encoding the α-subunit of other SDIMOs were 
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also included to ensure specificity of amplification. Examples include the sMMO, alkene 

monooxygenase and toluene monooxygenase from bacteria known to have no isoprene 

degrading capabilities. This alignment was used to identify conserved positions within isoA 

and primers spanning a number of these positions were designed (shown in Figure 3.2).  

Of the 11 different variations tested, one pair, isoA14F and isoA511R, were chosen for their 

specificity and sensitivity when tested on both positive and negative control strains. Primer 

design was carried out by Dr. Ornella Carrión and further details of the process can be 

found in Carrión et al.(2018). 

 

 

Figure 3.1. Preliminary validation of isoA primer combinations. Eleven isoA PCR primer combinations were 
tested with genomic DNA from the isoprene-degrading bacteria Rhodococcus sp. AD45 (R) and Variovorax sp. 
WS9 (V). Genomic DNA from Xanthobacter autotrophicus Py2 (X) was included as a negative control. 
Combination of primers and expected PCR amplicon size are indicated above gel images. Combination 1 
represents primer pair isoA14F and isoA511R which were selected for further validation. L: GeneRulerTM 1kb 
Plus Ladder (ThermoFisher); NTC: non-template control. 

 

Table 3.1. Sequences of hydroxylase α-subunits of soluble diiron monooxygenases utilised in the design of 
isoA primers. Taken from supplementary information provided in Carrión et al. (2018).  

Microorganism Enzyme Genbank Accession 

Number 

Gordonia sp. i37 IsoMO KU870746.1 

Gordonia sp. OPL2 IsoMO MK176353 

Leifsonia sp. i49 IsoMO KU870737.1 

Loktanella sp. i8b1 IsoMO KU870736.1 

Micrococcus sp. i61b IsoMO KU870739.1 

Mycobacterium sp. AT1 IsoMO KU870745.1 

Mycobacterium sp. i61a IsoMO KU870739.1 
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Nocardioides sp. WS12 IsoMO MK176348 

Rhodococcus sp. ACPA1 IsoMO NSDX01000002.1 

Rhodococcus sp. ACPA4 IsoMO NZ_NSDY01000003.1 

Rhodococcus sp. ACS1 IsoMO NZ_NSDZ01000001.1 

Rhodococcus sp. ACS2 IsoMO MK176338 

Rhodococcus sp. AD45 IsoMO AJ249207.1 

Rhodococcus sp. i8a2 IsoMO KU870743.1 

Rhodococcus sp. i29a2 IsoMO KU870744.1 

Rhodococcus sp. LB1 IsoMO LTCZ01000014.1 

Rhodococcus sp. SC4 IsoMO LSBM01000309.1 

Rhodococcus sp. TD1 IsoMO MK176350 

Rhodococcus sp. TD2 IsoMO MK176351 

Rhodococcus sp. TD3 IsoMO MK176352 

Rhodococcus sp. WL1 IsoMO MK176349 

Rhodococcus sp. WS1 IsoMO MK176339 

Rhodococcus sp. WS2 IsoMO MK176340 

Rhodococcus sp. WS3 IsoMO MK176341 

Rhodococcus sp. WS4 IsoMO MK176342 

Rhodococcus sp. WS5 IsoMO MK176343 

Rhodococcus sp. WS6 IsoMO MK176344 

Rhodococcus sp. WS7 IsoMO MK176345 

Rhodococcus sp. WS10 IsoMO MK176347 

Rhodococcus sp. SK2ab IsoMO MK176356 

Rhodococcus sp. SK5 IsoMO MK176355 

Rhodococcus erythropolis i47 IsoMO KU870742.1 

Rhodococcus opacus PD630 IsoMO NZ_JH377098.1 

Shinella sp. i39 IsoMO KU870741.1 

Sphingopyxis sp. OPL5 IsoMO MK176354 

Stappia sp. iL42 IsoMO KU870740.1 
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Variovorax sp. WS9 IsoMO MK176346 

Variovorax sp. WS11 IsoMO NZ_PXZZ01000003.1 

Burkholderia cepacia G4 Toluene MO AF349675 

Gordonia sp. TY5 Propane MO AB112920 

Methylococcus capsulatus Bath Soluble methane MO M90050 

Methylosinus trichosporium OB3b Soluble methane MO X55394 

Mycobacterium sp. M156 Propene MO AY455999 

Mycobacterium chubuense NBB4 Ethene MO GU174752 

Mycobacterium chubuense NBB4 Propene MO GU174753 

Mycobacterium chubuense NBB4 Group 3 SDIMO GU174751 

Mycobacterium chubuense NBB4 Group 6 SDIMO GU174750 

Mycobacterium rhodosieae JS60 Ethane MO AY243034 

Nocardioides sp. JS614 Ethane MO AY772007 

Pseudomonas mendocina KR1 Toluene MO M65106 

Pseudonocardia sp. K1 Tetrohydrofuran MO AJ296087 

Rhodococcus rhodochrous B-276 Alkene MO D37875 

Thauera butanovora Butane MO AY093933 

Xanthobacter sp. PY2 Alkene MO AJ012090 
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Figure 3.2. Alignment of the IsoA sequences from representative isoprene-degrading bacteria and position of the new isoA primers. Alignment of IsoA sequences was done using the 
ClustalW package included in BioEdit Sequence Alignment Editor v7.2.6 (Hall 1999). Conserved domains were analysed using GeneDoc v2.5.010 (Nicholas, K. B. 1997). Residues with identical 
or similar properties are highlighted in red, orange or yellow if they are conserved in all six, at least five or at least four polypeptides.  The positions of iron binding ligands are marked with an 
“X” below. Start positions of the new isoA primers are indicated as follows: 14F: isoA14F; 136F: isoA136F; 300F: isoA300F; 379F: isoA379F; 511FR: isoA511F and isoA511R; 862R: isoA862R; 
1019R3: isoA1019R. Strain names are: Gordonia sp. i37, Mycobacterium sp. AT1; Nocardioides sp. WS12; Rhodococcus sp. AD45; Sphingopyxis OPL5, and Variovorax sp. WS11. Accession 
numbers of these sequences are listed in Table 3.1. Taken from supplementary material supplied in Carrión et al., (2018).
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3.4.2 Diversity of isoA genes in environmental samples  
To confirm the specificity of the new isoA primer set and to broaden our knowledge of the 

diversity and distribution of isoprene degrading bacteria, 11 different environmental 

sample types were enriched with isoprene (see section 2.2.2). These ranged from 

phyllosphere, soil, freshwater and aquatic environments (Table 3.2). 

 

Table 3.2. Environmental samples utilised for primer validation studies. Analysis type ‘C’ means sample DNA 
was used to create clone libraries. Analysis type ‘A’ means DNA was used for the purpose of isoA gene amplicon 
sequencing 

 

Bulk eDNA extracted from these enrichments was utilised as template for PCR using the 

newly designed isoA14F and isoA511R primers. All enrichments produced a single product 

of the expected 497 bp size. isoA products from nine of the enriched environments were 

purified and used for the construction of isoA clone libraries, resulting in 69 sequenced 

clones in total. Each clone insert was sequenced and analysed with BLASTx (Altschul et al. 

1990) to ensure only IsoA sequences were recovered and to compare to the closest IsoA 

homologue from bona fide isoprene degrading bacteria (Table 3.3).  

 

 

 

 

 

 

 

Material Sampling site Location Analysis 

Ash leaves UEA Campus Norwich, UK C A 

Poplar leaves UEA Campus Norwich, UK C A 

Willow leaves UEA Campus Norwich, UK C A 

Oil palm leaves B Sepang Selangor, Malaysia C A 

Oil palm leaves C Kew Gardens London, UK C A 

Oil palm soil D Kew Gardens London, UK A 

Willow soil UEA Campus Norwich, UK C A 

Tyre dump soil Industrial park Fakenham, UK C A 

Coastal sediment Penarth beach Penarth, UK C A 

Salt marsh sediment  Stiffkey salt marsh Stiffkey, UK C A 

Freshwater sediment UEA Lake Norwich, UK C A 
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Table 3.3. Comparison of isoA clone inserts to IsoA sequences from bona fide isoprene 

degrading bacteria. 

Clone label Closest IsoA sequence Cover 
(%) 

Amino Acid 
Identity (%) 

 Ash leaf clone 2  Rhodococcus  opacus  PD630   99 92.40 

 Ash leaf clone 7  Rhodococcus  opacus  PD630   99 100.00 

 Ash leaf clone 13  Rhodococcus  opacus  PD630   99 99.42 

 Ash leaf clone  15  Rhodococcus  opacus  PD630   99 100.00 

 Ash leaf clone  17  Rhodococcus  opacus  PD630   99 100.00 

 Ash leaf clone 32  Rhodococcus  opacus  PD630   99 100.00 

 Ash leaf clone 39  Rhodococcus  opacus  PD630   99 99.42 

 Ash leaf clone 40  Rhodococcus  opacus  PD630   99 100.00 

 Ash leaf clone 49  Rhodococcus  opacus  PD630   99 100.00 

 Oil palm leaf C clone 6  Gordonia  polyisoprenovorans  strain  i37   99 94.15 

 Oil palm leaf C clone 11  Gordonia  polyisoprenovorans  strain  i37   99 94.15 

 Oil palm leaf C clone 14  Gordonia  polyisoprenovorans  strain  i37   99 94.15 

 Oil palm leaf C clone 15  Gordonia  polyisoprenovorans  strain  i37   99 93.49 

 Oil palm leaf C clone 16  Gordonia  polyisoprenovorans  strain  i37   99 93.57 

 Oil palm leaf C clone 17  Gordonia  polyisoprenovorans  strain  i37   99 94.15 

 Oil palm leaf C clone 21  Gordonia  polyisoprenovorans  strain  i37   99 94.15 

 Willow soil clone 1  Variovorax  sp  strain  WS9   99 98.26 

 Willow soil clone 3  Variovorax  sp  strain  WS9   99 98.83 

 Willow soil clone 5  Variovorax  sp  strain  WS9   99 98.84 

 Willow soil clone 7  Variovorax  sp  strain  WS9   99 99.41 

 Willow soil clone 9  Variovorax  sp  strain  WS9   99 98.26 

 Willow soil clone 10  Variovorax  sp  strain  WS9   99 99.42 

 Willow soil clone 11  Variovorax  sp  strain  WS9   99 98.83 

 Willow soil clone 12  Variovorax  sp  strain  WS9   99 98.84 

 Willow soil clone 21  Variovorax  sp  strain  WS9   99 98.84 

 Willow soil clone 26  Variovorax  sp  strain  WS9   99 98.26 

 Tyre dump soil clone 1  Variovorax  sp  strain  WS9   99 98.83 

 Tyre dump soil clone 14  Rhodococcus  opacus  PD630   99 98.25 

 Tyre dump soil clone 22  Ramlibacter  sp  strain  WS9   99 97.06 

 Tyre dump soil clone 28  Ramlibacter  sp  strain  WS9   99 96.51 

 Freshwater sediment clone 1  Rhodococcus  sp  strain  WS3   99 90.12 

 Freshwater sediment clone 3  Rhodococcus  sp  strain  WS3   99 89.47 

 Freshwater sediment clone 4  Rhodococcus  sp  strain  WS3   99 89.47 

 Freshwater sediment clone 5  Sphingopyxis  sp  strain  OPL5   99 83.63 

 Freshwater sediment clone 6  Rhodococcus  sp  strain  WS3   99 89.47 

 Freshwater sediment clone 8  Rhodococcus  sp  strain  WS3   99 89.47 

 Freshwater sediment clone 9  Rhodococcus  sp  strain  WS3   99 89.53 

 Freshwater sediment clone 11  Rhodococcus  sp  strain  WS3   99 89.94 

 Freshwater sediment clone 14  Rhodococcus  sp  strain  WS3   99 90.00 

 Freshwater sediment clone 16  Rhodococcus  sp  strain  WS3   99 90.12 

 Freshwater sediment clone 18  Rhodococcus  sp  strain  WS4   99 100.00 



 Validation of novel isoA primers and genome analysis of Nocardioides sp. WS12. 
  

 

 
 52 

 Oil palm leaf B clone 1  Gordonia  polyisoprenovorans  strain  i37   99 98.83 

 Oil palm leaf B clone 2  Gordonia  polyisoprenovorans  strain  i37   99 94.77 

 Oil palm leaf B clone 3  Gordonia  polyisoprenovorans  strain  i37   99 94.77 

 Oil palm leaf B clone 4  Gordonia  polyisoprenovorans  strain  i37   99 94.77 

 Oil palm leaf B clone 6  Gordonia  polyisoprenovorans  strain  i37   99 95.93 

 Oil palm leaf B clone 7  Gordonia  polyisoprenovorans  strain  i37   99 95.35 

 Salt marsh sediment A clone 1  Rhodococcus  opacus  PD630   99 100.00 

 Salt marsh sediment A clone 5  Rhodococcus  opacus  PD630   99 99.42 

 Salt marsh sediment A clone 7  Rhodococcus  opacus  PD630   99 100.00 

 Salt marsh sediment A clone 9  Rhodococcus  opacus  PD630   99 100.00 

 Salt marsh sediment A clone 10  Rhodococcus  opacus  PD630   99 99.41 

 Salt marsh sediment A clone 11  Rhodococcus  opacus  PD630   99 100.00 

 Salt marsh sediment A clone 18  Rhodococcus  sp  strain  WS3   99 99.42 

 Salt marsh sediment A clone 22  Rhodococcus  opacus  PD630   99 100.00 

 Salt marsh sediment A clone 28  Rhodococcus  opacus  PD630   99 100.00 

 Coastal sediment clone 4  Ramlibacter  sp  strain  WS9   99 100.00 

 Coastal sediment clone 5  Rhodococcus  sp  strain  WS3   99 100.00 

 Coastal sediment clone 6  Rhodococcus  sp  strain  WS3   99 98.84 

 Coastal sediment clone 9  Rhodococcus  sp  strain  WS3   99 100.00 

 Coastal sediment clone 10  Ramlibacter  sp  strain  WS9   99 98.83 

 Coastal sediment clone 13  Rhodococcus  sp  strain  WS3   99 100.00 

 Coastal sediment clone 17  Rhodococcus  sp  strain  WS3   99 100.00 

 Coastal sediment clone 18  Rhodococcus  sp  strain  WS3   99 100.00 

 Coastal sediment clone 19  Rhodococcus  sp  strain  WS3   99 98.84 

 Coastal sediment clone 27  Rhodococcus  sp  strain  WS3   99 100.00 

 Coastal sediment clone 29  Rhodococcus  sp  strain  WS3   99 100.00 

 Coastal sediment clone 30  Rhodococcus  sp  strain  WS3 99 89.47 

 Coastal sediment clone 31  Ramlibacter  sp  strain  WS9  99 98.83 

 

All of the sequenced clone inserts were identified as containing the isoA gene with a shared 

translated amino acid identity of 83-100% with the IsoA of bona fide isoprene degrading 

bacteria. isoA inserts also shared less than 70% translated amino acid identity with the α-

subunit of closely related SDIMOs such as the alkene monooxygenase from Xanthobacter 

autotrophicus PY2. These results confirmed the high specificity of the isoA14F and 

isoA511R primers.  

Diversity of isoA sequences obtained from DNA extracted from within the same 

environments was low, with tyre dump soil samples the only environment category where 

isoA sequences were not similar at the genus level. A distinct difference between isoA 

sequences obtained from DNA extracted from differing environments was observed 

however. isoA sequences originating from Ash leaf samples all shared homology with 

Rhodococcus opacus PD630 (Furuya et al. 2012). isoA genes amplified from Salt marsh 
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sediment DNA were similar, although a single isoA sequence obtained from this 

environment differed in that it shared highest translated amino acid identity (99.42%) with 

the IsoA of Rhodococcus sp. strain WS3 (Larke-Mejia et al. 2019). Sequences from both 

freshwater and coastal sediment DNA were dominated by genes similar to that of the isoA 

from Rhodococcus sp. strain WS3, however both groups also contained isoA sequences 

with high translated amino acid identity to the IsoA of Gram-negative degraders such as 

Sphingopyxis sp. strain OPL5 and Ramlibacter sp. strain WS9 (Larke-Mejia et al. 2019). isoA 

sequences from oil palm leaf DNA all shared highest translated amino acid identity with the 

IsoA of Gordonia polyisoprenovorans sp. strain i37 (Johnston et al., 2017). While isoA 

sequences from willow soil DNA all shared highest translated amino acid identity with the 

IsoA of Ramlibacter sp. strain WS9.  

Having confirmed the specificity of the primer set, PCR amplicons were sent for isoA 

amplicon sequencing and analysed as described in section 2.6. Once quality-filtered, a total 

of 140,311 reads were retrieved with an average of 23,385 reads per environment sampled 

(specified in Table 3.2). Analyses with the DADA2 pipeline (Callahan et al. 2016) recovered 

177 ASVs. ASVs were manually analysed with BLASTx and compared to the IsoA sequences 

of other ratified isoprene degrading bacteria. All ASVs except three shared >85% amino 

acid identity with an IsoA recovered from a bona fide isoprene degrading bacteria. The 

three ASVs that were exceptions to this shared no amino acid identity with IsoA sequences 

and thus were considered false positives and removed from the dataset. Alongside IsoA 

sequences from isolates, an IsoA sequence recovered from a metagenome assembled 

genome (MAG) identified as Novosphingobium and recovered from oil palm soil samples as 

described in detail in Chapter 5 was also included in the comparison database.  

The most common homologue overall was that of Rhodococcus-like isoA sequences. These 

were found in all environments except oil palm leaves, and made up >98% of the ASVs 

recovered from DNA extracted from the two marine environments, coastal sediments and 

salt marsh sediments, one phyllosphere environment, ash leaves and one soil sample, oil 

palm soils Figure 3.3). Rhodococcus-like isoA sequences made up 49% RA of freshwater 

sediment samples, with the other 50% RA sharing homology with the isoA of the 

Novosphingobium MAG recovered from the oil palm soil SIP samples described in Chapter 

5. The abundance of Rhodococcus-like isoA sequences is consistent with previous studies 

that show Rhodococcus to be highly abundant in temperate isoprene-rich environments 

(Crombie, Larke-Mejia, et al. 2018; El Khawand et al. 2016; Larke-Mejia et al. 2019).  



 

 
 

54 

Figure 3.3. Figure 3.2. Profile of isoA genes retrieved from a range of isoprene-enriched environments. Analysed by isoA gene amplicon sequencing, figure shows 
relative abundance and diversity of isoA genes present in the bacterial community associated with each environmental sample. 
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Terrestrial soil samples such as willow soil and tyre dump soil samples yielded a high 

abundance of Ramlibacter-like isoA sequences making up 82% and 60% RA respectively. 

Willow soil samples also harboured Variovorax-like isoA sequences with an RA of 13% 

(Figure 3.3). It is of note that soil samples seem to harbour a greater abundance of Gram-

negative isoprene degrading bacteria than phyllosphere environments.  

Poplar leaf DNA samples showed the highest variability with ASVs similar to the isoA 

sequences of Rhodococcus, Mycobacterium, Ramlibacter, Novosphingobium, Sphingopyxis, 

Variovorax and Gordonia, with those similar to the isoA sequences of Mycobacterium and 

Rhodococcus being most dominant with an RA of 41% and 51% respectively. The 

abundance of Mycobacterium-like isoA sequences was shared with willow leaf samples, 

where such sequences were present at 49% RA.    

isoA amplicon results from both oil palm leaf samples were distinct from the results of all 

other environments tested. ASVs similar to the isoA of Gordonia sp. i37 were present in 

high abundance in both, making up 99% RA of oil palm leaves B and 39% RA of oil palm 

leaves C. Sphingopyxis-like isoA sequences made up 60% RA of oil palm leaf C samples also. 

Gordonia and Sphingopyxis species were recently isolated from oil palm samples obtained 

from Kew Gardens in the UK (Larke-Mejia et al. 2019). Unlike all other environments 

tested, there is a notable absence of any Rhodococcus-like sequences in samples collected 

from the phyllosphere of oil palm trees.  

The results from isoA amplicon sequencing and clone libraries are quite similar on a 

number of levels, with the exception of the abundance of Sphingopyxis-like isoA sequences 

amplified from oil palm leaf samples during isoA gene amplicon analysis. Dominant ASVs 

and clone library-derived isoA sequences can be seen alongside bona fide IsoA sequences 

in a phylogenetic context in Figure 3.4. 
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Figure 3.4. Phylogenetic tree of IsoA sequences recovered from isoprene-enriched environments. Created using the neighbour-joining method and analysed via the Jones-Taylor-Thornton model. Bootstrap 
values ≥50% are represented by dots at branch points with the use of 1,000 replicates. Terrestrial samples are coloured brown, freshwater samples are light blue, marine samples are dark blue and phyllosphere 
samples are green. Ratified isoprene degrading bacteria and IsoA sequences recovered from MAGs can be seen in black.



 Validation of novel isoA primers and genome analysis of Nocardioides sp. WS12. 
  

 

 
 57 

3.4.3 Characterisation of Nocardioides WS12 genome 
Nocardioides sp. WS12 was isolated from the same willow soil environment that was 

sampled for clone library and isoA amplicon analyses (as described by Larke-Mejia et al., 

2019). Nocardioides sp.WS12 grew well on solid R2A medium (Oxoid) as seen in Figure 3.5.  

Nocardioides sp. WS12 was tested for growth on isoprene in a range of different media and 

growth temperatures and was shown to achieve peak cell density at OD540 0.8 in ANMS 

medium adapted as described earlier at 25˚C with shaking. Under these conditions 

Nocardioides sp. WS12 exhibited a specific growth rate of 0.033 h-1 with a doubling time of 

21.27 h when grown on 5% (v/v) isoprene in the headspace (Figure 3.5). This ability to grow 

in the presence of high amounts of isoprene is unusual, for comparison, growth of previous 

isolates such as Rhodococcus AD45 has been shown to be inhibited by isoprene 

concentrations above 2% (v/v) (Crombie et al. 2015). This suggests Nocardioides WS12 is 

relatively resistant to isoprene toxicity. In fact, further investigation showed no growth 

inhibition when cells were incubated with up to 10% (v/v) isoprene.  

 

 

Figure 3.5. Growth of Nocardioides sp.WS12 on solid and liquid media. Image A) shows Nocardioides sp. WS12 
grown on solid R2A medium. Image B) shows Nocardioides sp. WS12 grown on liquid ANMS medium with 5% 
(v/v) isoprene in the headspace, imaged at x1000 resolution.   

 

When tested, Nocardioides sp. WS12 showed moderate growth (max OD540 >0.4) on 

glucose, succinate, fructose, sucrose, xylose, tri-sodium citrate and both R- and L-limonene. 

Lower growth was observed with maltose, glycerol and sodium pyruvate (max OD540 <0.4). 

All substrates were tested at a concentration of 10 mM. 
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Figure 3.6. Growth of Nocardioides sp. WS12 on isoprene. Growth was carried out in ANMS medium 
supplemented with 5% (v/v) isoprene and incubated at 25˚C with shaking. Experiments were done in triplicate. 
Error bars are present but not visible at most data points as variance between replicates was minimal.  

 

3.4.4 Nocardioides WS12 genome analyses 
A combination of long and short read sequencing resulted in the retrieval of a complete, 

closed genome from Nocardioides sp.WS12. The single contig was 5.2 Mbp long, placing 

Nocardioides sp.WS12 at the larger range of genome sizes for its genus. Nocardioides 

genome sizes average at about 4 Mbp, with some, such as Nocardioides nitrophenolicus 

isolated from industrial wastewater, being significantly smaller at under 2 Mbp (Yoon et al. 

1999). The genome contained no plasmids, and its GC-content was average for the genus at 

69%  (Table 3.4).  

Two 16S rRNA genes were recovered from the genome of Nocardioides sp.WS12. Both 

were identified as Nocardioides at genus level with a nucleic acid identity of 100%. At the 

species level, the two 16S rRNA gene sequences diverged, with the first sharing 97.58% 

nucleic acid identity with Nocardioides sp. strain DK7869 (unpublished) and the second 

with Nocardioides aromaticivorans strain H-1 with 96.96% nucleic acid identity (Kubota et 

al. 2005). When the genome as a whole was analysed via Average Amino Identity (AAI) it 

shared 83.3% with Pimelobacter simplex (Suzuki and Komagata 1983) and 82.26% with 

Nocardioides humi (Kim et al. 2009). The threshold for shared identity at species level is 

95% (Goris et al. 2007; Konstantinidis and Tiedje 2005) so these results indicate that 

Nocardioides sp. WS12 is a species not currently represented by any of the 115 

Nocardioides genomes currently available in the NCBI prokaryotic database.  
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Table 3.4. Characteristics of the genome of Nocardioides sp.WS12 

Length (bp) 5,171,066 

Undetermined bases 0 

GC (%) 68.66 

Contigs 1 

N50 5,171,066 

Predicted Proteins 4,975 

Ave. Length (aa) 323 

Coding Density (%) 93.3 

Completeness 99.23% 

Contamination 0.52% 

Pseudogenes 2 

tRNA types 21 

Total tRNAs 52 

  

3.4.5 The complete isoprene degradation gene cluster of Nocardioides WS12 
Analysis of the Nocardioides sp.WS12 genome revealed the presence of a full isoprene 

degradation gene cluster (isoABCDEFGHIJ). These genes were arranged very similarly to the 

isoprene degradation gene cluster of the isolate Gordonia sp. i37 (Johnston et al., 

2017;Figure 3.6). The genes encoding the isoprene monooxygenase isoABCDEF sit adjacent 

to an aldehyde dehydrogenase gene (aldH2), a glutathione synthase gene (gshB), and a 

CoA-disulfide reductase gene (CoA-DSR). The genes responsible for the subsequent steps of 

isoprene degradation isoGHIJ are upstream of the IsoMO. These genes encode the putative 

coenzyme A transferase, a dehydrogenase and two glutathione transferases. Similar to 

Gordonia sp. i37, Nocardioides sp.WS12 contains a second copy of the glutathione synthase 

(gshA), one copy of the putative transcriptional regulator marR and a duplicate copy of isoG 

(isoG2). Unlike, Gordonia sp. i37 however, Nocardioides sp.WS12 has only a single copy of 

isoH.  



 

 
 

60 

 

 

 

Figure 3.7. Isoprene degradation gene cluster of Nocardioides sp.WS12. Gram-positive Actinobacteria Gordonia sp.i37 (Johnston et al., 2017) and Gram-negative Comamonadaceae 
Variovorax sp.WS11 (Larke-Mejia et al. 2019; Robin A. Dawson et al. 2020) are shown for comparison. Genes encoding the isoprene monooxygenase are coloured in red.  
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Figure 3.7 shows comparison to the Gram-negative isoprene degrader Variovorax sp.WS11 

which contains no duplicate iso genes but does contain garB, encoding the glutathione 

reductase, which is not present in Nocardioides sp.WS12 (Dawson et al. 2020). The 

isoABCDEFGHIJ polypeptides found in Nocardioides sp.WS12 all shared >50% amino acid 

identity with the corresponding enzymes in other isoprene degrading Actinobacteria such 

as Gordonia, Rhodococcus and Mycobacterium (Table 3.5).  

 

Table 3.5. Blastp comparison of polypeptides encoded by isoprene degradation genes in Nocardioides sp. 
WS12 to those from isoprene degrading Actinobacteria. 

 
Closest bona fide isoprene 
degrader  

References Coverage 
(%) 

Amino acid 
identity (%) 

IsoA Gordonia polyisoprenovorans 
strain i37 IsoA 

Alvarez et al., 2009; 
Johnston, et al., 2017 

99 85.19 

IsoB Rhodococcus opacus strain 
PD630 IsoB 

Alvarez et al., 1996; 
Crombie et al., 2015 

100 57.95 

IsoC Mycobacterium sp strain AT1 
IsoC 

Johnston et al., 2017 100 65.77 

IsoD Rhodococcus sp AD45 IsoD van Hylckama Vlieg et al., 
1998 

100 67.3 

IsoE Rhodococcus opacus strain 
PD630 IsoE 

Alvarez et al., 1996; 
Crombie et al., 2015 

100 62.96 

IsoF Gordonia polyisoprenovorans 
strain i37 IsoF 

Alvarez et al., 2009; 
Johnston, et al., 2017 

99 52.52 

IsoG Rhodococcus opacus strain 
PD630 IsoG 

Alvarez et al., 1996; 
Crombie et al., 2015 

100 76.56 

IsoH Rhodococcus sp AD45 IsoH van Hylckama Vlieg et al., 
1998 

100 73.45 

IsoI Rhodococcus sp strain WS4 IsoI Larke-Mejia et al., 2019 100 67.23 

IsoJ Rhodococcus sp strain WS4 IsoJ Larke-Mejia et al., 2019 100 69 

AldH1 Gordonia sp strain OPL2 AldH1 Larke-Mejía et al., 2020 98 65.3 

IsoG2 Rhodococcus sp strain WS4 IsoG Larke-Mejia et al., 2019 96 59.64 
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3.4.6  Investigation of a rubber monooxygenase  
Rubber (poly-cis-1,4-isoprene) is a polymer made up of multiple isoprene units and is the 

main source of anthropogenic isoprene production. Biodegradation of rubber is a valuable 

pathway within the biotechnology industry and has been observed among many members 

of the Actinobacteria family. Examples of this capability have been seen in Streptomyces, 

Actinoplanes, Gordonia, Mycobacterium and Micromonospora (Ali Shah et al. 2013).  

The bacterial degradation of rubber is catalysed by one of three different rubber oxygenase 

enzymes. The first is RoxA, mainly found in Gram-negative rubber degraders such as 

Xanthomonas sp. 35Y (Jendrossek and Reinhardt 2003). The second, Lcp, is a latex-clearing 

protein described as such because many of the bacteria that utilise this enzyme for rubber 

degradation have the ability to produce clearing zones when plated onto solid media 

containing natural latex (Ilcu et al. 2017; Birke and Jendrossek 2014). The last of the three is 

RoxB which is loosely related to RoxA and is also found in Gram-negative degraders such as 

Xanthamonoas sp. strain 35Y, Haliangium ochraceum, Myxococcus fulvus, and 

Corallococcus coralloides (Jendrossek and Birke 2019).  

The gene encoding Lcp (lcp) was found in the Nocardioides sp.WS12 genome. Lcp was 

located adjacent to a gene encoding a putative transcriptional regulator of the Tet-R family, 

a motif commonly seen in rubber degrading bacteria. Lcp is most often found in Gram-

positive Actinobacteria such as Nocardioides (Jendrossek and Birke 2019). The Lcp found in 

Nocardioides WS12 shared 55% amino acid identity with both the Lcp from Streptomyces 

K30 and the Lcp from Gordonia polyisoprenivorans, the second of which is a confirmed 

isoprene degrading species (Linos et al., 1999; Rose et al., 2005; Johnston et al., 2017).  

qPCR analyses carried out by Dr. Ornella Carrión (described in Carrión et al., 2018) 

investigated the abundance of isoA genes found in soil samples from an industrial tire 

dump. Results of this analysis showed a relatively abundant isoprene degrading community 

present in tire dump soils, with 67.7±14.4 isoA genes per million copies of 16S rRNA genes. 

While lower than the results for some of the other soil-based environments tested, this 

was significantly higher than the number of isoA harboured in all tested phyllosphere and 

aquatic environments. As mentioned, the most common industrial use for isoprene is in the 

production of synthetic rubber (cis-polyisoprene) for the purpose of tire manufacturing. 

Rubber oxygenases like Lcp and RoxA function by cleaving synthetic rubber into 
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oligoisoprene molecules (Bode et al. 2000). It is possible that isoprene degrading bacteria in 

these environments utilise the products of rubber degradation for growth. In the case of 

bacteria like Nocardioides WS12, perhaps the co-occurrence of an enzyme that cleaves cis-

polyisoprene with a complete isoprene degradation pathway indicates that both of these 

processes can be carried out by single strain.  

3.5  Conclusion 
The process of developing robust functional gene probes is an ever evolving one, with each 

PCR primer pair only as good as the most current set of sequences representing the target 

gene. In this chapter a new and highly specific set of PCR primers targeting isoA were 

tested. This revealed the wide distribution of environments that harbour isoprene 

degrading bacteria. These isoA PCR primers will allow the recovery of a wider array of isoA 

sequences from the environment and increase our knowledge of the diversity and 

distribution of the isoprene monooxygenase enzyme in the environment and of those 

bacteria that harbour it. In the future, the sequences recovered with this primer pair will 

contribute to the design of newer gene probes that can expand this knowledge even 

further. However, focusing on one biomarker alone does not allow for the possibility that 

isoprene degradation can be carried out via another, undiscovered pathway. For this 

reason, other methods such a metagenomic studies and targeted isolation techniques are 

still needed to fully explore the breadth of isoprene degrading bacteria in the environment.   

The results of isoA amplicon sequencing suggests that environment type, be it marine, 

terrestrial, phyllosphere or freshwater, is a driver for the diversity of isoprene degrading 

bacteria found within each location. This factor seems most pronounced, rather than 

species type within the same kind of biome. Further investigation into the variables that 

may influence the diversity of localised isoprene degrading bacteria is necessary. A greater 

array of environments, encompassing areas exposed to both high and low levels of 

isoprene emission, and including many more replicates, would be necessary to derive any 

strong correlation between host species, location and isoprene degrading bacterial 

diversity. The following chapters 4 and 5 both explore in further detail the diversity of 

isoprene degrading bacteria associated with plant species known to emit high amounts of 

isoprene. However, the current study takes the first step in illuminating the vast array of 

environments these bacteria can thrive in. 
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Nocardioides WS12 was isolated from the soil associated with a willow tree which is known 

to emit high levels of isoprene. Analysis of its complete isoprene degradation gene cluster 

adds to our current database and allows us to better identify patterns between isoprene 

monooxygenases originating from phylogenetically disparate bacteria. An example of one 

such pattern is the apparent difference in the putative regulatory genes found in the 

genomes of Gram-negative and Gram-positive isoprene degrading bacteria. The genome 

analysis described shows Nocardioides WS12 employs a putative MarR-type transcriptional 

regulator, encoded by marR, similar to Rhodococcus AD45 and Gordonia polyisoprenivorans 

i37 (Figure 3.7). However, marR is not present in Gram-negative isoprene degrading 

bacteria such as Variovorax WS11 and Ramlibacter WS9. These isolates depend on one or 

more putative LysR-type transcriptional regulators, encoded by dmlR (Dawson et al. 2020; 

Larke-Mejia et al. 2019). Both types of transcriptional regulator share a similar mode of 

action, namely, a co-inducer or co-repressor binds to the regulator to alter the specificity of 

DNA-binding. The co-inducer or co-repressor is typically a constituent of the pathway in 

question (Maddocks and Oyston 2008). While this separation of transcriptional regulator 

groups along phylogenetic lines is intriguing, at present we have very few representative 

Gram-negative isoprene degrading isolates. Confirming the presence and role of this 

phenomenon will not be possible until a wider variety of isoprene degrading bacteria have 

been isolated.  
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4 Cultivation independent analysis of willow leaf isoprene 

degrading community. 
 

4.1  Summary  
This chapter details DNA-SIP experiments to investigate the isoprene-degrading community 

associated with the phyllosphere of a willow (Salix fragilis) tree. The isoprene-degrading 

community was investigated via 16S rRNA gene amplicon sequencing and metagenomic 

analysis. Results from amplicon sequencing showed that bacteria belonging to the genera 

Comamonadaceae, Acidovorax, Polaromonas, Variovorax and Ramlibacter were involved in 

the uptake of 13C isoprene. Metagenomic analysis confirmed the presence of many of the 

same taxa, with the addition of Mycobacterium and Methylobacterium. A Mycobacterium 

MAG was recovered and was shown to contain two complete, non-identical isoprene 

degradation gene clusters. A Methylobacterium MAG not containing any iso genes was 

recovered from the pooled heavy fractions of the 13C enriched samples, indicating its ability 

to utilise isoprene for growth, was also examined 

This work is adapted from the original publication “Isoprene-degrading bacteria associated 

with the phyllosphere of Salix fragilis, a high isoprene-emitting willow of the Northern 

Hemisphere” by Gibson et al. in Environmental Microbiome (2021). The DNA-SIP 

experiment including sample collection, incubation with 12C and 13C isoprene, PCR and 

extraction of nucleic acids was carried out by Dr. Andrew Crombie, all subsequent analyses 

were carried out myself. 

 

4.2  Background 
The emission of isoprene is not a universal trait of terrestrial plants, and even amongst 

those who exhibit the behaviour, the scale of the emission differs greatly species to species 

(Table 1.1; Loreto et al., 1998; Logan et al., 2000; Monson et al., 2013). Unlike similar 

climate active gases such as methane and due in most part to its reactivity, the 

atmospheric bioavailability of isoprene at any one time, in any one place is low. However, 

isoprene concentrations in the intercellular spaces of leaves, near the stomata where 

emission occurs, can reach 30ppmv which is orders of magnitude above atmospheric 

concentrations (Fall et al., 1992; Singsaas et al., 1997; Brüggemann and J.-P. Schnitzler, 

2002; Sun et al., 2013). The logic follows that to better investigate communities that may 
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harbour isoprene degrading bacteria in any abundance, one must focus on environments, 

such as the phyllosphere, in which isoprene concentrations are higher. Willow species are 

common in the Northern Hemisphere and are some of the highest emitters of isoprene we 

know of today, emitting up to 37 µg g(dry weight) h-1 (Pio et al., 1993). The species 

investigated in this study is the Salix fragilis, a large willow often planted by river banks and 

lakes for the purpose of stabilising riverside soil (Anstead and Boar 2010) . 

The objective of this study was to examine the phyllosphere of a plant native to the UK 

know to emit high levels of isoprene and investigate whether its isoprene degrading 

microbial community differed to previously studied environments.  

 

4.3  Methods & Materials  

4.3.1 Sample collection & DNA-SIP 
Samples were collected from the south-facing side of a Salix fragilis tree located in the 

University of East Anglia campus. Leaves were gathered from branches approximately 2.5 

m above ground level. Adherent cells were removed as described in section 2.5.2, 

suspended in 50 mL of a ½ dilution of minimal medium and incubated with either 

unlabelled or 13C labelled isoprene. 150 ppmv of isoprene vapour was injected and samples 

were incubated with shaking at 150 rpm at 25˚C. Isoprene consumption was monitored by 

gas chromatography and cells harvested when each microcosm had consumed approx. 0.5 

µmol isoprene mL -1 which took between 13 and 53 days. Resulting cell pellets were used 

for nucleic acid extraction, along with material collected from unenriched (T0) samples 

collected prior to the enrichment period. Enriched DNA were separated via density 

gradient ultracentrifugation, fractionated and the density measured via refractometry to 

identify 13C-labelled “heavy” DNA and unlabelled “light” DNA for analysis (see section 

2.5.4). Of the total DNA recovered from each sample that underwent ultracentrifugation, 

an average of 1.2% was recovered from the heavy fractions of sample incubated with 12C 

isoprene, whereas 20% was recovered from the heavy fraction of samples incubated with 

13C isoprene.  
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4.3.2 Community analysis  
16S rRNA gene amplicon sequencing data were analysed with DADA2 as described in 

section 2.6 with the following specifications. Forward and reverse reads were trimmed by 

33 and 37 nucleotides respectively in order to remove synthetic sequences, no max length 

was set. An average of 561,187 cleaned and processed reads per sample were used to 

collate a total of 3,369 ASVs across all 16S rRNA gene amplicon samples and replicates. 

ASVs were taxonomically identified with the use of the RDP rRNA database ((Maidak et al. 

1996); version RDP trainset 18).  

Metagenomic community data and the subsequent binning process were carried out as per 

section 2.7. MAGs were investigated for the presence of plasmid DNA with the use of the 

plasmidVerify script (Antipov et al. 2019) developed by the Centre for Algorithmic 

Biotechnology, Saint Petersburg State University. MAGs of interest were further analysed 

with the MiGA pipeline for a deeper taxonomic classification than that provided by CheckM 

(Rodriguez-R et al. 2018). 

 

4.4  Results and Discussion 

4.4.1 Bacterial community associated with Salix fragilis leaves 
Overall results of 16S rRNA gene amplicon analysis indicated a high variability in community 

structure between isoprene enriched replicates. However the labelled, heavy fraction of 

samples incubated with 13C isoprene showed clearly distinct communities from control 

samples indicating that the DNA-SIP had been successful in enriching and separating 

isoprene degrading bacteria from the rest of the population.   

One set of controls in the DNA-SIP experiment were the light fractions of samples 

incubated with 12C isoprene. Results showed that the groups enriched in these samples 

varied considerably between replicates (Figure 4.1). For example, Hydrocarboniphaga was 

enriched in replicate 1 with an RA of 45.35%, but was not found in other replicates. 

Replicates 1 and 2 showed enrichment of Mycobacterium with an RA of 6.94% and 13.32% 

respectively. Comamonadaceae was abundant in replicate 3 with an RA of 29.57%, and to a 

lesser extent in replicates 1 and 2 with an RA of 3.39% and 1.75% respectively. Caulobacter 

was also present across all replicates with an average RA of 7.91 ± 5.76%.  

During DNA-SIP experiments, a certain quantity of DNA is expected to be fractionated to 

each of the four categories, namely the heavy and light fractions of samples incubated with 
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either 12C or 13C isoprene. In the case of the heavy fractions of samples incubated with 12C 

isoprene however, the only variable that can result in DNA being selectively fractionated 

into this range is if its GC content is particularly high. For this reason, it was anticipated that 

a very low proportion of DNA would be recovered from these fractions (1% in this study). 

Outside of any differences caused by GC content, it is expected that the heavy and light 

fractions of samples incubated with 12C isoprene would share a very similar community 

structure, with most DNA in the heavy fraction there as a result of an imperfect gradient 

with small amounts of DNA bleeding between light and heavy fractions. As can be seen in 

Figure 4.1, the current DNA-SIP experiment conforms to these expectations, with both 

heavy and light fractions of samples incubated with 12C isoprene being very similar. 

The light fractions of samples incubated with 13C isoprene contain the community of 

bacteria that did not utilise isoprene for growth and reproduction and as a result their DNA 

was not isotopically labelled. Similarly to those samples incubated with 12C isoprene, 

Caulobacter was enriched in replicates 2 and 3, with an RA of 17.58% and 15.4% 

respectively. Sphingomonas was enriched in all three replicates with an RA of 7.99 ± 5.06%, 

and Tabiella had an RA of 12.69% and 4.46% in replicates 1 and 3 respectively (Figure 4.1).  

Finally, the focus of this experiment was found in the heavy fractions of those samples 

incubated with 13C isoprene, representing those bacteria that metabolised 13C isoprene 

during incubation and had their DNA isotopically labelled as a result. The bacterial 

communities enriched in these samples were distinct from control samples, indicating that 

the selective pressure introduced by the DNA-SIP experiment was successful in enriching an 

isoprene degrading bacterial community. Comamonadaceae was highly enriched in 

replicates 1 and 2, with an RA of 57.48% and 58.33% respectively. Replicate 1 showed an 

enrichment of Polaromonas with an RA of 24.78%, though this genus was not found in 

replicate 1 or 2. The community in replicate 3 diverged in other ways also, for example 

while Comamonadaceae was not present, Mycobacterium was highly enriched with an RA 

of 45.39%. Also, there was an abundance of Methylobacterium, an RA of 26.48%, which 

was only previously seen with a low abundance in unenriched T0 samples (Figure 4.1). 
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Figure 4.1. Bacterial community profile of DNA retrieved from willow leaf samples analysed by 16S rRNA gene amplicon sequencing. Samples are represented as 
unenriched (T0), enriched (T1), unlabelled (12C), labelled (13C), heavy DNA and light DNA fractions retrieved after DNA-SIP. R1 – 6 indicate the six replicate samples 
analysed. Taxa that are at less than 1% relative abundance in a sample are grouped as ‘Other’. Taxa that were of >5% relative abundance in heavy fractions of 13C-
enriched samples are in bold. 
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Metagenomic analyses were utilised to further elucidate the diversity and genomic 

potential of those bacteria found in the heavy fraction of samples enriched with 13C 

isoprene. Taxonomic classification was carried out with the use of Kraken (Wood and 

Salzberg 2014) as described in section 2.7.2 and revealed the presence of a number of 

genera belonging to the family Comamonadaceae, with Acidovorax (RA of 14%), Variovorax 

(RA of 10.83%), Polaromonas (RA of 3.8%), Hydrogenophaga (RA of 3.2%), Ramlibacter (RA 

of 2.7%)  and Rhodoferax (RA of 2.5%) (Figure 4.2). The presence of a number of different 

genera of the family Comamonadaceae in this phyllosphere environment mirrors a 

previous study which focused on the bacterial community of  bulk soil associated with a 

willow species where Comamonadaceae made up 21 – 30% of the relative abundance in 13C 

incubated heavy samples (Larke-Mejia et al. 2019). Although the two environments exist 

under different abiotic pressures, this shared abundance might suggest members of the 

phyllosphere community are being transported to the associated soil environment, possibly 

though rainfall or falling leaves (Bittar et al. 2018). 

Bradyrhizobium from the order Rhizobiales which was observed during 16S rRNA gene 

amplicon analysis (Figure 4.1) was also found during metagenomic analyses with an RA of 

2.23% (Figure 4.2). Mycolicibacterium had been labelled and was present at an RA of 

12.72%. This  genus, which has recently been differentiated from the genus  

Mycobacterium (Gupta, Lo, and Son 2018), was also found enriched in the heavy fractions 

of samples incubated with 13C isoprene after 16S rRNA gene amplicon analysis (Figure 4.1). 

Mycobacterium itself made up 4.52% of the metagenomic community. In Chapter 3 it was 

shown that isoA sequences sharing high sequence similarity with the isoA of 

Mycobacterium AT1 were estimated to make up half of all isoA sequences present in 

bacteria on the leaves of sampled willow leaves. In a previous study, an isoprene degrading 

Mycobacterium species was isolated from an estuarine environment also (Johnston et al., 

2017; Carrión et al., 2018). However, this is the first instance of Mycobacterium being 

significantly enriched with isoprene in a terrestrial environment.  
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Figure 4.2. Relative abundance of bacterial taxa retrieved after analysis of the metagenome from pooled 
heavy fractions from 13C-labelled willow leaf samples retrieved after DNA-SIP. Metagenome data were 
analysed and classified taxonomically using Kraken. All taxa that were at less than 1% relative abundance in 
the 13C-labelled DNA have been grouped as ‘Other’. 

 

Methylobacterium, which was highly enriched in 16S rRNA gene amplicon analysis of one of 

the 13C heavy replicates, also featured in the metagenome analysis with an RA of 1.5%. The 

appearance of a 13C-labelled Methylobacterium here is interesting. There have been early 

reports of Methylobacterium that can potentially grow in the presence of isoprene 

(Murphy 2017; Srivastva et al. 2015), though it is not common for the genus to appear in 

studies examining isoprene-degrading communities in the environment.  

Without an extant example of the strains that make up the Methylobacterium ASVs, it 

cannot be said with absolute certainty that they do have the metabolic capability to 

degrade isoprene, but their presence in the heavy fraction of 13C isoprene enriched samples 

(while not abundant in the heavy 12C controls) suggests they have indeed utilised the 13C-

labelled isoprene during growth. As the only representative methylotroph linked to 
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isoprene degradation, further evidence of Methylobacterium as a validated isoprene 

degrading bacterium would be of great interest and opens avenues for future work. 

4.4.2 Analysis of an abundant Mycobacteriaceae MAG containing two isoprene 

monooxygenase gene clusters. 
Metagenomic sequencing data was used to recover a number of MAGs as described in 

section 2.7.2. Details for each of the recovered MAGs and their identity can be seen in 

Table 4.1. Each of the 34 MAGs were mined for the presence of iso genes involved in 

isoprene metabolism. The most abundant of the MAGs, identified as a member of the 

Mycobacteriaceae family, was selected for further investigation due to the presence of a 

complete isoprene degradation gene cluster. The MAG was processed via the MiGA 

pipeline (Rodriguez-R et al. 2018) which further identified it to genus level as a member of 

Mycobacterium.  

Two complete, non-identical, copies of the isoprene degradation gene cluster 

(isoABCDEFGHIJ; referred to going forward as iso cluster 1 and iso cluster 2) were found for 

the first time in the Mycobacterium MAG. Genes associated with isoprene degradation and 

found in the vicinity of the cluster in each isolate to date were also identified, these are 

aldH1, CoA-DSR, gshB and marR, encoding an aldehyde dehydrogenase, a CoA-disulfide 

reductase, a glutathione synthase and a putative transcriptional regulator respectively 

(reviewed in McGenity et al., 2018 and Murrell et al., 2020; described in section 1.3.1) and 

can be seen in Figure 4.3 
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Table 4.1. Statistics for the integrity and abundance of recovered MAGs 

Abundance 
Ranking 

Completeness 
(%) 

Contamination 
(%) N50 

Size 
(Mbp) ID 

1st 99.62 1.31 426,339 7.4 Mycobacteriaceae 

2nd 84.53 2.30 28,949 4 Comamonadaceae 

3rd 78.65 1.48 19,712 3.4 Comamonadaceae 

4th 71.3 1.52 21,622 5 Comamonadaceae 

5th 92.4 1.12 70,582 4.4 Comamonadaceae 

6th 92.75 4.48 56,291 6.1 Comamonadaceae 

7th 89.21 2.45 47,756 4 Comamonadaceae 

8th 88.71 2.81 33,346 4.3 Comamonadaceae 

9th 98.86 0.17 91,899 4.8 Methylobacteriaceae 

10th 89.89 5.65 114,304 8.7 Myxococcales 

11th 92.9 5.46 59,280 4.8 Comamonadaceae 

12th 94.35 1.02 64,831 3.9 Burkholderiales 

13th 98.77 0.80 142,624 4.2 Xanthomonadaceae 

14th 77.75 8.04 36,155 3.9 Comamonadaceae 

15th 98.98 0.76 201,989 3.3 Microbacteriaceae 

16th 98.77 1.31 170,797 3.8 Sphingomonadaceae 

17th 90.67 3.08 28,589 5.7 Burkholderiales 

18th 87.71 0.53 197,524 2.8 Caulobacteraceae 

19th 97.15 7.72 93,325 4.1 Caulobacteraceae 

20th 95.4 1.74 263,888 4.2 Bradyrhizobiaceae 

21st 91.19 13.04 33,095 3.2 Caulobacteraceae 

22nd 96.75 1.15 93,753 3.4 Xanthomonadaceae 

23rd 96.77 2.96 58,108 8.5 Proteobacteria 

24th 93.05 2.47 50,463 8.2 NA 

25th 88.3 3.19 14,127 3.5 Alphaproteobacteria 

26th 88.11 0.93 49,319 3.8 NA 

27th 91.77 0.69 14,215 3.3 Nocardioidaceae 

28th 91.73 3.23 29,968 3.1 Xanthomonadaceae 

29th 91.33 1.21 15,927 5.7 Mycobacteriaceae 

30th 82.26 9.74 5,017 4.4 Bradyrhizobiaceae 

31st 74.49 1.32 5,029 3.2 Xanthomonadaceae 

32nd 73.68 1.85 3,730 2.5 Alphaproteobacteria 

33rd 80.6 0.49 6,496 4.5 Bacteroidetes 

34th 81.82 1.21 3,958 3.3 Sphingobacteriaceae 
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Figure 4.3. iso clusters 1 & 2 recovered from a Mycobacterium MAG assembled from heavy DNA retrieved after DNA-SIP. Genes encoding IsoMO (isoABCDEF) are coloured in red. Adjacent 
genes isoGHIJ and the duplicate gene isoH2 encode a CoA transferase, dehydrogenase and two glutathione transferases involved in the subsequent steps of isoprene metabolism. Genes 
aldH1, CoA-DSR, gshB and marR encode an aldehyde dehydrogenase, a CoA-disulfide reductase, a glutathione synthase and a putative transcriptional regulator respectively. Adjacent genes 
that are not yet known to be involved in isoprene degradation are coloured in white. (696048 – Hypothetical protein; 699065 – Hypothetical protein; 699453 – Hypothetical protein; 700611 – 
Triacylglycerol lipase; 702140 - Acetyl-CoA-acetyltransferase; 703826 - AraC family transcriptional regulator; 226978 - Acetyl-CoA-acetyltransferase; 228652 – Hypothetical protein; 241033 – 
Hypothetical protein; 241556 – Hypothetical protein; 242962 - CaiB/BaiF family protein; 244166 - FAD-dependant oxidoreductase). Putative regulatory genes are shown in black.  

 

isoBCD 
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While other isoprene degrading bacteria have been shown to contain duplicate 

downstream genes (isoGHIJ) in varying combinations, such as Rhodococcus AD45, Gordonia 

i37 and Nocardioides WS12 described in Chapter 3, this is the first recorded case of any of 

the IsoMO genes being present in duplicate in a single genome (Crombie et al., 2015; 

Johnston et al., 2017). Due to the lack of precedent, there was concern the finding may 

have been due to an artefact of assembly or contamination. To investigate the possibility, 

the contigs both clusters were located on were mined for essential marker genes, and each 

marker gene located was analysed for possible duplication, which would indicate the contig 

may have originated from a different genome. The MAGs in question were of both good 

quality and length, at 995,005 bp and 363,049 bp long with coverage at over x400. Each 

contig contained unique marker genes consistent with the genome of a member of 

Mycobacterium, indicating neither were present as a result of contamination.   

It was also considered that one of the clusters could be present on a plasmid, as is the case 

for the entirety of the isoprene degradation gene clusters in Rhodococcus AD45 and 

Variovorax WS11 (Crombie et al. 2015; Dawson et al. 2020). However, when investigated 

for genes that would indicate the presence of a plasmid, none were found.  

Investigation of both iso clusters showed that each gene shared a high translated amino 

acid identity with the corresponding genes in the isoprene degrading Mycobacterium AT1 

isolated by Johnston et al. (2017) from an estuarine environment. Though it should be 

noticed that Mycobacterium AT1 contained only one copy of the IsoMO (Table 4.2).  
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Table 4.2. Comparison of polypeptides recovered from the duplicate isoprene degradation gene clusters (iso 
cluster 1 and iso cluster 2; Figure 4.3) found in a Mycobacterium MAG to those recovered from 
Mycobacterium AT1 and the well-characterised Rhodococcus AD45. Values are given as a percentage of shared 
amino acid (aa) identity (ID). IsoABCDEF make up the isoprene monooxygenase IsoMO, responsible for the first 
step of the isoprene degradation pathway. IsoGHIJ, (a CoA transferase, dehydrogenase and two glutathione 
transferases) encode genes catalysing the subsequent steps of isoprene metabolism. 

    
Comparison to 
Mycobacterium AT1 

Comparison to 
Rhodococcus AD45 

Polypeptide Cluster Coverage ID (aa%)  Coverage ID (aa%)  

IsoA 1 100 91 100 86.69 

  2 96 96.8 100 82.24 

IsoB 1 98 79.57 100 69.15 

  2 100 85.1 98 70.97 

IsoC 1 95 89.8 92 75.24 

  2 100 90.4 99 72.57 

IsoD 1 98 92.2 100 81.9 

  2 98 96.3 100 79.09 

IsoE 1 100 83.6 98 75.67 

  2 100 85.7 99 76.11 

IsoF 1 97 79.5 98 63.53 

  2 97 80.9 97 63.45 

IsoG 1 99 91.8 100 85.43 

  2 100 93.3 100 83.29 

IsoH 1 100 89.8 100 78.76 

  2 100 92 100 79.2 

IsoI 1 100 93.7 100 81.51 

  2 100 94.1 100 85.29 

IsoJ 1 99 88.4 99 75.86 

  2 99 89.3 99 75.86 

 

4.4.3 Identification of a propane monooxygenase gene cluster in Mycobacterium  
Following examination of its potential isoprene degrading abilities, the Mycobacterium 

MAG was mined for other metabolic pathways of interest. A complete propane 

monooxygenase gene cluster was discovered, comprised of genes mimABCD. The propane 

monooxygenase operon transcriptional regulator mimR and the associated chaperon groEL 

were also found (Figure 4.3; Furuya et al., 2012). This enzyme is a binuclear iron 

monooxygenase, with genes mimABCD encoding an oxygenase large subunit, a reductase, 

an oxygenase small unit and a coupling protein respectively. MimABCD have been shown to 

share a high amino acid identity with PrmABCD which make up the propane 

monooxygenase found in Rhodococcus sp. strain RHA1 (Sharp et al. 2007) and Gordonia sp. 

strain TY‐5 (Kotani et al. 2003). In these bacteria, the propane monooxygenase is essential 

for propane and acetone metabolism, and is also capable of oxidizing phenol to 
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hydroquinone (Furuya et al. 2011). Mycobacterium AT1 was also shown to contain a 

propane monooxygenase, though it did not allow growth on phenol (Johnston et al., 2017).  

Table 4.3. Comparison of polypeptides recovered from a propane monooxygenase gene cluster recovered 
from a Mycobacterium MAG to those recovered from Mycobacterium AT1 and the well-characterised 
Mycobacterium smegmatis mc2155. Values are given as a percentage of shared amino acid (aa) identity (ID). 
MimABCD, an oxygenase large subunit, a reductase, an oxygenase small unit and a coupling protein 
respectively, make up the propane monooxygenase, with GroEL being an associated chaperonin (Kotani et al., 
2003; Sharp et al., 2007; see Figure 4.3(C)). 

 

The MimABCDR found in the Mycobacterium MAG all shared high amino acid identity 

(>97%) with the corresponding proteins in Mycobacterium AT1 (Table 4.3), which was 

shown to grow on both propane and ethane (Johnston, 2014; Johnston et al., 2017). To 

confirm that these were indeed separate species, amino acid identity analysis (AAI) was 

carried out, and showed the Mycobacterium MAG recovered in this study, and 

Mycobacterium AT1 had a shared amino acid identity of 92.09%. Considering a shared 

identity of 95% or above is considered an indication that two genomes originate from the 

same species, this result showed the Mycobacterium MAG isolated from the phyllosphere 

of a willow in this study was distinct to Mycobacterium AT1 isolated from an estuarine 

environment. A comparison of Mim sequences to those of the well-characterised 

Mycobacterium smegmatis strain mc2155 can be seen in Table 4.3. Mycobacterium 

smegmatis strain mc2155 utilises MimABCD not only to metabolise propane and acetone, 

but for the regioselective oxidation of phenol to hydroquinone also, similar to Rhodococcus 

sp. strain RHA1  and the Gordonia sp. strain TY‐5 as mentioned earlier (Furuya et al. 2011; 

2012). 

 

 

  
Comparison to  
Mycobacterium AT1 

Comparison to  
Mycobacterium smegmatis 

Polypeptide Coverage ID (aa%)  Coverage ID (aa%)  

MimR 100 97.78 99 77.87 

MimA 99 98.7 100 97.23 

MimB 100 98.56 100 88.79 

MimC 100 99.46 98 91.3 

MimD 100 96.61 94 93.69 

GroEL 100 99.09 98 49.72 
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4.4.4 Recovery of a Methylobacterium MAG, present in the isoprene-degrading 

community as revealed by DNA-SIP 
One other MAG of interest was recovered from metagenomic sequencing data and 

analysed for metabolic pathways of interest. A MAG identified as a member of the 

Methylobacteriaceae family was the 9th most abundant MAG recovered, with a high 

completeness of 98.86% and low contamination at 0.17% (Table 4.1). Methylobacterium 

were also shown by 16S rRNA gene amplicon sequencing to be enriched in the heavy 

fractions of one of the samples incubated with 13C isoprene, with an RA of 26.48%, in 

replicate 3 (Figure 4.1). Although this MAG was shown to be almost complete, no iso genes 

were found upon analysis, despite being enriched in the isoprene degrading community of 

the DNA-SIP experiment.  

A complete mxa methylotrophy gene cluster was identified in the Methylobacteriaceae 

MAG, encoding a calcium-containing methanol dehydrogenase (mxaFJGIRSACKLDEHB). The 

gene mxaW, encoding a methanol-regulated gene of unknown function, was also identified 

upstream of the methylotrophy gene cluster (Springer, Auman, and Lidstrom 1998; M. 

Zhang and Lidstrom 2003). Six genes, pqqABC/DE and pqqFG, required for pyrroloquinoline 

quinone (PQQ) synthesis were also located (M. Zhang and Lidstrom 2003). Genes involved 

in the transcriptional regulation of the methanol oxidation system, mxbDM and mxcQE, 

were also present. A comparison between the genes described and those from the well-

characterised Methylobacterium extorquens AM1 can be seen in Table 4.4 (reviewed by 

Ochsner et al. (2014)). 
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Table 4.4. Comparison of polypeptides associated with the oxidation of methanol to formaldehyde recovered 
from a Methylobacteriaceae MAG, with those of the well characterised Methylobacterium extorquens AM1. 
Figures are given as a percentage of shared amino acid (aa) identity (ID). Mxa polypeptides are involved in C1 
metabolism in M. extorquens and PQQ polypeptides are involved in the synthesis of pyrolloquinoline quinone 
(PQQ) a cofactor of methanol dehydrogenase. The designations used are as previously described (M. Zhang and 
Lidstrom 2003).  

  Comparison to Methylobacterium extorquens AM1 

Polypeptide Coverage ID (aa%)  

MxaF 100 95.37 

MxaJ 100 84.19 

MxaG 100 89.34 

MxaI 100 95.83 

MxaR 100 90.96 

MxaS 97 81.29 

MxaA 83 65.44 

MxaC 100 82 

MxaK 96 72.2 

MxaL 93 80 

MxaD 96 76.88 

MxaE 98 68.08 

MxaH 93 72.28 

MxaB 93 72.28 

MxaW 79 68.4 

PqqA 100 96.55 

PqqB 100 81.61 

PqqC/D 100 78.42 

PqqE 100 86.86 

PqqF 98 84.55 

PqqG 98 78.30 

MxbD 97 70.17 

MxbM 99 85.84 

MxcQ 93 66.31 

MxcE 90 87.09 
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4.5  Conclusions 
The purpose of this chapter was to investigate the isoprene degrading community 

harboured in the phyllosphere of a tree native to the UK that is known to emit high 

amounts of isoprene. Much previous work in this area has focused on bulk soil 

environments, but with isoprene concentrations three orders of magnitude higher near the 

stomata, leaf surfaces provide a new and isoprene-rich environment for such analyses. A 

unique finding of this study was the abundance of Mycobacterium and Methylobacterium 

in the presence of isoprene, neither of which have previously been shown to degrade 

isoprene in a terrestrial environment before. These genera were not identified in the soils 

associated with willow trees examined in previous studies, suggesting that the isoprene 

degrading community supported by phyllosphere and soil environments associated with 

the same host can be quite distinct (Larke-Mejia et al. 2019). To confirm this however, the 

soils and phyllosphere of the same individual host need to be directly compared, a study 

design explored in Chapter 5.  

The presence of two complete copies of the isoprene degradation gene cluster within a 

single genome, as seen in the Mycobacterium MAG recovered here, has not been 

previously observed in any study of this kind. Another peculiarity is the abundance of 

Methylobacterium in labelled samples and the retrieval of a corresponding MAG with an 

apparent lack of any genes associated with isoprene metabolism. This warrants future work 

that may include focused isolation to allow for oxidative and growth assays to confirm 

whether the genus does in fact harbour the ability to metabolise isoprene, and whether the 

activity is carried out by an alternative pathway. 

Alternative mechanisms of isoprene metabolism have been hypothesized in the past. Two 

such examples include a reductive isoprene metabolism, and that of lyase-dependant 

isoprene metabolism. Reductive isoprene metabolism was first described by Kronen et al., 

(2019). Their study showed evidence of an anaerobic pathway of isoprene reduction, with 

isoprene acting as an electron acceptor for acetogenesis with HCO3-. The isoprene reducing 

community was mainly composed of Acetobacterium species which were shown to form 

40% less acetate in the presence of isoprene, suggesting that isoprene may play a role in 

energy conservation in these species. However, as of yet, this pathway has not been 

characterised and we still do not know what genes may be involved in the process.  

The second alternative mechanism of isoprene metabolism was suggested by Rohwerder et 

al. (2020). When examining the genome of isoprene degrading Rhodococcus sp. ACPA4 
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(Crombie et al. 2017), they identified genes located in the region of the isoprene 

degradation gene cluster that were involved in the metabolism of 2-hydroxyisobutyrate. It 

was suggested that rather than the use of glutathione, there may be another mechanism of 

isoprene oxidation that utilised a lyase-dependant method that follows the pathway of 

isobutene metabolism. Though there is no functional data to support this hypothesis as of 

yet, and the complete lack of iso genes in the Methylobacterium MAG suggests that if it 

does possess the ability to oxidise isoprene, it is not via the hypothesized reductive 

pathway described. 
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5 Cultivation independent analyses of Malaysian oil palm soils 

and phyllosphere. 

5.1  Summary  
This chapter details a DNA-SIP experiment investigating the isoprene-degrading community 

associated with both the associated top-soil and the phyllosphere of Malaysian oil palm 

trees (Elaeis guineensis). A combination of both 16S rRNA gene amplicon sequencing and 

metagenomic analysis revealed the presence of Novosphingobium, Pelomonas, 

Rhodoblastus, Sphingomonas and Gordonia in the isoprene degrading soil and phyllosphere 

communities. Metagenome data were binned and a number of MAGs containing isoA 

homologues were recovered and investigated. isoA gene amplicon sequencing also 

revealed that both environments harbour a novel diversity of the isoprene monooxygenase 

genes.  

This chapter is adapted from the original publication “Diversity of isoprene-degrading 

bacteria in phyllosphere and soil communities from a high isoprene-emitting environment: 

a Malaysian oil palm plantation” by Carrion et al. in Microbiome (2020). Samples were 

collected by collaborators in Malaysia. The DNA-SIP experiment including sample 

processing, incubation, DNA extraction and PCR amplification were all carried out jointly by 

myself and Dr. Ornella Carrión. All bioinformatic analyses were carried out by me.  

 

5.2  Background 
In Chapter 4, a willow species native to the UK and known to be one of the highest 

indigenous emitters of isoprene was investigated. In terms of global emission however, 

trees native to the UK produce relatively low levels of isoprene. For that reason, the study 

described in this chapter will broaden the scale of investigation and focus on Malaysian oil 

palm trees (Elaeis guineensis). While willow trees can produce up to 37 µg g(dry weight) h-1 

(Pio et al., 1993), the Malaysian oil palm produces isoprene at over four times that rate 

with an estimated emission rate of 175 µg g(dry weight) h-1 (Kesselmeier and Staudt 1999). 

Oil palm is a versatile and heavily cultivated crop. In terms of its use as a food product, over 

69 million tonnes of palm oil are produced annually (OECD-FAO Agricultural Outlook , 2017) 

and it makes up 30% of global vegetable oil production (Cheng et al. 2019). Though the 

plant originated in Africa, oil palm plantations are now an extremely important crop in 

South East Asia today and in Malaysia especially, taking up more than 85% of total 



         Cultivation independent analyses of Malaysian oil palm soils and phyllosphere. 
  

 

 
 
 83 

agricultural land there (Cheng et al. 2019). Land usage associated with oil palm increases at 

an estimated 6.93% a year (Ibragimov et al., 2019).  

The vast expansion of a single crop plantation that emits such a high amount of isoprene is 

of importance when considering the impact of land usage on climate change. Oil palm 

plantations emit 2-5 times more isoprene than the average rainforest, and isoprene 

emissions associated with oil palm plantations are predicted to increase with rising global 

temperatures (C N Hewitt et al. 2011; Lantz et al. 2019). With this in mind, oil palm 

plantations represent an important environment in the isoprene biogeochemical cycle and 

have the potential to harbour a novel community of isoprene degrading bacteria that thrive 

in the presence of elevated concentrations of isoprene.  

 

5.3  Experimental Methods 

5.3.1 Sample Collection & DNA-SIP 
Samples were collected from an oil palm plantation in Palong (Negeri Sambilan, Malaysia). 

Three different locations within the plantation were chosen and samples taken from one 

tree within each of the locations. The current crop within the plantation was mature at 28 

years old. Soil was collected from the area directly beneath the tree canopy, 50 g was 

gathered from a depth of 0-5 cm, following the removal of any vegetation from the soil 

surface. For phyllosphere studies, five healthy leaflets from the lower canopy fronds of 

each tree were collected. Samples were shipped to Prof. Niall McNamara’s laboratory at 

the UK Centre for Ecology and Hydrology in Lancaster to allow for processing under the 

appropriate import licences.  

5 g of soil from each sample was resuspended in 50 mL of sterile distilled water in a sterile 

250 mL conical flask. Flasks were shaken at 150 rpm for 30 minutes at room temperature to 

dislodge bacterial cells from the soil into the liquid phase. Soil suspensions were then 

decanted into sterile 50 mL measuring cylinders and left to stand for 1 hr to allow soil 

particles to settle. The aqueous layer was decanted to a sterile flask. This process was 

carried out twice per sample, with the inclusion of a sonication step in one processing run 

to account for cells that may either adhere too tightly to soil to be dislodged by shaking 

alone, and to also allow for cells that may be damaged by sonication to make it through the 

processing stage in an effort not to artificially influence the diversity associated with the 

soil environment. The aqueous layer of both processing methods were combined and 

transported in sealed vials to the University of East Anglia to create soil washing 
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microcosms. These were set up in triplicate with 80 mL of soil washings transferred to 2 L 

airtight bottle and supplied with 25 ppmv of either 12C- or 13C-labelled isoprene. 

Microcosms were then incubated in the dark at 30˚C with shaking at 150 rpm.  

The five leaflets collected from each of the three trees were cut into pieces approximately 

10 cm long and 5 cm wide. Pieces were inserted to sterile glass bottles and 250 mL of 

sterile distilled water added. Samples were sonicated for 5 mins in a water bath and shaken 

at 150 rpm at room temperature for 1 hr to dislodge cells from the leaf surface. Leaf 

washings were filtered through 0.22 µM cellulose nitrate membrane filter (Pall) to 

concentrate microbial cells. Filters were washed with 40 mL of Ewers minimal medium (see 

Materials & Methods). Washings from filters were then transferred to 2 L airtight bottle 

and supplied with 25 ppmv of either 12C or 13C labelled isoprene. Microcosms were then 

incubated in the dark at 30˚C with shaking at 150 rpm. 

Isoprene concentrations in all samples were monitored using a Fast Isoprene Sensor (Hills-

Scientific) and replenished when isoprene dropped below 10 ppmv. A sample was taken 

from each sample at T0 before the addition of the initial 25 ppmv of isoprene. 10 mL 

samples were again taken from soil replicates once isoprene measurements indicated that 

replicates had assimilated 12.5 µmol isoprene C assimilated g-1 (5 days of incubation). The 

same was done for leaf replicates once they had assimilated 50 µmol isoprene C g-1 (10 

days of incubation). Aliquots were spun down and supernatants discarded. Pellets were 

resuspended in 1 mL sodium phosphate solution and MT buffers supplied with the FastDNA 

Spin Kit for Soil (MP Biomedicals) and then transferred to Lysing matrix E tubes for 

subsequent to DNA extraction as described in section 2.3. All subsequent steps of the DNA-

SIP proceeded as described section 2.5. 

 

5.3.2 Bacterial Community Analysis 
DGGE was carried out as described in section 2.4.5 to determine whether enrichment had 

been successful and how best to select samples and replicates for metagenomic 

sequencing. 16S rRNA gene sequencing data were obtained and analysed at MrDNA 

(Shallowater, TX, USA). Illumina MiSeq technology was used to produce an average of 

100,757 reads per sample with an average length of 300 bp. The MrDNA analysis pipeline 

consisted of the following steps. Reads were joined and barcodes removed. Short 

sequences >150 bp and sequences with ambiguous base calls were removed. Resultant 

sequences were denoised, and OTUs defined with clustering at 97% similarity. Singleton 
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sequences and chimeras were removed. Taxonomy of OTUs were determined with the use 

of BLASTn against a curated database derived from RPDII and NCBI.  

isoA gene amplicon sequencing and metagenomic analysis were carried out as described in 

section 2.6.  

 

Figure 5.1. 16S rRNA gene profiles of Malaysian oil palm soil and phyllosphere samples analysed by DGGE.     
A: biological replicates from unenriched soil (S T0) and phyllosphere (L T0) samples, each of which was carried 
out in duplicate. B: biological replicates from heavy (H) and light (L) soil incubations with 13C or 12C isoprene.     
C: biological replicates from heavy (H) and light (L) phyllosphere samples enriched 13C or 12C isoprene. 
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5.4  Results & Discussion  

5.4.1 Analysis of active isoprene-degrading bacteria via 16S rRNA gene amplicon 

sequencing 

5.4.1.1 Diversity of bacteria harboured in soils associated with oil palm trees 

16S rRNA gene amplicon sequencing showed a consistent bacterial community structure in 

all unenriched replicate soil samples. This homogeny across samples indicated that 

extraction and processing methods were consistent across samples and minimised the 

chance of artificial bias in the results (Figure 5.2). The bacterial community was dominated 

by phyla commonly found in soils such as Proteobacteria (40.8 ± 0.5%), Actinobacteria 

(13.1 ± 0.7%), Bacteroidetes (11.2 ± 1.4%) and Acidobacteria (10.8 ± 0.6%) (Janssen 2006; 

Roesch et al. 2007; Fulthorpe et al. 2008; Karimi et al. 2018). Dominant genera were 

Rhodoplanes (5.9 ± 0.1%) and Flavobacterium (4.0 ± 0.9%).  

As mentioned in Chapter 4, the heavy fractions of samples incubated with 13C-labelled 

isoprene represent the bacteria that have incorporated isoprene into their DNA via growth 

and replication and as such can be considered the isoprene degrading community. The 

isoprene degrading community recovered from soil samples showed some variability 

between replicates, however Rhodoblastus and Pelomonas were highly enriched across all 

replicates with an RA of 10.2-33.7% and 14.2-54.9% respectively (Figure 5.2). In replicates 2 

and 3 of the isoprene degrading community Novosphingobium had an RA of 47.8% and 

24.5% respectively. In replicate 3, Sphingomonas was dominant with an RA of 42.4%. These 

four genera showed a 19-90-fold increase in abundance when compared the 13C light 

control. They were also abundant in 12C light controls but not 12C heavy, indicating that 

their presence in the heavy fraction of samples incubated with 13C isoprene was due to 

incorporation of 13C isoprene and not due to a high GC content (Figure 5.2).
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Figure 5.2. Bacterial community profile of DNA retrieved from oil palm soil samples analysed by 16S rRNA gene amplicon sequencing. Samples are represented as unenriched (T0), enriched 
(T1), incubated with unlabelled (12C) or labelled (13C) isoprene, with fractions separated into heavy DNA and light DNA retrieved after DNA-SIP. R1 – 3 indicate the three replicate samples 
analysed. Taxa that are at less than 5% relative abundance are grouped as ‘Other’.  
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Previous investigations have also found members of Sphingomonadaceae and 

Comamonadaceae to be active isoprene degraders, but this is the first evidence that 

Sphingomonas, Novosphingobium and Pelomonas play a role in the biodegradation of 

isoprene  (El Khawand et al., 2016; Crombie et al., 2018; Larke-Mejia et al., 2019).  

Obtaining physical representatives of these strains in future work would be invaluable in 

confirming this greater diversity in the soil-based isoprene degrading population.  

 

5.4.1.2 Diversity of bacteria in the phyllosphere of oil palm trees 

The vast majority of unenriched phyllosphere samples were made up of Proteobacteria 

with an RA of 74.5% ± 0.3%. This is consistent with a number of previous community 

studies focused on the phyllosphere (Alvarez et al., 2009; Johnston et al., 2017; Larke-Mejia 

et al., 2019). The most abundant genera were Acinetobacter (26.4 ± 0.7%) and Clostridium 

(22.0 ± 0.2%; Figure 5.3).  

Unlike soil samples, the amount of DNA recovered from the heavy fractions of phyllosphere 

samples incubated with 13C isoprene at earlier timepoints was not enough for the scale of 

phylogenetic analysis required for this study. As such, phyllosphere samples were 

incubated with labelled and unlabelled isoprene until T3 (10 days, when 50 µmol of 

isoprene C g-1 had been incorporated by each sample). At this point, a sufficient quantity 

(0.3 µg DNA) was obtained from the heavy fractions of samples incubated with 13C 

isoprene.  

It should be noted that the bacterial community profile of both the heavy and light 

fractions of samples incubated with 12C isoprene were very similar, which is likely due to a 

disturbance in the CsCl gradient during processing of samples. However, the DNA 

recovered from the heavy fractions of these samples represents >1% of the total DNA 

utilised in the fractionation process, with no DNA at all being recovered from the heavy 

fraction of replicate 2 (Figure 5.3).  

  The results of 16S rRNA gene amplicon sequencing of the isoprene degrading community 

of phyllosphere samples were a highly consistent across replicates, as seen in the ‘T1 13C 

Heavy’ samples of Figure 5.3. Gordonia were particularly abundant with an RA of 51.4 ± 

9.4%, followed by Zoogloea at 12.3 ± 2.2%. These RA values were 84.9 and 58.2-fold higher 

respectively in the heavy fractions of samples incubated with 13C isoprene than in the light, 

strongly indicating that both were assimilating the 13C-labelled isoprene (Figure 5.3).  
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The heavy enrichment of Gordonia in isoprene degrading fractions is consistent with 

previous studies that show strains of Gordonia are capable of utilising isoprene as a sole 

carbon and energy source (Johnston et al., 2017; Larke-Mejia et al., 2019). Zoogloea 

however, has not previously been identified in any of the environments that such studies 

have been carried out (El Khawand et al., 2016; Johnston et al., 2017; Crombie et al., 2018; 

Larke-Mejia et al., 2019). As such its presence here adds to the known diversity of isoprene 

degrading bacteria to date and warrants further investigation.  

Although the genus Rhizobium was also enriched in the isoprene degrading fractions of 

phyllosphere samples, with an RA of 8.5 ± 2.2% across all three replicates, this only 

represents a 2.2-fold increase from the light fractions of samples incubated with 13C 

isoprene. The same increase can be seen between Rhizobium in the heavy and light 

fractions of samples incubated with 12C isoprene, which suggests that its presence in this 

fraction may be due to a higher GC content rather than the assimilation of labelled 

isoprene. With no previous examples of this genus utilising isoprene to support the theory, 

it cannot be stated that Rhizobium are isoprene degrading bacteria from these results 

alone (Figure 5.3). 

Another notable result from this experiment is the distinct lack of genera that have 

previously been associated with isoprene degradation in the phyllosphere of trees in the 

UK. Examples such as Rhodococcus, Variovorax, Sphingopyxis, Ramlibacter, Nocardioides 

and Mycobacterium that have been present in similar studies on UK-based poplar and oil 

palm samples from Kew Gardens, London (Johnston et al., 2017; Crombie et al., 2018; 

Larke-Mejia et al., 2019) were not present, or represented less than 1% of the labelled 

bacterial community in this experiment.   
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Figure 5.3. bacterial community profile of DNA retrieved from oil palm phyllosphere samples analysed by 16S rRNA gene amplicon sequencing. Samples are represented as unenriched 
(T0), enriched (T1), incubated with unlabelled (12C) or labelled (13C) isoprene, with fractions separated into heavy DNA and light DNA retrieved after DNA-SIP. R1 – 3 indicate the three 
replicate samples analysed. Taxa that are at less than 5% relative abundance are grouped as ‘Other’ 
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5.4.2 Diversity of isoprene monooxygenase genes recovered from oil palm 

phyllosphere and soil samples  
 

To analyse the diversity of isoA genes within oil palm soil and phyllosphere samples, isoA 

amplicon sequencing was carried out and analysed via the ASV method as described in 

section 2.6.  

Diversity of isoA genes from oil palm tree soils.  

The isoA sequences retrieved from the heavy fractions of soil samples incubated with 13C 

isoprene showed a higher degree of diversity than phyllosphere samples. However, all 

replicates were dominated by ASVs with homology closest to the isoA of the Rhizobiales 

MAG discussed in detail later (see section 2.7.2; Figure 5.3).The most abundant of these 

was ASV 2 which shared an amino acid identity of 100% with the isoA recovered from that 

MAG and had a RA of 35.5%±6.1 across the three soil replicates (Table 5.1).  ASVs 5 and 4 

were the next most abundant (RA 9.9%±7.1 and 7.5%±2.8 respectively) and also showed 

highest homology to the isoA the Rhizobiales MAG, retrieved during this SIP study (100% 

and 92.45% respectively). The ASV that dominated phyllosphere samples and shared a high 

100% amino acid identity with Gordonia i37 (ASV 1) was also seen in soil samples, with an 

RA of 6.7%±2.8. ASV 13 (RA 7.5%±2.8) shared 100% identity with the isoA of Rhodococcus 

AD45, while ASV 11 shared 100% identity with the isoA recovered from a Novosphingobium 

MAG in this study and was present only in the heavy fraction of the 13C-incubated replicate 

3 with an RA of 11%. 
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Figure 5.4. Relative abundance and diversity of isoA genes in the heavy fractions of oil palm soil and phyllosphere samples incubated with 13C isoprene. isoA sequences in the heavy 
fractions of oil palm soil and phyllosphere samples incubated with 13C isoprene were analysed by isoA amplicon sequencing.  Only AVSs with > 5% RA in at least one replicate are represented. 
ASVs present at >10% in any sample are shown in bold. ASVs closely related to IsoA from the Rhizobiales MAG are represented in purple; ASVs with highest homology to IsoA from the 
Novosphingobium MAG are shown in green; ASVs closely related to IsoA from Rhodococcus are coloured in blue; ASVs with highest homology to IsoA from Gordonia MAG are represented in 
orange. ASVs with RA <5% are grouped as “Others”.
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Table 5.1. ASVs retrieved from isoA amplicon sequencing analysis of the heavy fractions of DNA from soil and 
leaf samples incubated with 13C isoprene. Amino acid identity of ASVs retrieved from soil and phyllosphere 
samples to IsoA from ratified isoprene-degrading strains or MAGs reconstructed from metagenomes analysed 
in this study was determined by BLASTx (see Methods). Relative abundance (RA) of each ASV in heavy fractions 
of soil and phyllosphere (leaf) samples incubated with 13C isoprene represent the average of three biological 
replicates with their respective standard deviations. 

  Closest IsoA 
sequence  

Source Amino acid  
Identity(%) 

Cover 
(%) 

Soil Samples  
RA(%) 

Leaf 
Samples  

RA(%) 

ASV 1 Gordonia i37 Isolate 100 99 5.3±4.6 91.9±7.3 

ASV 2 Rhizobiales   Metagenome 100 99 35.5±6.1   

ASV 4 Rhizobiales   Metagenome 92.5 99 6.1±5.3   

ASV 5 Rhizobiales   Metagenome 100 99 8.9±8.7   

ASV 7 Rhizobiales   Metagenome 100 99 4.2±3.7   

ASV 8 Rhizobiales   Metagenome 71 99 2.2±3.8   

ASV 9 Rhizobiales   Metagenome 98.7 99 1.8±3.1   

ASV 11 Novosphingobium   Metagenome 100 99 3.7±3.4   

ASV 12 Rhizobiales   Metagenome 98.9 99 1.4±1.3   

ASV 13 Rhodococcus AD45 Isolate 100 99 3.9±3.4 0.9±1.3 

ASV 14 Rhizobiales   Metagenome 98.1 99 1.8±0.4   

ASV 15 Rhizobiales   Metagenome 96.2 99 2.5±2.4   

ASV 16 Rhodococcus AD45 Isolate 84.91 99 2.9±2.1   

ASV 17 Rhizobiales   Metagenome 92.45 99 0.6±1   

ASV 18 Rhizobiales   Metagenome 98.9 99 2.6±4.5   

ASV 19 Rhizobiales   Metagenome 100 99 1.8±3.1   

ASV 21 Rhizobiales   Metagenome 98.7 99 0.3±0.6   

ASV 23 Rhodococcus AD45 Isolate 99.37 99 1.2±1   

ASV 24 Rhizobiales   Metagenome 100 99 0.2±0.3   

ASV 26 Rhizobiales    Metagenome 98.1 99 0.2±0.4   

ASV 29 Rhizobiales   Metagenome 100 99 1.8±3.2   

ASV 30 Rhizobiales   Metagenome 98.7 99 0.1±0.3   

ASV 34 Gordonia i37 Isolate 98.1 99   3.4±5.6 

ASV 37 Rhizobiales   Metagenome 96.2 99 0.1±0.2   

ASV 44 Novosphingobium   Metagenome 99.4 99 2.6±4.6   

ASV 53 Rhizobiales Isolate 99.4 95 0.5±0.8   

ASV 59 Gordonia i37 Isolate 99.4 96   1.8±3 

ASV 85 Gordonia i37 Isolate 99.4 96   2.7±3.8 

ASV 110 Rhizobiales   Metagenome 99.4 100 0.1±0.2   

ASV 114 Gordonia i37 Isolate 100 99   0.9±1.3 

ASV 122 Rhizobiales   Metagenome 95.6 100 0.1±0.2   

ASV 160 Novosphingobium   Metagenome 100 99 0.2±0.4   

ASV 168 Gordonia i37 Isolate 93.1 100   1.7±3.0 
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5.4.2.1 Diversity of isoA genes in DNA-SIP samples from the phyllosphere from oil palm 

trees 

There was very little diversity in terms of isoA sequences found in the heavy fractions of 

phyllosphere samples incubated with 13C isoprene. All three replicates were dominated by 

a single ASV, ASV1 which shared a 100% amino acid identity with the isoA from Gordonia 

polyisoprenivorans sp. i37 (Table 5.1; Johnston et al., 2017). This ASV made up 100%, 

85.87% and 89.75% RA of replicates 1-3 respectively (Figure 5.4). All other ASVs present in 

these samples also shared high homology with the isoA of Gordonia i37 though at different 

percentages of amino acid identity (Table 5.1).  

 

5.4.3 Identification of active isoprene-degrading bacteria via metagenomics  
The community profile and genetic potential of bacteria associated with oil palm samples 

were further investigated with the use of metagenomic analysis. DNA recovered from the 

heavy fractions of samples incubated with 13C isoprene were pooled. In the case of 

phyllosphere samples, this meant pooling replicates 1-3, however in soil samples, DGGE 

experiments had indicated a difference in the taxa that were enriched in replicate 3 

compared to that of replicates 1-2 (Figure 5.5). To better capture this difference, replicates 

1 and 2 were pooled and replicate 3 was sequenced separately.  
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Figure 5.5. 16S rRNA gene profiles of oil palm soil and phyllosphere samples analysed by DGGE. 

A: biological replicates from unenriched soil (S T0) and phyllosphere (L T0) samples, each of which was run in 
duplicate. B: biological replicates from heavy (H) and light (L) soil incubations with 13C or 12C isoprene (control). 
C: biological replicates from heavy (H) and light (L) leaf samples enriched 13C or 12C isoprene. 
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5.4.3.1 Metagenomic diversity of bacteria in the soil associated with oil palm trees 

Metagenomic analysis of both unenriched (T0) and the enriched isoprene degrading 

community (T1) in soil samples showed a high diversity, with the vast majority of taxa 

representing less than 1% RA (represented as ‘Other’ in Figure 5.6). The unenriched 

metagenome showed an abundance of Streptomyces and Bradyrhizobium with RA of 11% 

and 6% respectively (Figure 5.6).  

 

Figure 5.6. Relative abundance of bacterial taxa retrieved after analysis of the metagenome from oil palm soil 
samples. T0 represent unenriched samples. T1 are the heavy fractions of samples enriched with 13C isoprene. 
Replicates 1 and 2 were combined (R1-2), replicate 3 was sequenced separately (R3). All taxa that were less 
than 1% RA have been grouped as ‘Others’.  

 

It was evident that the difference in the T1 isoprene degrading community structure 

observed via DGGE was caused by the particular enrichment of Novosphingobium in 

replicate 3, with an RA of 14.92% compared to the 1.37% found in the pooled replicates 1-2 

(Figure 5.6). Replicate 3 also showed a higher enrichment of Sphingomonas with an RA of 

7.63% in replicate 3 and 1.63% in replicates 1-2. Variovorax was present across all enriched 

samples with an RA of 6.19% in replicates 1-2 and 2.5% in replicate 3.  
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5.4.3.2 Metagenomic diversity of bacteria in the phyllosphere of oil palm trees 

Unenriched phyllosphere samples contained a mix of different genera such as Kosakonia 

(RA of 16.5%), Aquitalea (RA of 16.34%), Pantoea (RA of 11.32%), Enterobacter (RA of 8%) 

and Acinetobacter (RA of 7.12%) as seen in Figure 5.7. Enriched samples however, were 

completely dominated by Gordonia with an RA of 60.34%, while no other taxa were 

present above 1% RA. This corroborates results from 16S rRNA gene amplicon sequencing 

that also showed an abundance of Gordonia above all other taxa within enriched 

phyllosphere samples (Figure 5.3). Zooglea, Sphingomonas and Rhizobium however, were 

not present in metagenomic community profiles.  

 

 

 

 

Figure 5.7. Relative abundance of bacterial taxa retrieved after analysis of the metagenome from oil palm 
phyllosphere samples. T0 represent unenriched samples. T1 are the heavy fractions of samples enriched with 
13C isoprene. All taxa that were less than 1% RA have been grouped as ‘Others’ 
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5.4.3.3 Recovery of metagenome assembled genomes (MAGs) 

Metagenomic reads were assembled and utilised to recover a total of 20 MAGs from soil 

samples and 52 MAGs from leaf samples (Table 5.2). MAGs were investigated for the 

presence of genes involved in the degradation of isoprene (see section 2.7.2) and MAGs of 

interest chosen if the following parameters were met. MAGs must have >75% 

completeness, <10% contamination and contain one or more gene(s) from the isoprene 

monooxygenase gene cluster isoABCDEF or close homologue of such (E < 1e-40).  

 

Table 5.2. Statistics for metagenome assemblies. Metagenomes from unenriched soil (S T0) and leaf (L T0) 
samples and heavy fractions from soil (S 13C H R1-2 and S 13C H R3) and leaf (L 13C H R1-3) samples incubated 
with 13C isoprene. 

 
S T0 S 13C H R1-2 S 13C H R3 L T0 L 13C H R1-3 

Contigs 138,886 36,166 22,852 76,131 114,878 

Largest contig (bp) 75,971 703,868 1,215,493 732,750 621,426 

Total size (bp) 101,440,201 64,831,442 49,671,873 152,876,094 150,393,192 

GC (%) 63.9 64.9 64.6 56.5 66 

N50 684 2,852 5,677 5,018 1,565 

N75 568 1,078 1,322 1,171 798 

L50 50,076 3,502 959 3,953 18,953 

L75 91,069 13,317 6,174 21,847 54,079 

Bins 4 9 7 28 24 

 

By this metric, two MAGs from soil samples and three from phyllosphere samples were 

chosen for further investigation. The MAGs in question were identified as 

Novosphingobium and Rhizobiales  from soil samples and Gordonia, Zoogloaceae and 

Ralstonia from phyllosphere samples. Basic assembly details for each can be seen in Table 

5.3. Details of the isoprene degradation gene homologues recovered from each MAG are 

presented in Figure 5.8.  
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Table 5.3. Metagenome assembled genomes (MAGs) that contain genes encoding proteins homologous to 
IsoABCDEF (E<1e-40). MAGs were reconstructed from metagenomic sequencing of the heavy fractions of DNA 
from soil (S 13C H) and leaf (L 13C H) samples incubated with 13C isoprene. MAGs completeness and 
contamination was assessed and taxonomically assigned using CheckM (see Methods). N50 is calculated for 
contigs. 

 

 

The Novosphingobium MAG recovered from the heavy fraction of soil samples incubated 

with 13C isoprene contained a full isoprene gene cluster (isoABCDEFGHIJ) on a single contig 

however no accessory genes were present (Figure 5.8). The products of the isoprene 

degradation genes each shared an amino acid identity of >76% with the corresponding 

proteins in Sphingopyxis OPL5 (Larke-Mejia et al., 2019; Table 5.3). However, the IsoA in 

particular shared a much higher identity (100% in some cases) with many of the ASV’s 

recovered in the isoA amplicon sequencing results than to Sphingopyxis (Figure 5.8). This 

suggests that the homology to Sphingopyxis has more to do with the lack of representative 

Gram-negative isoprene degrading bacteria in the current database than to the MAG being 

particularly closely related to Sphingopyxis OPL5. The recovery of this MAG is congruent 

with the other methods of analysis in this study, with Novosphingobium also being 

abundant in soil samples when analysed by 16S rRNA gene amplicon sequencing (Figure 

5.2) and in community analysis of metagenomic data (Figure 5.6).  

 

 

 

 

MAG Metagenome 
of origin 

Size 
(Mbp) 

N50 Completeness  
(%) 

Contamination 
(%) 

Strain 
heterogeneity 
(%) 

Novosphingobium S 13C H R3 3.7 441,005 99.5 <0.1 0 

Rhizobiales S 13C H R3 4.1 59,990 97.6 2.5 79 

Gordonia 

polyisoprenovorans 

L 13C H R1-3  6.1 194,257 99.8 0.9 40 

Zoogloeaceae L 13C H R1-3 5.2 49,423 98.7 2.1 10 

Ralstonia L 13C H R1-3 4.5 5,039 79 6.4 0 
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Table 5.4. MAGs genes encoding polypeptides homologous to proteins involved in isoprene metabolism from ratified isoprene-
degrading strains. Homology of the polypeptides encoded by genes recovered from MAGs to proteins from ratified isoprene degraders 
was analysed by BLASTx (see Methods) and is expressed as amino acid identity. 

Novosphingobium MAG 

Gene Description 
Closest protein from ratified isoprene 
degrader 

Amino acid 
identity (%) 

Coverage 
(%) 

isoA Oxygenase α-subunit IsoA from Sphingopyxis sp. OPL5  95.2 100 

isoB Oxygenase γ-subunit IsoB from Sphingopyxis sp. OPL5  100 85.1 

isoC Reiske-type ferrodoxin IsoC from Sphingopyxis sp. OPL5  100 78.6 

isoD Coupling protein IsoD from Sphingopyxis sp. OPL5  100 90.6 

isoE Hydroxylase β-subunit IsoE from Sphingopyxis sp. OPL5  83.7 100 

isoF Flavoprotein NADH reductase IsoF from Sphingopyxis sp. OPL5  76.2 100 

isoG Racemase   IsoG from Sphingopyxis sp. OPL5  91.1 100 

isoH Dehydrogenase IsoH from Sphingopyxis sp. OPL5  89.4 100 

isoI Glutathione-S-transferase IsoI from Sphingopyxis sp. OPL5  89.8 100 

isoJ Glutathione-S-transferase IsoJ from Sphingopyxis sp. OPL5  90.6 98 

aldH1 Aldehyde dehydrogenase AldH1 from Sphingopyxis sp. OPL5  85.3 100 

 

Rhizobiales MAG 

Gene Description 
Closest protein from ratified isoprene 
degrader 

Amino acid 
identity (%) 

Coverage 
(%) 

isoA Oxygenase α-subunit IsoA from Sphingopyxis sp. OPL5  84.9 100 

isoB Oxygenase γ-subunit IsoB from Sphingopyxis sp. OPL5  67.4 97 

isoC Reiske-type ferrodoxin IsoC from Sphingopyxis sp. OPL5  61.2 92 

isoD Coupling protein IsoD from Ramlibacter sp. WS9 60 92 

isoE Hydroxylase β-subunit IsoE from Sphingopyxis sp. OPL5  54.8 98 

isoF Flavoprotein NADH reductase IsoF from Sphingopyxis sp. OPL5  54.9 99 

isoG Racemase   IsoG from Sphingopyxis sp. OPL5  72.9 96 

isoH Dehydrogenase IsoH from Sphingopyxis sp. OPL5  74.3 100 

isoI Glutathione-S-transferase IsoI from Sphingopyxis sp. OPL5  72.9 95 

isoJ Glutathione-S-transferase IsoJ from Sphingopyxis sp. OPL5  69.9 100 

aldH1 Aldehyde dehydrogenase AldH1 from Sphingopyxis sp. OPL5  64.7 99 
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Gordonia polyisoprenovorans MAG 
 

 

Zoogloeaceae MAG 

Gene Description 
Closest protein from ratified isoprene 
degrader 

Amino acid 
identity (%) 

Coverage 
(%) 

isoA Oxygenase α-subunit IsoA from Variovorax sp. WS11 51.1 100 

isoB Oxygenase γ-subunit IsoB from Ramlibacter sp. WS9 51.7 97 

isoC Reiske-type ferrodoxin IsoC from Ramlibacter sp. WS9 51 93 

isoD Coupling protein IsoD from Gordonia sp. OPL2  44.9 85 

isoE Hydroxylase β-subunit IsoE from Ramlibacter sp. WS9 43 85 

isoF Flavoprotein NADH reductase IsoF from Ramlibacter sp. WS9 39 97 

 

Gene Description 
Closest protein from ratified isoprene 
degrader 

Amino 
acid 

identity 
(%) 

Coverage 
(%) 

isoA Oxygenase α-subunit IsoA from Gordonia polyisoprenovorans i37 98.8 100 

isoB Oxygenase γ-subunit IsoB from Gordonia polyisoprenovorans i37 82.1 100 

isoC Reiske-type ferrodoxin IsoC from Gordonia polyisoprenovorans i37 99.1 100 

isoD Coupling protein IsoD from Ramlibacter sp. WS9 99 95 

isoE Hydroxylase β-subunit IsoE from Gordonia polyisoprenovorans i37 98.8 100 

isoF Flavoprotein NADH reductase IsoF from Gordonia polyisoprenovorans i37 99.4 100 

isoG Racemase   IsoG from Gordonia polyisoprenovorans i37 98.3 100 

isoH Dehydrogenase IsoH from Gordonia polyisoprenovorans i37 99.1 100 

isoI Glutathione-S-transferase IsoI from Gordonia polyisoprenovorans i37 100 100 

isoJ Glutathione-S-transferase IsoJ from Gordonia polyisoprenovorans i37 94.7 100 

aldH1 Aldehyde dehydrogenase AldH1 from Gordonia polyisoprenovorans i37 83 100 

aldH2 Aldehyde dehydrogenase AldH2 from Gordonia polyisoprenovorans i37 94.8 100 

gshB Glutathione synthetase GshB from Gordonia polyisoprenovorans i37 99.1 98 

coADR CoA disulfide reductase CoADR from Gordonia polyisoprenovorans i37 94 100 
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Ralstonia MAG 

Gene Description 
Closest protein from ratified isoprene 
degrader 

Amino acid 
identity (%) 

Coverage 
(%) 

isoA Oxygenase α-subunit IsoA from Variovorax sp. WS11 48.3 100 

isoB Oxygenase γ-subunit IsoB from Ramlibacter sp. WS9 52.5 83 

isoC Reiske-type ferrodoxin IsoC from Ramlibacter sp. WS9 47.6 92 

isoD Coupling protein IsoD from Rhodococcus opacus PD630  44.2 81 

isoE Hydroxylase β-subunit IsoE from Nocardioides sp. WS12 45.1 94 

isoF Flavoprotein NADH reductase IsoF from Rhodococcus opacus PD630 39.1 100 

 

The second MAG recovered from soil samples was identified as a member of the order 

Rhizobiales, though further identification was not successful despite the MAGs high 

completeness (97.63%) and low contamination (2.48%; Table 5.3). This is likely due to the 

high strain heterogeneity (78.95%) which indicates what contamination is present and 

stems from closely related bacteria, making robust high-resolution identification difficult.  

This Rhizobiales MAG also contained a full isoprene gene cluster (isoABCDEFGHIJ), and the 

products of these genes also shared the highest amino acid identity (54% and above; Table 

5.4) with Sphingopyxis OPL5. Two of the ASVs recovered in isoA amplicon sequencing 

shared 100% homology with the IsoA recovered from the Rhizobiales MAG (Figure 5.8). 16S 

rRNA gene amplicon sequencing of 13C-incubated soil samples showed an enrichment of 

Rhodoblastus, a member of the Rhizobiales family (Figure 5.2). 

  The first of three MAGs recovered from phyllosphere samples was identified to the 

species level as Gordonia polyisoprenivorans and contained a full isoprene monooxygenase 

gene cluster on one contig, with the downstream genes isoGHIJ found on another (Figure 

5.8). 

 IsoI was only partially recovered at the end of the contig containing the downstream 

genes. The Gordonia MAG also contained accessory genes aldH2, garB and gshB, often 

located in the region of the isoprene degradation pathway. These genes encode for an 

aldehyde dehydrogenase, a CoA-disulfide reductase and a glutathione synthetase 

respectively (Crombie et al. 2015).  The products of genes directly related to isoprene 

degradation and all accessory genes shared an amino acid identity >98%  with the 

corresponding proteins recovered from the genome of Gordonia polyisoprenovorans strain 

i37 (Johnston et al., 2017; Table 5.4), except IsoB and AldH1 which shared 82.11% and 83% 

respectively.   
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Figure 5.8.  Isoprene metabolic gene clusters from representative isoprene-degrading strains (in bold) and metagenome assembled genomes (MAGs). Genes encoding IsoMO (isoABCDEF) 
are coloured in red. Adjacent genes not involved in isoprene degradation are coloured in white. Regulatory genes are shown in black. “\\” represents a discontinuity between two DNA 
contigs. Variovorax sp. OPL2.2 was isolated in this study from oil palm leaf enrichments by Dr. Ornella Carrión. 
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The remaining MAGs recovered from phyllosphere samples, Zoogloaceae and Ralstonia 

contained genes homologous to the isoprene monooxygenase isoABCDEF but not the 

downstream isoGHIJ genes (Figure 5.8). The shared identity with isoprene monooxygenase 

genes from bona fide isoprene degraders was lower than seen in previous MAGs also. 

Some of the gene products in the Zoogloaceae MAGs cluster shared an amino acid identity 

with toluene monooxygenase recovered from Pseudomonas mendocina KR1 (Whited and 

Gibson 1991) and others with isoprene monooxygenase proteins recovered from 

Variovorax WS11 (Robin A. Dawson et al. 2020). However the amino acid identity ranged 

from 38%-71% making classification unreliable (Table 5.4). A member of the family 

Zoogloeaceae, Zooglea was also found in 16S rRNA gene amplicon results for phyllosphere 

samples (Figure 5.3).  

The Ralstonia MAG was similar, in that some of the recovered genes shared homology with 

proteins of the toluene monooxygenase of Pseudomanas mendocina KR1, and others 

alternated between homology with proteins recovered from known isoprene degrading 

bacteria such as Variovorax WS11, Ramilibacter WS9, Rhodococcus opacus PD630 and 

Nocardioides WS12 (Crombie et al., 2017; Larke-Mejia et al., 2019; Dawson et al., 2020; 

Gibson et al., 2020; Table 5.4). Ralstonia was previously included in the family 

Pseudomonas which may play a role in the shared homology between the two.  

It is possible that the lack of known downstream genes and the non-specific 

characterisation of these clusters could indicate the presence of the novel pathway for the 

degradation of isoprene. In particular, the fact that these MAGs were recovered from 

samples that had been provided with isoprene as the sole carbon and energy source, and 

had obviously incorporated 13C isoprene into their DNA to be recovered from heavy 

fractions after CsCl density gradient ultracentrifugation, implies they can assimilate 

isoprene by some means. However, without the isolation of a representative bacteria that 

grows on isoprene, or the heterologous expression of their homologous genes in an isoA-F 

mutant, it cannot be stated with confidence that the Zoogloaceae and Ralstonia MAGs 

represent the presence of novel isoprene degrading bacteria.  
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5.4.4 Comparison of bacterial diversity in the oil palm phyllosphere and associated 

soils  
While the importance of plant-microbe interactions is a well-studied area with many 

implications for biotechnology, this is one of a small number of studies that compares the 

microbial communities in the phyllosphere and soils of the same species (Knief et al. 2012; 

Bodenhausen, Horton, and Bergelson 2013; Wei et al. 2018; Q. Zhang et al. 2019; R. Yang, 

Liu, and Ye 2017; Azevedo-Silva et al. 2021).  

The results from 16S rRNA gene amplicon sequencing showed the natural, unenriched 

community structures of oil palm soils and phyllosphere were quite distinct (Figure 5.2; 

Figure 5.3). In general, the combined results of this study indicated that the isoprene 

degrading community harboured by soils associated with oil palm is more diverse than that 

found in the oil palm phyllosphere environment. This is particularly notable for 

metagenome and isoA amplicon results, where Gordonia and homologues of its genes 

dominate all other taxa in their abundance in phyllosphere samples, though 16S rRNA 

results do show a somewhat greater diversity. This abundance of Gordonia and Gordonia-

like sequences in oil palm phyllosphere samples is consistent with isoA amplicon results 

described in Chapter 3. 

The vast majority of isoA sequences recovered from soils were homologous to isoA from 

Gram-negative groups such as Rhizobiales and Novosphingobium, though shared amino 

acid identity ranged from 71-100% which suggests some of these genes are derived from 

other bacteria than those previously isolated. At the time of study, there were very few 

isoA sequences available from Gram-negative species, meaning those available were the 

only candidates for comparison, which may explain their high representation in soil 

samples. The higher diversity of isoA sequences in soils is unsurprising as research shows 

that soils are some of the most complex environments to be studied to date (Delmont et al. 

2011).  

The dominance of Gram-positive related sequences in the phyllosphere suggests these 

Gram-positive species thrive under higher concentrations of isoprene, which is consistent 

with research (described in section 1.3.2) which showed that Gram-positive Actinobacteria 

such as Rhodococcus and Gordonia were recovered with experiments utilising higher 

concentrations of isoprene during incubation, whereas Gram-negative species like those 

found in soil samples, such as Variovorax and Sphingopyxis, were only recovered when 
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lower concentrations were utilised (Crombie et al., 2015, 2018; Johnston et al., 2017; 

Larke-Mejia et al., 2019).  

Metagenomic data shared some strong similarities to 16S rRNA gene amplicon data. They 

showed a homogenous community structure in phyllosphere samples completely 

dominated by Gordonia, which was highly abundant in 16S rRNA amplicon data. Analysis of 

soil samples revealed an abundance of Novosphingobium, as found with 16S rRNA gene 

amplicon data and likely acting as the source of the recovered Novosphingobium MAG and 

the ASVs homologous to its isoA. Novosphingobium has been shown to have plant-growth 

promoting properties and is often found in the rhizosphere, so it is perhaps unsurprising to 

find it in each of the three soil datasets (Vives-Peris, Gómez-Cadenas, and Pérez-Clemente 

2018; Rangjaroen et al. 2017). Novosphingobium species are also known for their ability to 

degrade a range of recalcitrant compounds such as polychlorophenol and high-molecular-

mass polycyclic aromatic hydrocarbons (Tiirola et al., 2002; Sohn et al., 2004; Kertesz and 

Kawasaki, 2010; Lyu et al., 2014).  

While it has been shown that the isoprene degrading community harboured by oil palm 

soils are more diverse than their phyllosphere counterpart, whether they were also more 

abundant in this environment was also investigated. Unenriched oil palm soil and 

phyllosphere metagenomic datasets were analysed for the presence and relative 

abundance of isoA genes. This study will be explained in detail in Chapter 6, but results 

showed that the number of isoA sequences harboured by oil palm soil samples were five 

times higher than was found in phyllosphere samples. This represents 1% of 16S rRNA 

genes in soil samples, compared to 0.2% in the phyllosphere. As such, this study suggests 

that in oil palm at least, isoprene degrading bacteria are both more diverse and more 

abundant in associated soils than in the phyllosphere. This is interesting when one 

considers the greater availability of isoprene in the canopy than at ground-level 

(Rasmussen and Khalil 1988) and indicates that soils could be a more important sink for 

isoprene than previously thought.  
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5.5 Conclusion 
Oil palm plantations are, and will continue to be, a monumental part of the economy in 

places like Malaysia and Indonesia. Palm oil production is also a rapidly growing industry in 

parts of South America such as Colombia, Ecuador and Guatemala. These plantations take 

up huge swathes of agricultural land that spread on an annual basis to supply palm oil for 

the food industry, the production of domestic products and for use as biofuel (Cheng et al. 

2019; Ibragimov et al., 2019; Carter et al. 2007). While such a monoculture has wide-

ranging impacts on deforestation and biodiversity, the fact that oil palms produce such high 

amounts of isoprene has implications for future air quality too (Hewitt et al. 2009). A better 

understanding of the biological isoprene sinks associated with these environments is an 

important part of understanding how these biogeochemical fluxes may change over time 

with the impacts of increased land-usage and climate change.  

As with most ecological studies of this kind, limitations include the small number of 

sampled locations and the impact that soil-type, weather and other biotic and abiotic 

factors may have on the isoprene degrading population harboured in the sampled soils and 

leaves. A truly robust investigation of the association between oil palms and their isoprene 

degrading bacteria would require samples from the same species of tree but from a wide 

range of different environments, particularly the inclusion of wild oil palms rather than 

heavily cultivated crops like those used in this study. However, the benefit of using single 

crop plantations is that there should be no cross-mixing from bacteria associated with 

different nearby tree species.  

Future work to consolidate these findings should include targeted isolation techniques to 

recover physical isolates and confirm their isoprene degrading capabilities. Of particular 

interest would be representative isolates of the MAGs identified as Ralstonia and 

Zoogloaceae, both of which are novel in terms of isoprene degrading bacteria, and both 

MAGs seem to be missing the downstream genes associated with the degradation pathway 

despite growing on isoprene as the sole source of carbon and energy. As suggested earlier, 

an alternative to this labour-intense method would be the homologous expression of their 

isoA-F homologues in an isoA-F mutant to determine whether the ability to degrade 

isoprene could be restored, as was shown by Crombie et al. (2015) for isoA-F from 

Rhodococcus AD45. 
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6 Isoprene biodegradation survey associated with a variety of 

terrestrial plants  

6.1  Summary  
This chapter details efforts to lay the groundwork for a large-scale survey to locate and 

quantify the proportion of bacteria in unenriched natural communities that have the 

genetic potential to degrade isoprene. The first section is lab-based and uses qPCR 

techniques in conjunction with the primers validated in Chapter 3 to amplify and quantify 

isoA genes in soil and phyllosphere samples collected from isoprene-emitting willow (Salix 

viminalis), poplar (Populus nigra) and non-emitting Miscanthus (Miscanthus x giganteus) 

plants. Samples were collected from three plants of each species, from each individual 

plant, three samples each were taken from the soil and phyllosphere environment. The 

results of this survey showed high intra-species variability in the abundance of isoA gene 

copies in both phyllosphere and soil sample. Between species, the pattern of isoA 

abundance was the same in both phyllosphere and soil samples, with bacteria in the poplar 

environments harbouring the highest number of isoA sequences when normalized to 

copies of 16S rRNA genes, followed by those in willow-associated environments, and finally 

those associated with Miscanthus. These results do not support the hypothesis that the 

scale of isoprene emission per plant species would be the strongest variable in terms of 

proportion of resident bacteria carrying an isoA gene, as Salix viminalis produces more 

isoprene than Populus nigra, and Miscanthus species produce no isoprene at all.  

The abundance of isoA genes in the environment was also investigated via metagenomic 

analyses. Both publicly available natural, unenriched metagenomic datasets and also 

metagenomic datasets from previous studies carried out from within the lab were collated, 

processed in a reproducible manner and then investigated for the number of isoA 

sequences per 16S rRNA genes found in each metagenome.  
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6.2  Introduction  
While most studies have focused on the diversity of isoprene degrading bacteria in the 

environment, not much is known about the abundance of these bacteria under unenriched 

conditions. Although global emissions of isoprene are substantial, it’s volatile nature means 

isoprene does not persist in the atmosphere. This means the bioavailability of isoprene is 

relatively low compared to other climate active gases such as methane or CO2. It is for this 

reason that almost all diversity studies related to isoprene focus on enriched samples. 

However, to accurately assess the scale of bacterial degradation of isoprene, and 

understand the role of isoprene metabolism in terms of its place in the biogeochemical 

cycle, we must know how common isoprene biodegradation is under true environmental 

conditions.  

It was described in Chapter 3, that the gene encoding the α-subunit of the isoprene 

monooxygenase is highly conserved and acts as an excellent biomarker for isoprene 

degradation in the environment. As such, in this chapter, the presence of isoA in a 

bacterium’s genome is used as an indicator of the ability to degrade isoprene. Both qPCR 

and metagenomic quantification techniques are utilised across a range of environments. 

For qPCR assays, 16S rRNA gene copy number was used as a normalisation factor. While 

single copy house-keeping genes such as recA or rpoB would be more suitable standards 

for normalisation, as it is known that 16S rRNA genes can be present anywhere from 1-15 

times in a single genome (Klappenbach et al. 2001), recA and rpoB genes do not have well-

validated universal primers and cannot be used confidently across complex environmental 

systems. This variability means that the 16S rRNA gene normalisation method cannot 

function as an absolute abundance measure, though it can give an approximate and 

comparative idea of the abundance of isoA across a variety of environment types analysed 

in the same manner. In the case of metagenome analyses however, the availability of 

universal primers was not an issue and as such, recA was used to normalise isoA numbers 

to give the most accurate estimation of abundance possible.  

The benefits of qPCR are many and obvious. It is a well-know and familiar work-flow, 

relatively inexpensive compared to next-generation sequencing (NGS) and is a widely-used 

and validated method for a number of use-cases, from ecological studies to medical 

diagnostics. In terms of ecological surveys, while qPCR assays themselves take little time, 

collecting and processing samples can be more difficult, depending on the breadth and 

scale of the survey. For this reason, supplementing such research with readily available 
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metagenomic datasets can be of great benefit. At the time these data were analysed (July 

2021) the metagenomic database MG-RAST contained 469,279 publicly available 

metagenomes, TerrestrialMetagenomeDb had 20,206 and the Sequence Read Archive 

(SRA) had 458,433 (Meyer et al. 2008; Corrêa et al. 2020; Leinonen et al. 2011). Utilising 

publicly available datasets removes the need to physically visit areas of interest in order to 

gather sample material, greatly expanding the potential scope of any survey and 

contributes to the benefits of open access research as a concept.  

This chapter provides an introductory, proof of concept series of experiments to examine 

the feasibility and utility of quantifying isoprene degrading bacteria in a range of different 

environments with both lab-based and bioinformatics-based methods. The goal of this 

study was to address the scale and abundance of isoprene biodegradation in natural, 

complex microbial ecosystems. A tentative hypothesis for the qPCR experiments described 

was that isoprene emission potential would be a driving factor in the relative abundance of 

isoprene degrading bacteria associated with a given plant species. In this case, the species 

tested with the highest emission potential was the willow Salix viminalis at 80-130 µg g-

1(dw) h-1, followed by the poplar Populus nigra at 29-76 µg g-1(dw) h-1 and finally the 

Miscanthus x giganteus which does not contain an isoprene synthase gene and as such 

emits no isoprene (Rasmussen, 1978; Hewitt and Street, 1992; Pio, C.A. et al., 1993; Hu et 

al., 2018). 

 

6.3  Materials & Methods 
Sample collection for qPCR analyses was carried out at a commercial farm in Lincolnshire, 

NE England (53º18′55″N; 0º34′40″W). Each species of willow SRC (Salix viminalis), poplar 

(Populus nigra) and Miscanthus (Miscanthus x giganteus) was grown in a single crop 

plantation. Images of each sampling location can be seen in Figure 6.1. 

When sampling poplar and willow, three trees of each were chosen, representing biological 

replicates 1-3. From each of those trees, three leaf and three soil samples were taken, with 

leaves collected from opposite sides of each tree, and soil samples collected from the top 

10 cm of soil next to the trunk once debris and leaf matter had been removed. Miscanthus 

fronds and associated soil were collected from six varying locations within the Miscanthus 

growth area. 2 g of leaf material and 500 mg of soil was processed for each sample.  
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All subsequent materials & methods for work described in this chapter were carried out as 

described in Chapter 2. This includes leaf washing, nucleic acid extraction and extra 

purification (necessary for soil samples only), cloning and qPCR. Metagenomic analyses 

were carried out as described in section 2.10. 
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(a) 

(b) 

(c) 

Figure 6.1. Sampling sites for qPCR-based isoA survey. (a) Populus nigra plantation.(b) Miscanthus x giganteus crop. (c) Salix viminalis crop. Sampling for all three 
species was carried out on a commercial farm in Lincolnshire, NE England (53º18′55″N; 0º34′40″W).  
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6.4  Results & Discussion 

6.4.1 qPCR analysis of isoA abundance associated with a range of plant species. 
The first stage of the survey focused on qPCR analyses of samples collected from two 

isoprene emitting species, Salix viminalis and Populus nigra and one non-emitting species, 

Miscanthus x giganteus. Both leaf and associated soil samples were tested. Results showed 

that overall, soil samples harboured far more isoA containing bacteria than the 

corresponding phyllosphere samples, a 6.9-fold difference was seen in poplar samples 

between soils and leaves, 4.1-fold difference in willow samples and a 4.4-fold difference in 

Miscanthus samples (Figure 6.2). This corresponds with further work carried out by Dr. 

Ornella Carrión during the validation of the isoA primers described in Chapter 3 and 

published in Carrión et al. (2018). The study in question showed that the number of isoA 

genes harboured by bacteria in soil environments was an order of magnitude higher than 

was found in the phyllosphere. The experiments described here took a more targeted 

approach with more replicates for statistical robustness and found the same to be true, 

though the difference between the two environments was smaller in scale.  

 

 

Figure 6.2. Relative abundance of isoA-containing bacteria associated with Salix, Populus and Miscanthus 
soils and phyllosphere. Results are displayed as isoA copy number per million 16S rRNA gene copy numbers per 
species environment type. Averages of replicates and pseudo-replicates are shown, error bars represent 
standard deviations.  
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On first glance (Figure 6.2), there appears to be a pattern in both environment types, with 

Miscanthus samples harbouring a smaller proportion of isoprene degrading bacteria than 

the two emitting species. The soils associated with willow species appear to harbour a 

smaller proportion of isoA genes than poplar soil samples. This pattern was also seen in 

phyllosphere samples, though to a much smaller degree. 

A few things stand out as counter to the original hypothesis that isoprene emission 

potential would be a driving factor in the relative abundance of isoprene degrading 

bacteria associated with a given plant species. Firstly, it is interesting to observe that 

Miscanthus x giganteus species harbour any bacteria containing an isoA at all, given the 

plant produces no isoprene and was located in a distinct area of the farm to any other 

isoprene emitting tree species (Figure 6.1). Although the lower numbers of isoA sequences 

found associated with Miscanthus compared to the high emitting trees tested still lend to 

emission playing a role in relative abundance of associated isoprene degrading bacteria.  

Secondly, we know that Salix viminalis has a higher isoprene emission potential than 

Populus nigra (C. Nicholas Hewitt and Street 1992; Hu et al. 2018). The fact that soils 

associated with the willow seem to harbour a smaller proportion of bacteria with an isoA 

than the poplar soils suggest other factors are at play.  

The most notable aspect of the data as seen in Figure 6.2 however, is the high intra-sample 

variability. To get a more granular view of this, individual data points from phyllosphere 

samples (Figure 6.3) and soil samples (Figure 6.4) are shown.  
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Figure 6.3. Relative abundance of isoA-containing bacteria in the phyllosphere of Salix, Populus and 
Miscanthus species. 

 

 

With each individual data point taken into consideration, the apparent patterns suggested 

earlier become less convincing. In phyllosphere samples, qPCR results showed willow 

leaves harboured an average of 1,379±1,030 isoA sequences per million copies of 16S rRNA 

genes, indicating an average of ~0.14%. Poplar phyllosphere samples contained an average 

of 1,473±911 isoA sequences per million 16S rRNA genes, equating to approximately 

~0.15%. The non-emitting Miscanthus phyllosphere contained an average of 801±704 isoA 

sequences per million 16S rRNA genes, representing ~0.07%.  
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Figure 6.4. . Relative abundance of isoA-containing bacteria in the soils associated with Salix, Populus and 
Miscanthus species. 

 

In associated soil samples, willow samples harboured an average of 5,661±5,262 isoA 

sequences per million copies of 16S rRNA genes, indicating an average of ~0.57%. Poplar 

samples contained an average of 10,231±3,122 isoA sequences per million 16S rRNA genes, 

equating to approximately ~1.02%. The non-emitting Miscanthus phyllosphere contained 

an average of 3,551±2,277 isoA sequences per million 16S rRNA genes, representing 

~0.37%.  

However, as can be seen by the wide spread of interquartile ranges in each individual 

replicate, there is a high level of overlap between each species, in both soil and 
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phyllosphere samples. When analysed by ANOVA neither environment-type showed a 

significant difference in isoA abundance between any of the three species. isoA copy 

number comparison from phyllosphere sample communities between all species gave a 

global p-value of 0.59. A comparison of isoA copy numbers recovered from soil samples 

communities gave a global p-value of 0.15.  

For this reason, qPCR analyses suggests that while biome may be a strong driving factor in 

the abundance of isoprene degrading bacteria, emission potential of specific associated 

plants appears not to be.  

 

6.4.2 Mining for isoA in unenriched global metagenomic datasets  
Another tool utilised to investigate the abundance of bacteria in the environment with the 

potential to degrade isoprene was the mining of metagenomic datasets for isoA sequences 

using the techniques described by Curson et al. (2018). This involved the creation of Hidden 

Markov Models, using HMMR tools (Eddy 2011) to identify all possible isoA or recA 

sequences in a given metagenome, and then manually curating them to ensure each hit 

was positive and unique. Details of each metagenome analysed, and associated references, 

can be found in Table 6.1. 

Publicly available metagenomes retrieved from samples from plant species that were 

closely related to environments that had been tested by qPCR were prioritised to 

investigate whether metagenomic results would support those results obtained via qPCR. 

Environments sampled were bulk soils associated with a willow tree and Malaysian oil 

palm, rhizosphere soils associated with a poplar and with Miscanthus, phyllosphere 

samples from a poplar and oil palm tree and permafrost soil from the Canadian High Arctic.  
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Table 6.1. Details of metagenomes mined for isoA genes. Emissions are measured in µg g-1(dry weight leaves) h-1, except where marked with (*) in which case emissions were measured in ng 
g-1 (dry weight of soil) h-1. Estimated % abundance of isoA was normalised to number of recA sequences, to metagenome read length, to shortest gene length.  

Sample Species Biome Location Emission Reference Estimated % of 

bacteria with isoA 

Poplar leaves Populus alba Phyllosphere Norfolk, UK 19.94 Crombie et al., 2018 0.02 

Poplar soil Populus deltoides Root rhizosphere Oregon, USA 32.68-37 Blair et al., 2018 0.90 

Willow soil Salix fragilis Bulk soil Norfolk, UK 37 Larke-Mejía et al., 2019 0.65 

Miscanthus soil Miscanthus x giganteus Root rhizosphere Michigan, USA 0 Guo et al., 2015 0.83 

Oil Palm Leaves Elaeis guineensis Phyllosphere Palong, Malaysia 175 Carrion et al., 2020 0.16 

Oil Palm Soil Elaeis guineensis Bulk soil Palong, Malaysia 175 Carrion et al., 2020 1.00 

C.A. Permafrost NA Permafrost Canadian High Arctic 1.7 ± 0.6* Chauhan et al, 2014 0.64 
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As found with qPCR results, a link between biome type and abundance of bacteria 

harbouring an isoA gene was seen via metagenomic screening, wherein soil environments, 

be they bulk or rhizosphere, contained far more isoprene degrading bacteria (containing 

isoA) than phyllosphere environments (Figure 6.5).  

Interestingly, while qPCR results suggested that plant species was not a strong factor in 

predicting abundance of associated isoprene degrading bacteria, some aspects of the 

pattern between species in qPCR results was also supported by metagenomic analyses. 

Specifically, the high abundance of isoprene degrading bacteria associated with poplar soils 

compared to willow soils, counter to the opposing emission factors of both species. In this 

case however, the non-emitting Miscanthus also harboured more isoA-containing bacteria 

than willow. Soils associated with the extremely high-emitting oil palm trees harboured the 

most isoA sequences at a full 1% of the total community, though an abundance of only 

0.16% was seen in the phyllosphere (Figure 6.5). 

 

 

Figure 6.5. Percentage of bacteria found in metagenomic datasets harbouring an isoA sequence. Abundance is 
measured as isoA gene number as a percentage of recA gene number per dataset, normalised to read number 
and gene length.  
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One of the environments examined, specifically to demonstrate the potential to widen the 

scope of such surveys via public metagenome datasets, was permafrost soil from the 

Canadian High Arctic (Table 6.1). Interestingly, though no data for isoprene emissions from 

that exact area the metagenomic data originated from were available, data from warming 

permafrost in Finnish Lapland have shown isoprene emissions to be extremely low at 

1.7±0.6 ng g-1 (dry weight of soil) h-1  (Li et al. 2020). However, the study that the 

metagenome sample originated from does not specify the temperature at the time of 

sampling, or if there was any plant matter in the vicinity. In a study by Lindwall et al. 

(2016), isoprene measurements were taken during growing season in a fen in low arctic 

Greenland, and found that in control plots, isoprene emissions were also low at 1.1±0.17 

µg m-2 h-1, though this increased by an order of magnitude when a warming treatment that 

raised the canopy air temperature by 1.9˚C was carried out.  

Despite the low level of isoprene emissions expected in such an environment, results 

showed that the number of bacteria harbouring an isoA in the Canadian High Arctic 

permafrost was 0.64% of the whole community (Table 6.1). This is almost identical to 

results from soils associated with a willow tree (0.65% of the whole community), though 

Salix fragilis has been shown to emit over thirty times the amount of isoprene.   

 

6.4.3 Gene mining for diverse isoA-like sequences 
In section 5.4.3 focusing on oil palm samples, two of the recovered MAGs, identified as 

belong to Zoogloeaceae and Ralstonia, contained isoA-like sequences with translated-

amino acid identities of 51.1% and 48.3% respectively to the IsoAs of the closest ratified 

isoprene degrading isolates (as shown in Table 5.4). These MAGs contained genes with 

homology to the isoA-F genes of the isoprene monooxygenase, but not to the downstream 

genes isoG-J. While these MAGs and their associated isoA-like sequences cannot be 

designated as verified isoprene degrading bacteria without further investigation (discussed 

in section 5.4.3), they could potentially represent a divergent pathway for isoprene 

metabolism in the environment. With this in mind, the metagenomic screening process 

(described in section 2.10) was run a second time on a select number of metagenomic 

datasets, namely both oil palm-associated metagenomes (soils and leaves), the poplar 

phyllosphere metagenome and the willow bulk soil metagenome.  

When the isoA-like sequences from the Zoogloaceaea and Ralstonia MAGs were included 

in the HMM used to screen these metagenomes, the proportion of isoA sequences 
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recovered from each was doubled. The proportion of isoA sequences per recA sequences in 

the oil palm soil community was 1.99%, in the oil palm phyllosphere community was 0.23%, 

0.05% in the poplar phyllosphere community and 1.29% in the willow soil community. If the 

function of these genes could be verified, either by isolation of representative strains or 

heterologous expression of their iso cluster as previously described by Crombie et al. 

(2018), it would suggest our current database of isoA sequences accounts for less than half 

of the diversity actually present in the environment.  

 

6.4.4 Limitations of survey methods  
There are obvious limitations of this kind of study that prevent direct comparison of isoA 

abundance between environments. As shown above, much of the associated literature for 

publicly available metagenomes give little information on abiotic factors that may 

significantly affect isoprene emissions from the plant or environment being investigated. As 

discussed in section 1.2.2 factors such as season, temperature, age of the plant, recent 

weather and stressors such as drought or atmospheric chemistry could all play a role in 

regulating isoprene emission levels. How important these factors are to the question of 

isoA abundance begs the question how quick the turnover of isoprene degrading bacteria is 

in a given environment, and whether their abundance is significantly impacted by short 

term stimuli.  

Another factor that could impact the abundance of isoprene degrading bacteria is the 

vicinity of other isoprene emitting plant species to the one being tested. It is not always 

possible to confirm whether the plant in question is isolated enough that other species 

would not share a significant proportion of their associated microbiome, particularly in soil-

based environments.   

On a more technical front, the quality of the metagenome data itself can also play a 

disruptive role in apparent diversity and gene abundance. It is not uncommon for older 

metagenomic datasets to suffer from a shallow sequencing depth, which risks aspects of 

the community diversity or the true scale of gene abundance being biased or masked. In 

the same vein, qPCR analyses suffer from their own technical drawbacks. Specifically the 

reliance on isoA primers risks the failure of more diverse isoA sequences being amplified if 

their host organisms or a close relative is not well represented in our current database.  
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Another consideration for studies like this is that while gene copy number is a useful metric 

for abundance of a given pathway in an environment, it does not truly address how 

important that metabolic process is in the overall community. To accurately investigate the 

scale of isoprene metabolism in the environment, wide-scale metatranscriptomic studies 

would be required to detail how active the isoA genes are in a given sample, compared 

with genes of other metabolic pathways of interest. Though even this method can be 

biased, as transcription is complex and does not always lead to gene activity due to post-

translational effects. With this in mind, a combination of metagenomic, metatranscriptomic 

and metaproteomic sequencing data would give the most detailed view of isoprene 

metabolism in a natural environment.  

 

6.5   Conclusion 
The combination of qPCR and metagenomic methods to investigate the abundance of isoA 

genes in the natural environment has revealed that isoprene metabolism is a surprisingly 

common trait amongst bacterial in the environments tested. Results contradicted the initial 

hypothesis that the isoprene emission potential of a given plant species would dictate the 

scale of isoprene degrading bacteria associated with it’s leaves and soils. In fact, the 

variability of isoprene degrading bacteria distribution associated with a single tree suggests 

the driver for such things may be far more localised. Factors such as sunlight, wind or rain 

exposure may play a more significant role in effecting the presence, absence or abundance 

of isoprene degraders on a given leaf or area of soil. To examine the impacts of these 

abiotic factors, a survey of a much broader scale, under much more controlled conditions 

would be necessary (as described later in Chapter 7: Conclusions and  Future 

Considerations).  

The only conclusive factor revealed by analysis to date is that soil environments as a whole 

appear to be a preferential environment for isoprene degrading bacteria. Again, 

considering the higher concentration of isoprene found in the canopy region compared to 

ground level (R Fall and Monson 1992; Brüggemann and Schnitzler 2002b), suggests local 

isoprene concentration is not a significant driver of abundance for isoprene degrading 

bacteria. The higher abundance in soils in that case is perhaps unsurprising, isoprene 

degradation has been shown to be an inducible process (Crombie et al. 2015; Robin A. 

Dawson et al. 2020; Murrell, McGenity, and Crombie 2020) and soil environments, known 

to harbour the most diverse bacterial communities of any biome, are rich in alternative 
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potential carbon sources that could sustain a population of bacteria otherwise capable of 

degrading isoprene. For this reason especially, a multi-omic approach would be invaluable 

in teasing apart the action of the isoprene monooxygenase in a complex community under 

natural conditions.  
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7 Conclusion and Future Considerations  

7.1 Aims of this study  
Isoprene is an abundant and complex climate-active gas, emitted in massive amounts to 

our atmosphere by a wide range of biological sources, particularly terrestrial plants. 

Isoprene is thought to play a protective role against thermal and oxidative stress and is 

responsible for 1-2% of the total photosynthetically-sourced energy output in the plants 

that emit it (Fall and Monson 1992; Sharkey and Yeh 2001). Though isoprene is the most 

abundantly produced global BVOC, many aspects of the isoprene biogeochemical cycle are 

still to be fully elucidated. Specifically, the biodegradation of isoprene is considerably 

underexplored compared to other VOCs emitted to a similar scale. The purpose of this 

study was to contribute to our understanding of the ecology of isoprene degrading bacteria 

and help to fill in the following gaps in our knowledge related to the global isoprene cycle.  

Question 1. Identity of isoprene degrading bacteria. 

 One aim of this project was to build on our existing knowledge as to what specific clades of 

bacteria are involved in the biodegradation of isoprene and examine how diverse this 

group of organisms is in the environment. Earlier research suggested that isoprene 

metabolism was found mostly in Gram-positive Actinobacteria, with more recent studies 

indicating a small number of Gram-negative bacteria may also contribute to the process 

(Reviewed by McGenity et al. 2018 and Carrión et al., 2020). One of the key aspects of this 

study was to broaden this database of known or putative isoprene degrading bacteria.  

Question 2. Distribution of isoprene degrading bacteria. 

Isoprene biosynthesis is a widespread metabolic process, shared by plants, animals, algae, 

humans, bacteria and more. This project aimed to contribute to the known locations that 

harbour isoprene degrading bacteria and address whether different host species or biomes, 

particularly those producing large amounts of isoprene,  impact the diversity of the 

isoprene degrading bacteria associated with them.  

Question 3. Abundance of isoprene degrading bacteria. 

One aspect of the ecology of isoprene degradation that has only been lightly explored in 

the past is how abundant the process is in the natural environment. Most previous work 

has focused on locating and identifying these bacteria, but in doing so relied on 

enrichment-based assays that cannot be correlated to the natural community. The final 

question this project set out to investigate was how abundant isoprene degrading bacteria 
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are in-situ, and what factors might impact their abundance. In doing so, this project aimed 

to begin answering the question – to what extent do microbes in the environment 

contribute to the global isoprene cycle.  

7.2 Major findings of this thesis  

7.2.1 Novel isoA gene probes reveal the presence and diversity of isoA genes in a 

range of environments. 
The isoA gene encoding the α-subunit of the isoprene monooxygenase, an SDIMO 

responsible for catalysing the initial oxidation of isoprene to 1,2-epoxyisoprene, was 

identified as an ideal marker gene for isoprene biodegradation in the environment. Novel 

gene probes were designed to target the isoA via alignments of isoA genes recovered from 

the most up-to-date database of verified isoprene degrading isolates available. In Chapter 

3, the primers isoA14F and isoA511R were validated and tested to examine the presence 

and diversity of isoA genes in a range of different environments.  

The presence of isoA-containing bacteria was confirmed in each of the location- and biome-

types tested. This included such environments as ash leaves, poplar leaves, willow leaves, 

leaves from a natively grown Malaysian oil palm, from an oil palm grown in Kew Gardens, 

London (UK), soils associated with a willow tree, soil from a tyre dump, coastal sediment, 

salt marsh sediment and freshwater sediment. The use of primers isoA14F and isoA511R to 

create clone libraries resulted in 100% true positives for isoA and gave an indication of the 

variety of isoA genes and how they are distributed across differing environment types. For 

example, while many of the recovered isoA genes shared high homology with the isoA 

sequences recovered from traditional isoprene degraders such as Rhodococcus and 

Gordonia, this was not always the case. Results from sampling locations such as the soil 

associated with a willow tree, and most of those recovered from tyre dump soil samples, 

were most closely related to isoA sequences from Gram-negative Comamonadaceae. 

Considering willow is a high emitter of isoprene, this indicates that the prevalence of Gram-

positive isoprene degraders may not only be a result of higher isoprene concentration as 

discussed in section 1.3.2, but could be location- or host-dependent also.  

isoA amplicon sequencing confirmed this distribution of isoA genes that were homologous 

to those recovered from Gram-negative degraders, with one notable addition in the results 

from oil palm leaf samples taken from Kew Gardens. Here, isoA amplicon sequencing 

results showed that 60% of the recovered sequences were homologous to the isoA from 

Sphingopyxis, another Gram-negative genus, from the Sphingomonadaceae family.  
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7.2.2 DNA-SIP experiments reveal a number of novel isoprene degrading bacteria 

and reveal distinct communities associated with related phyllosphere and soil 

environments.  
DNA-SIP experiments utilising C13-labelled isoprene were carried out in the phyllosphere 

environment of a willow tree, and in the phyllosphere and associated soils of Malaysian oil 

palm trees from Palong, Malaysia. Through a combination of 16S rRNA gene sequencing 

and metagenomics, a number of genera not previously seen in isoprene-related studies 

were identified as having incorporated isotopically labelled isoprene into their DNA via 

growth and DNA replication. Of particular note in the willow SIP experiment described in 

Chapter 4 was the Methylobacterium with an RA of 26.48% in the heavy fraction of one of 

the replicates incubated with C13isoprene, and this was seen again in the metagenomic 

sequencing results. A high-quality MAG identified as Methylobacterium was recovered, 

though no known isoprene metabolism genes were identified, suggesting either the 

presence of an unknown pathway, missing genomic regions in the MAG, or significant 

cross-feeding at work. The isolation of a Methylobacterium isolate from an isoprene 

enrichment would be of great interest to confirm whether this genus is indeed a novel 

isoprene degrader and first confirmed representative of a methylotroph capable of 

isoprene metabolism. Previous work by Murphy (2017) initially reported growth of a 

Methylobacterium strain using low concentrations of isoprene, however further 

examination of the strain failed to replicate successful growth with isoprene as the only 

source of carbon. This phenomenon has occurred more than once, with a 

Methylobacterium isolate showing initial signs of isoprene metabolism that were difficult to 

replicate at a later date. It is possible that there are strains of Methylobacterium that can 

degrade isoprene, but that the trait is an unstable one. Perhaps these earlier isolates, and 

indeed the Methylobacterium MAG described in Chapter 5, once contained an isoprene 

degradation gene cluster, but the isoprene degradation trait was plasmid-mediated, 

unstable, and was eventually lost.  

A number of novel isoprene degrading bacteria were identified when investigating 

Malaysian oil palm soils and leaves via DNA-SIP described in Chapter 5. Novosphingobium, 

Pelomonas, Rhodoblastus and Zoogloea were all identified for the first time as having the 

ability to metabolise isoprene. Results of this study also made it clear that though the 

isoprene in this environment originates from the same source, the isoprene degrading 

community in the phyllosphere and soils associated with oil palms were completely 

distinct. This may be a consequence of the different availability of isoprene at the leaf 
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surface level where it is much higher, and the plantation floor level where isoprene levels 

would be significantly lower. Other abiotic factors related to the biomes themselves, such 

as sun, wind and rain exposure or soil carbon and nitrogen content may also play a 

significant role in shaping the isoprene degrading community, leading to the next 

significant finding.  

 

7.2.3 Host isoprene emission potential may not be a driving factor influencing the 

abundance of associated isoprene degrading bacteria.  
In Chapter 6, a wide range of environments were investigated to examine how abundant 

isoprene degrading bacteria are in natural ecosystems, to gain a better understanding at to 

the scale of their contribution to the global isoprene cycle. The hypothesis of this set of 

experiments was that isoprene emission potential would be a driving factor in the relative 

abundance of isoprene degrading bacteria associated with a given plant species. The survey 

utilised both qPCR and metagenomic methods. Results showed that not only are isoprene 

degrading communities in soil environments more diverse as shown in the DNA-SIP 

experiments, but they are also consistently more abundant. Of the soil samples tested by 

qPCR, isoA copy numbers made up 0.37% - 1.02% of the 16S rRNA gene copy numbers, with 

phyllosphere samples containing 0.07% - 0.15%. The difference between the number of 

isoprene degraders harboured by soils compared to phyllosphere samples was even more 

pronounced in the metagenomic data, with differences between communities associated 

with the same host species differing by an order of magnitude.  

The first of the main findings in this chapter was that isoA copy number assayed by qPCR 

varied drastically between samples taken from the same tree. The second finding was that 

there was no significant difference between the proportion of isoA copy numbers from 

DNA recovered from the leaves and soils of a non-emitting Miscanthus species, and two 

high-isoprene emitting species, willow and poplar. This lack of a correlation between 

emission potential and abundance of isoA genes in the associated community was mirrored 

in metagenomic results, with Miscanthus-sourced communities harbouring a higher 

proportion of isoA genes than willow, despite the fact Miscanthus x giganteus contains no 

isoprene synthase. These two findings combined suggests that the host species, and thus 

its isoprene emission potential, might be a minor factor in determining the abundance of 

isoprene degrading bacteria, and could be completely irrelevant altogether.  
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On closer look at the individual data points from each tree in Figure 6.3 and Figure 6.4 

(represented by R1-3 of poplar and willow samples), it is interesting that in most cases, only 

one datapoint is responsible for dragging the upper quartile range far beyond that of the 

other two points collected from each tree. Sampling of each tree was done in a triangulate 

manner. A potential hypothesis here is that the single datapoint in the upper quartile range 

of each tree may represent that side of the tree that received most sun exposure. While a 

targeted and more detailed study would be required to confirm this effect, as it is, the data 

suggest that other abiotic factors are likely having more of an influence on the abundance 

of isoprene degrading bacteria than the species of plant they are associated with.  

 

7.2.4 Sequences recovered from MAGs reveal novel arrangement of isoprene 

degradation gene cluster and suggest isoA sequences may be more diverse 

than current isolate-driven data suggests.  
The DNA-SIP experiment involving willow leaves in Chapter 65 involved the recovery of 

MAGs from metagenomic sequencing data. One MAG of interest was identified as a 

Mycobacterium. While Mycobacterium have been identified in previous isoprene-focused 

DNA-SIP experiments (Johnston et al., 2017), this was the first case of Mycobacterium 

shown to metabolise isoprene in a terrestrial environment. The MAG in question was 

shown to contain two full, non-identical isoprene degradation gene clusters, including the 

IsoMO (isoABCDEF), the downstream genes (isoGHIJ) and the associated aldehyde 

dehydrogenase aldH2, and each also containing a putative transcriptional regulator found 

in all Gram-positive isoprene degrading isolates to date. While duplicate downstream genes 

have been seen in other isoprene degrading bacteria (Crombie et al., 2015; Johnston et al., 

2017; Gibson et al., 2020), this is the first case of any genes encoding the IsoMO being 

present in duplicate in a single genome. While every attempt was taken to ensure this was 

not a result of miss-assembly or contamination, it is always possible that is still the case. A 

physical isolate and subsequent whole genome sequencing would be necessary to confirm 

the existence of a duplicate isoprene degradation gene cluster. However, if correct, it could 

be the result of an interesting quirk of horizontal gene transfer, and subsequent expression 

analyses would be of great interest.  

Another notable finding from MAGs recovered from the phyllosphere environment of 

Malaysian oil palm trees in Chapter 5, was the presence of gene clusters similar to, but of 

relatively low homology to the genes encoding the isoprene monooxygenase. The two 
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MAGs that harboured these clusters were identified as Zoogloaceae and Ralstonia, and 

their isoA-like genes shared a translated amino acid identity of 51.1% and 48.3% 

respectively to the IsoA of Variovorax WS11. The lack of genes similar to isoGHIJ is 

interesting, and considering we are still unsure as to the exact role these downstream 

genes play in isoprene degradation, could suggest another pathway for isoprene 

metabolism after the action of the IsoMO. The presence of such a similar cluster in MAGs 

recovered from heavy DNA of cultures incubated with C13isoprene certainly warrants 

further investigation.  

 

7.3 Recommendations for future investigations 

7.3.1 Validation of gene clusters recovered from Zoogloaceae and Ralstonia 
The novel gene clusters mentioned in section 7.2.4 cannot be confirmed to play a role in 

isoprene degradation from metagenomic data alone. To fully investigate their potential 

role in isoprene metabolism, one of two methods should be followed. The first is a targeted 

isolation approach similar to that carried out by Larke-Mejia et al. (2019). Namely, 

returning to the sample site utilised for the oil palm DNA-SIP experiment described in 

Chapter 5, collecting leaf samples and using leaf washings to prepare isoprene enrichment 

cultures. Following the isolation method described in section 2.2.2, attempts should be 

made to isolate representatives of these isoprene degrading Zoogloaceae and Ralstonia for 

whole genome sequencing and further investigation. However, this method is time 

consuming, expensive when considering the sample site is based in Malaysia, and success is 

far from assured as we do not know the precise cultivation requirements of these bacteria.  

Another route is the heterologous expression of the gene clusters. Considering both are 

Gram-negative, Variovorax WS11 would be a good candidate host for such an experiment 

(Dawson 2021). The gene cluster inserts could be synthetically produced, or primers 

designed with sequence data recovered from the metagenomes the MAGs originated from 

could be utilised to amplify the clusters from the DNA sequenced to produce the 

metagenomic datasets in the original study. If isoprene degradation could be restored by 

insertion of these novel gene clusters to a Variovorax WS11 mutant with its own IsoMO 

knocked out, the validity of these bacteria as novel isoprene degraders could be verified. At 

this point, further analysis to determine the downstream process in bacteria that do not 

contain isoGHIJ would be of great interest.  
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7.3.2 A future study design for a focused survey to determine the factors 

influencing abundance of isoprene degrading bacteria in the natural 

environment.  
The experiments described in Chapter 6 have made it obvious that the distribution and 

abundance of isoprene degrading bacteria in the environment are not solely dependent on 

their host plant species. It would appear that factors such as sun, rain and wind exposure, 

or soil carbon content could be more important driving factors for isoprene degradation in 

the environment. Abiotic factors such as these can lead to stressors such as desiccation and 

nutrient limitation, impacting the profile of any microbial community. For this reason, a 

long-term experiment that artificially manipulates abiotic factors such as these and 

subsequently quantifies the resident isoprene degrading bacteria is recommended. 

Although the second half of the experiments in Chapter 6 utilised publicly available 

metagenomes in an effort to widen the geographical scope of the survey, this method is 

less viable when specific and changeable abiotic factors become the main focus of the 

study. The metadata associated with publicly available metagenomes varies wildly in 

quality and depth, and one cannot assume that a valuable information available for one 

dataset will be available for direct comparison in the next. For this reason, it is suggested 

that the next survey maintains the metagenomic approach but instead relies on manually 

collated metagenome data to ensure consistent access to variable data. 

The reason a metagenome approach is recommended over methods such as qPCR is that it 

does not rely on the sensitivity of a primer set that may be limited by the data available at 

the time of their creation. The use of such primers is indeed useful in a variety of use-cases, 

but risk a low assessment of abundance in cases where diverse isoA sequences that have 

not yet been encountered are present in environments of interest. In terms of a 

metagenomic study that utilises HMM-profiles, while results are still dependent on the 

sequences used to create the HMM-profile, the E-value can be adjusted to allow for more 

diverse matches that can then be manually analysed. Metagenome analyses also do not 

depend on the use of universal primers for house-keeping genes to carry out normalisation, 

for example single-copy genes such as recA and rpoB can be utilised, giving a more accurate 

estimate of true abundance.  

For the initial manipulation experiment, a plantation of an isoprene-emitting species that is 

relatively small in size would be preferable. Species like the Spanish Reed Arundo donax L. 

have been shown to emit large amounts of isoprene and would be a good candidate 
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(Hewitt et al., 1990). Ideally the crop would be grown separately to other species so that 

any impact on the associated microbiome can be discounted. A number of plots should be 

designated to provide a suitable number of replicates for each individual treatment to 

ensure robust statistical analyses are possible after data have been collected. Treatment 

factors should include (at the least) warming, precipitation and wind exposure.  

In terms of warming, infrared heaters should be suspended above each plot to simulate an 

increase in ambient air temperature, with soil temperature monitored in a regular and 

automated manner, ensuring the temperature difference between experimental and 

control plots remains within 2˚C of each other. Extra control plots should contain an 

inactive suspended heater to account for any impact of shade on community composition.  

To examine the impacts of precipitation, increased and decreased precipitation plots 

should be adjacent, but walled off with sheets of solid material to prevent water run-off 

between plots. Plastic open-topped funnelling should cover 50% of the decreased 

precipitation plots, with the excess funnelled into the increased precipitation plots.  

The effects of wind exposure should be measured with the use of fans to the side of 

increased exposure plots, and transparent wind-proof barriers around the sides of 

decreased wind exposure plots.  

Soil and frond samples should be collected up to a year after the experiment was set up, 

and metagenomic sequencing carried out on the DNA extracted. These metagenomic 

datasets should be mined for isoA genes and the abundance compared between each of 

the various treatments in a statistically robust manner. The availability of such a sample set 

could be utilised in enrichment studies to investigate changes in diversity of isoprene 

degrading bacteria also. It could be the case that the identity of associated isoprene 

degrading bacteria may also be tied to abiotic factors rather than simply the associated 

host species. A factor that would not be overly apparent in most DNA-DIP experiments to 

date.  

While such a study is much smaller in scale in terms of geographical scope and species 

investigated than a broad scale metagenomic survey of publicly available metagenomes, it 

is one of the few ways to categorically determine specific factors influencing the 

abundance of isoprene degrading bacteria in a given environment. Such a study design 

would have the added benefit of providing robust data as to the reaction of isoprene 
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degrading communities to stressors associated with climate change, helping us to better 

understand their future role in the biogeochemical cycle of isoprene in a warming climate.  

A strong caveat here is that it should be acknowledged this study design exists in an ideal 

world where access to funds and experimental materials is not an issue. With this in mind, 

the inclusion of both of transcriptomics and/or proteomics would be highly informative and 

provide a whole other level of informative data. While metagenomic studies are extremely 

useful in identifying and even quantifying a target group in a given microbial community, it 

gives no indication as to specific activity. Transcriptomic or proteomic analyses on the other 

hand could provide invaluable information as to which of the bacterial groups present is 

the most active in terms of the degradation of localised isoprene. Under the study design 

described here, it would also show whether that structure of activity in the community 

remains the same under different abiotic stressors.  

 

7.4 Gaps remaining in the field  
Upon completion of this PhD project, there are a number of interesting questions still to be 

answered with regards to the molecular ecology of isoprene degrading bacteria.  

The known phylogenetic breadth of isoprene degrading bacteria grows more diverse with 

every environment investigated and there are surely many other taxonomic clades involved 

in the process we have yet to encounter. Contributions from fungi and archaea have yet to 

be investigated to any extent and could represent an exciting new chapter in the field 

should they be shown to possess the ability to degrade isoprene, potentially harbouring 

completely new pathways for its metabolism.  

Another area of interest relates to apparent difference in diversity found in samples 

incubated with high and low levels of isoprene. This suggests a potential niche 

differentiation between low- and high-affinity isoprene degrading bacteria. Such 

differentiation has previously been recorded in methanotrophic bacteria (Dunfield et al. 

1999; A J Holmes et al. 1999; Henckel et al. 2000). Investigation of low-affinity isoprene 

degrading microbes that are potentially being missed by current cultivation techniques 

would contribute greatly to our understanding of the role of microbes in the isoprene cycle.  

Finally, the activity of isoprene degrading bacteria in the environment has been little 

explored. Utilising metatranscriptomic and metaproteomic approaches to investigate how 

active microbial metabolism of isoprene is in-situ is an area that warrants significant further 
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investigation. These studies could shed further light on how the process is regulated under 

environmental conditions and add to our understanding of their significance in the 

biogeochemical cycle of isoprene.  
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