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Abstract: Biotechnological development of transgenic crops and widespread 

international adoption has stimulated comprehensive research into their effects 

on the soil environment.  Insects (both target and non-target), weeds, aquatic 

environments, and soils have all been extensively researched. Since the first 

commercial GM crop in 1995, the debate surrounding controversial aspects of 

their biology has polarised issues concerning insects, weeds, and the 

concentration of technology within a few multinational biotechnology 

corporations. The effect of transgenic crops on the biology of soils seemed to 

attract less attention. This thesis examines the interactions between transgenic 

canola plants through their root exudates and residues with the surrounding 

soil, its microbes, and their biology.  The discovery of the commensal 

relationship of root exudates and their microbial partners has revolutionised the 

research into soil microbiology. From this knowledge of soil science, scientists 

now understand the critical importance of a healthy and abundant soil biome.  

This thesis focuses on the microbiology of soil. The effects of genotype on soil 

bacterial and fungal physiology of genetically modified (GM) canola are 

compared statistically with other cultivars which are genetically modified through 

conventional plant breeding rather than through genomic engineering, and with 

the canola cultivar from which the GM variety was developed.  The research 

differentiates the effects of four canola genotypes on microbial DNA and 

enzymology in a greenhouse trial format. Specifically, the objective of the 

research is to focus on changes in microbial enzymatic activity of key functional 

enzymes in protein metabolism, and carbon (C), phosphorus (P), and sulphur 

(S) mineralisation. The effects on DNA concentration are also studied.   

 

The main results of this research generally suggest the effects of cultivar 

genetic differences with respect to their interactions through root exudates and 

residues on microbial enzymatic activity are generally not significantly different. 

Moreover, there are no significant differences in the effect of root exudates on 

DNA concentrations.  This generally accords with the majority of refereed 

publications and therefore provides confidence to the growing of transgenic 

canola and to transgenic plants and technology generally.   The review and 

analysis conducted also indicates an emerging trend to broaden the research 

efforts onto the study of farms and the systems of agriculture under which crops 
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are grown.  The findings of this thesis are based on an experimental method 

and data gathering using phosphorescence to measure changes in enzyme 

activity and DNA concentration.  The statistical analysis employed ANOVA with 

randomised complete blocking for repeated measures using multiple sampling 

during the course of the plant‘s lifespan.  Further statistical analysis using one-

way ANOVA and sequential linear modelling were also employed to study the 

nature of effects in more detail where the initial analysis suggested significant 

differences.  Furthermore, panel regression analysis examined time-series 

effects to gain an understanding of how sampling date and therefore stage of 

the plant‘s growth affected outcomes. The panel analysis indicated that Beta-

gluconase enzyme activity significantly influenced soil DNA concentrations.  

There were limited numbers of occasions when statistical differences between 

genotypes were found.  Overall the experimental results favour the argument 

that the transgenic canola crops do not damage the soil environment in any 

significant manner.  Therefore it seems that the crops may safely continue to 

play a major role in meeting the future challenges of world food security.  The 

qualitative data gathered via visits to contributing canola growers during the 

study enabled comparisons to be made between real world practices with 

experimental results, as well as results from the literature.  Together such a 

process allowed the author to gain significant insights into the complex 

decisions the farmers must make in the choice of their employed technologies, 

including seed genetics. 

 

In summary, the major findings are:  

 minimal impact on protein and amino acid metabolism; 

 little or no effect on P mineralisation; 

 carbohydrate metabolism through breakdown of C residues unaffected; 

 minimal changes in S metabolism; 

 insignificant differences in DNA concentrations between genotypes; 

 some insights gained into the nutrient needs of microorganisms; 

 measurement by phosphorescence is both practical and inexpensive; 

 there were a number of environmental advantages emerging from the 

use of GM technology, including improved accumulations of soil carbon 
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through organic matter increase and improvement in soil structure and 

fertility, as well as changes to less toxic and persistent herbicides; 

 productivity improvement created by GM technology is comparable with 

results from conventional plant breeding 

 

There are some limitations to the study that should be noted, as follows: 

 

 The impact of herbicides on microbial physiology was not explored due 

to aspects beyond the scope of this study; 

 The study on the whole was a greenhouse situation and did not directly 

involve farms; 

 The study was limited to one soil type (Vertisol) as a second soil type 

(Chromosol) inhibited germination and growth of the canola seedlings.  

An attempt to explore the types and Orders of microbes and how they 

changed during the development of the various plant genotypes was 

unsuccessful technically. 

 

The following areas are suggested as being relevant for further investigation: 

 

 Phospho Lipid Fatty Acid extractions and genomic techniques remain 

desirable technologies if resources and experience are available to 

implement them.  These complex technologies can quantify individual 

microorganisms, including pathogens, giving deeper understanding; 

 Additional information about the effect of herbicides on the criteria being 

measured would be helpful in differentiating their impact alone on 

microbial function.  This would require special analytical chemistry 

procedures for herbicide residue extraction and chromatography, a larger 

study, and greater financial resources; 

 Translating the experiment to a field study over several years in differing 

soil types would produce additional information such as yields, 

production penalties, respective costs, and practical outcomes, as well 

as soil microbial effects and thus provide a complete picture for the 

issues involved.  Hence a clearer choice of the systems under which 

different cultivars are grown can be related to environmental outcomes. 
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Keywords and Definitions 

 

Genetically Modified means that the plant‘s DNA has been restructured with 

addition of genes either exotic to that species or from the same species. 

 

Transgenic means genetically modified but with exotic DNA addition only. 

 

Biome means the totality of life within an environment, for example the soil 

where microorganisms, arthropods, earthworms, nematodes, and plant roots 

are present. 

Canola is a species of Brassica lupus grown for edible oil and protein meal 

production specifically bred to minimize concentrations of a toxic material 

known as glucosinolate.   

Chromosol is a name given to a soil type of modest clay content and fertility and 

an acid pH, derived from the grain growing regions of the Riverina.  

Cultivars are varieties of one species bred to produce specific phenotypic 

differences in order to adapt to special growing conditions.  They may be GM or 

non-GM. 

Orders are descriptive terms which identify broad groups of microbes with 

similar genetic and phenotypic characteristics. 

Phosphoresence is the phenomenon whereby a chemical compound generates 

light when it is subject to a radiation source producing a known wavelength. 

R is a statistical program provided free in the internet whose users constitute a 

community of statisticians contributing to the development of the technology. 

SAS is a statistical analysis program software. 

Vertisol is a name given to a soil type from the Darling Downs in Queensland 

which consists of dense clay content and generally high fertility and neutral or 

alkaline pH. 
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Abbreviation Description 

Al    aluminium 

Bt      gene encoding production of Bacillus thuringiensis proteins  

C     carbon 

Ca      calcium 

CO2      carbon dioxide 

Cry       crystalline proteins produced by GM plants carrying the Bt gene 

CT       conventional tillage of the seedbed involving ploughing 

DNA       deoxyribonucleic acid 

FAO   Food and Agriculture Organisation of the United Nations 

Fe   iron 

GE   genetically engineered 

GM   genetically modified 

GMO   genetically modified organism 

GHG   greenhouse gas (carbon dioxide, nitrous oxide, and methane) 

HT   tolerance to herbicide 

Ha   hectare 

ISO   International Standards Organisation 

MT   minimum tillage of the seedbed 

Mn  manganese 

N   nitrogen 

Na+   sodium 

NT   no till preparation of the seedbed 

OM   organic matter 

P   phosphorus 

PCR   polymerase chain reaction 

PLFA   Phospho Lipid Fatty Analysis 

RNA   ribonucleic acid 

S   sulphur 

SOM   soil organic matter 

Zn  zinc 
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1.1 Introduction 

This introductory chapter explains the theme and the main aims of the thesis 

which is motivated by concern for world food security.  A course of 

experimentation is developed to test whether transgenic or genetically modified 

(GM) crops have any damaging effect on soil conditions; and if proven not to do 

so, consequently have a positive role to play in securing the future food supply.  

"Genetically modified organism" (Moeller and Wang, 2008) or ―transgenic 

organism‖ are terms frequently used to describe transgenic crops which are 

generated by insertion of heterologous DNA sequences from a different 

species.  The crops generated and cultivated through conventional breeding 

have also been genetically modified through ―cisgenic‖ plant breeding.  The 

cisgenic plants are generated by reintroducing or silencing a gene of the same 

species (Muthappa and Mysore, 2010).   

 

This chapter also introduces currently existing factors which constrain world 

agriculture in the provision of adequate food and thus provides the context and 

rationale for the study.  The means by which genomics can contribute to 

mitigating food insecurity is then developed by explaining the nature of 

transgenic food crops, discussing their advantages and disadvantages, and 

their possible contribution to a more food-secure world.  The purpose and 

significance of the proposed study, and the main aims and objectives of this 

thesis are presented, ending with the description of the structure of the thesis. 

 

 

1.2 Background information 

Much environmental change during the current era has produced a confluence 

of adverse factors which threaten world food security (Lang and Barling, 2007; 

Bourne, 2009; Cribb, 2010; Parker, 2011).  There are a number of implications 

of this such as price inflation of basic food commodities, especially for proteins, 

substitution of food crops to energy production, outright food shortages in 

developing countries accompanied by famines and food riots, and over-

exploitation of existing agricultural and forestry resources, including damage to 

pristine environments converted to farmland (Lang, Barling and Caraher, 2009).  

The effect is to produce an increasingly challenging environment in which food 
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can be produced.  Given the complexity of the effects involved, remediation of 

any existing environmental damage is likely to be slow, and may indeed be 

impossible (Suzuki and McConnell, 2007).   Therefore, it is possible that crop 

adaptation to altered growing conditions through both conventional breeding 

and genetic modification may provide part of the solution to the problem (Figure 

1.1).   

 

Transgenic technology involves inserting exotic genes into the plant‘s genome 

which give the plant special characteristics to manage changed environmental 

conditions more successfully, productively, and sustainably (Moeller and Wang, 

2008).  While political, scientific, and social controversies still surround GM 

technology in food production, ironically this is not the case in its medical uses 

or industrial applications (Gaskell et al., 2000).  If consumers and regulators 

developed confidence that GM technology had a benign or even positive effect 

on the environment, GM acceptance may be wider, thus helping mitigate food 

insecurity and promoting ecological sustainability.  The latter term implies that 

an ecosystem, such as a farming ecosystem, has the capacity to maintain 

essential functions, processes, and the maintenance of its biodiversity in the 

long term.  The significance of this definition is that social equity, economic 

equity, and environmental criteria all need to be considered as being 

sustainable for the system to endure.      

 

Set against the contemporary situation regarding world food security and the 

technologies which might assist stabilizing and improving it, is a background of 

historical knowledge which sounds a warning should the current situation 

worsen.  What the world could look forward to might be better appreciated if 

what has happened to past civilizations which ignored their agro-economic 

environment were more widely known.  The next section introduces 

observations made by archaeologists and historians, and reinforces the urgency 

and necessity of the research carried out within this thesis. 
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Figure1.1: Potential pathway for GM crops to contribute to food security 

 

1.2.1 Archaeological and historical evidence  

Montgomery (2007) in his text ―Dirt – the Erosion of Civilisations‖ presents 

evidence which suggests that past civilisations, some of them the dominant 

societies of their era, disappeared largely because of over-exploitation of their 

agro-environmental assets.  The result was an ever-more desperate failure to 

resource themselves, especially with food and water, and the eventual collapse 

of their societies, leaving behind deserted relics of their once-prosperous and 

stable civilisations.  Such scenarios were evident in Mesopotamia, Ancient 

Greece, the Roman Empire, China, European colonialism including the 

Australian savannah, Central America, the American ―push‖ westward, Easter 

Island, the cliff dwelling Indians of the American Rockies, and the Inca societies 

of Central and South America (Montgomery, 2007).  Drawing a parallel with the 

current situation facing the world‘s population, Diamond (2006:498) claims ―our 

world society is presently on a non-sustainable course‖, and points out that 

various civilisations have disappeared once they had exhausted their 

environmental resources and then failed to find a way of sustaining themselves.  

Societies in Greenland, Pitcairn and Easter Islands, the Maya of Central 

America, the Anasazi of South-West USA, and the societies which built the 

Hindu temples of Angkor Wat are used to illustrate his arguments.   

Complex interconnected factors compromising world food security 

 

Search for solutions 

 

                             Advantages 

     GM Crops 

     Disadvantages 

 

Regulating the use of agricultural GM technology 

 

“New Age Eco-Agriculture” 
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Figure 1.2:  Angkor Wat - remnants of the ancient Indian civilization 

 

There are many factors which Diamond claims are damaging our future, and 

most are environmental; namely, climate change, deforestation, failure to 

manage water resources, introduction of non-native species, over-exploitation 

of fishery and natural animal reserves, soil erosion, salinity and loss of fertility, 

and overpopulation and the inevitable stresses this places on the allocation of 

resources per person.  Both Montgomery and Diamond place emphasis on loss 

of soil resource, and this aspect is, even today, of great concern (Figure 1.2). 

 

Addressing the preservation and improvement of soils is not a matter at the 

forefront of contemporary societal concern in advanced countries.  It is 

important to remember that soils are more than simply a medium in which the 

roots of plants develop.  Soils also contribute to plants nutrients which are 

important to human nutrition and health.  Food produced from degraded soil can 

lead to widespread human and animal micronutrient deficiencies generally.  

Mayer, Pfeiffer and Beyer (2008) claim that more than half the world‘s 

population suffers from micronutrient deficiencies.  They suggest that a third of 

the population is deficient in both iron (Fe) and zinc (Zn).  13% of the world‘s 

population today is also believed to suffer from iodine (I) deficiency and this has 

in turn led to long-term effects like thyroid disease.  Soils continue to degrade 
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(Millstone and Lang, 2003), and world supplies of elemental phosphates appear 

to be declining to unsustainable levels (George et al., 2016).   

 

 

 

Figure 1.3: FAO map of the world‘s degraded soils at 2008 

 

International rock phosphate production appeared to peak in 1989 according to 

Dery (2007).  Cribb (2010) estimates that more than 9 million tonnes of 

phosphorus (P) and around 150 million tonnes of nitrogen (N) are added to the 

environment yearly, beyond that which naturally existed in soils before the 

appearance of humans.  George et al. (2016) however, point out that many 

agricultural soils around the world already have sufficient phosphates, but that 

this P is locked up by acidic soil conditions, bound chemically to the soil matrix 

and therefore only partially available to plants.  By using lime, a soil pH could be 

made closer to neutral that would help to release that P without resorting to 

even more need for the element as fertilizer expense.  The Food and 

Agriculture Organization (FAO) (2008) has estimated that the extent of 

degradation of world agricultural soils has increased from 15% in 1990 to 25% 
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currently (Figure 1.2).  It has been argued that this has been exacerbated by a 

number of factors such as loss to city sprawl, to recreational activities, to rising 

sea levels, and to mining causing toxicity and removal of productive soil and so 

on.  Moreover, as Cribb (2010) points out, the amount of arable land available 

to sustain a person has fallen from 8 hectares (Ha) in 1900 to about 1.6 Ha 

currently, and this appears to be declining constantly.  Thus, similar to a 

situation known as peak oil, it may well be that ―peak land‖ has perhaps been 

reached.   

 

The implications for world food security are becoming more apparent by the 

year, as outlined generally by Lang, Barling and Caraher, (2009), and in 

particular subject areas by the following authors:   

 Overpopulation (Erlich, 1968; Caldwell, 1999);  

 Land and water shortages (Cribb, 2010):  

 Overexploitation of the soil resource (Millstone and Lang, 2003);  

 Peak oil (Bourne, 2009); 

 Phosphorus depletion (Dery, 2007); 

 Declining research inputs and successes, food wastage patterns, and 

loss of a sustainable farming culture (Kneafsey et al., 2008); 

 Worldwide climate change (McKibben, 1989).   

  

If one examines the reasons connected with environmental overexploitation in 

the production of food, it is apparent that world food security is precariously 

positioned (Bourne, 2009; Cribb, 2010; Parker, 2011).  This therefore formed a 

frame of reference for developing an experimental programme for this thesis.  

By reviewing what is happening to contemporary world agricultural practices, 

the urgency of finding solutions to complex contributing factors makes the issue 

at the heart of this thesis – genomic adaptability and improvement of plants – 

more important. 

. 
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1.2.2 Current situation in world agriculture 

Before 2000, the world had grown accustomed to an adequate food supply, and 

following the success of the Green Revolution (Davies, 2003; Hedden, 2003) 

the spectre of a world with inadequate food resources had not been on any 

political agenda.   Between 2000 and 2008, the consumption of the major grains 

had exceeded yearly production, but soon afterwards the stocks of about 100 

days‘ supply had fallen to only 50 days; and this occurred at a time when the 

new energy shock had begun to bite (Bourne, 2009).  As the world realised that 

petroleum supplies were beginning to decline, accompanied by a price rise, 

carbohydrates destined for consumption were diverted for use as biofuels.  The 

resultant food supply squeeze caused great increases in grain prices, that in 

turn led to food riots and political counter-reactions in numerous countries, 

including developing nations who were, not surprisingly, concerned about social 

equity to avoid civil strife.  Between 2000 and 2008, the price inflation of basic 

grains was of the order of 80%, and a label of the silent tsunami (Parker, 2011) 

was appropriately used to describe a situation where the world had 

approximately 1.5 billion people from 37 nations facing starvation.  Suddenly, 

the neo-Malthusian predictions of Erlich (1968) which had previously been 

dismissed were recognised as coming to fruition – they had been delayed, but 

they had not gone away.  As 2009‘s global financial crisis bit into world financial 

security, internationally, political forces were alert, shifting their attention to the 

food security situation they had been complacent about for almost 50 years 

(Figure 1.3).  It was only at this time that food security as an issue was well and 

truly on the agenda: the years 2008-9 were a premonition of what was to come 

should the matter not be dealt with urgently (Bourne, 2009; Parker, 2011).  It 

was only then that food security was seriously defined, and the FAO‘s most 

recent definition of food security is given as ―Food Security is a situation that 

exists when all people, at all times, have physical, social, and economic access 

to sufficient, safe, and nutritious food that meets their dietary needs and food 

preferences for an active and healthy life.‖ (FAO, 2008:1).  However, despite 

many attempts to measure food security (Upton, Cisse and Barrett, 2016), a 

clear, comprehensive and reliable way to measure this concept has proven 

elusive.  Instead, it has been merged into the broader concepts of the reduction 

and elimination of poverty, and resilience to adverse shocks (Clay, 2002).   
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1.2.3 Issues affecting the future of world food security 

Food security relates to the production of food, and this in turn is directly related 

to the conditions of soils in the countries or areas around the world where 

agricultural crops and other foods are produced.  A multitude of adverse factors 

that affect food security exist in addition to those which have traditionally existed 

in many developing countries.  The so called ―Third World‖ has been 

constrained by many factors, such as the sharing of new technologies, 

development of better plant varieties, better pest control through newly-invented 

pesticides, development of irrigation technologies, use of fertilisers and building 

farmers‘ skill levels, lack of finance and capital, and restricted access to high 

value markets (Escobar, 1994).  Figure 1.3 indicates current and projected 

world demand for food.  From the foregoing, it is apparent that a new layer of 

complexity has been added to the challenge of feeding the world an adequate 

diet, and that this has placed great pressure on the existing agricultural and soil 

conditions in developing countries, if their people are to receive adequate food 

for a healthy diet and quality of life.  Issues related to some of these 

complexities are examined in the following sections. 

 

 

1.2.4 Population pressures 

It is not surprising that increase in population is an important issue for consideration when 

examining food security.  Millstone and Lang (2003) refer to this as a major issue and 

therefore consider it to be a great challenge in the next 40 years.  The increasing human 

population is expected to reach 9.2 billion by 2050 (Figure 1.4), with most of that increase 

occurring in resource-poor, food-poor developing countries (Caldwell, 1999).  Some of the 

forecasts suggest that the world‘s population will not stabilise until about 2060, when it will 

reach about 11.4 billion persons.  Hence, ―food policy‖ is now a critical issue for all, 

including the developed countries.  
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Figure 1.4:   Current and projected global food demand 

Source: UN: World population prospects, 2010 revision. 

http://esa.un.org/unpd/wpp/index.htm 

 

 

Figure 1.5: Actual and projected world population growth to 2050 

 

1.2.5 Productivity of crop production 

Small increments of productivity are occurring in staple crops, but it seems that 

the Great Leap Forward delivered by the Green Revolution (Lampe, 1999; 

Davies, 2003; Hedden, 2003) is not on the horizon.  It is clear that staples such 

as rice, corn, wheat and sorghum yields have risen but by less than 1% a year 

http://esa.un.org/unpd/wpp/index.htm
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(Parker, 2011; Bourne, 2009).  Overall rice production worldwide is still believed 

to be around 2 tonnes per Ha, which is the same level it was 40 years ago.  

Table 1.1 shows that food productivity appears to be stagnating. 

 

Table 1.1 Comparative global yield growth cereal grain 1961-2007 

Grain % Yield Growth 1961-90 % Yield Growth 1991-2007 

Wheat 3.0 0.5 

Maize 2.3 1.8 

Rice 2.2 0.9 

Soya 1.8 1.1 

Source: The Economist, Feb 26th, 2011 

 

This slow progress may be due to a number of factors.  Table 1.2 indicates how 

world agricultural systems are now constrained by a multitude of non-renewable 

factors not present during the immediate post Second World War period. 

 

 

Table 1.2 Constraints to food production post Green Revolution 

Constraint 

 

Factor 

Comment 

Fresh water supplies Diminishing fresh water supplies for irrigation of crops 

Fossil fuels Rise in price for powering farm machinery and making fertilizer 

 
Growth of cities Compromised land availability 

Skill transfer Slow take-up of advanced production techniques by developing nations 

Research investment Negative growth in high income nations 

Arable land per person This has fallen from 8 Ha (1900) to about 1.6 Ha (2010) 

Fertiliser availability Rock phosphate supplies declining 

Soil degradation Estimated as 15% in 1990, now estimated at 25% 

Climate Increasingly hotter and more unstable 

Overfishing Unsustainable over-exploitation of marine reserves 

Food wastage Estimated that between one third and one half of food is wasted 
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1.2.6 Sustainability of world food supplies 

The Global Footprint Network (2012) uses the term ―Ecological Overshoot‖ to 

describe the over-utilization of the earth‘s resources of food, water and energy.  

Currently the Network claims that present consumption is around 1.3 times that 

which is replaced, and it is likely that under our current approaches and 

conditions will rise to around two times by 2050 (Figure 1.5).  The confluence of 

the above factors creates a bleak outlook for world food production and 

improved productivity.  The complex coincidence of all these issues makes 

finding a single solution to improved productivity extremely difficult - but gives 

validity to the claim by Lang et al. (2009:276) that ―reliance on single technology 

solutions is unlikely to resolve the complex array of problems ahead.‖  Any form 

of increase in production that harms the environment will be seen as 

counterproductive.  It is likely that ―An era of cheap food has come to an end‖ 

(Parker, 2011:4).  The coming decades are likely to shift priorities back to the 

technological issues connected with food production, and an up-skilling and re-

prioritisation of scientific research in agriculture is possible. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: Sustainability of ecological resources (Global Footprint Network) 
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1.2.7 Discussion on sustainability issues 

It can be seen from the above discussion that the world faces a constellation of 

interrelated challenges in enabling populations to survive in a sustainable way – 

that previously reliable measures of increasing the food supply are now being 

compromised in a way never before experienced, and that a new approach to 

producing food must be found during an era of climate change (Ackerman and 

Stanton, 2006; St.Clair and Lynch, 2010; NASA, 2013).  This change in the 

world‘s food security outlook takes place at a time of an increasing ―disconnect‖ 

between consumer and farmer (Kneafsey et al., 2008).  The distribution chain 

for food ensures that the consumer remains remote from the conditions under 

which food is grown, harvested, manufactured, preserved, and presented at the 

sales interface.  Arising from this threatening scenario is a new opportunity to 

re-think food production.  The world stands on the threshold of a new concept of 

―eco-agriculture‖ where sustainability drives progress by considerations of new 

energy sources for sowing, harvesting and processing, new plant varieties 

suitable to a changed climatic regime, capable of extracting more nutrients from 

the soil, withstanding lower moisture inputs, adaptable to developed and 

developing economies, and which is basically a low input system. 

 

 

1.3 Summary: linking food security to sustainable agriculture 

The background narrative presented in this chapter puts forward a frame of 

reference for this thesis, namely, that in the face of imminent threats, the means 

must be found to change (with a radical approach) the way humans are treating 

the earth when they engage in the production of food.  If a more benign and 

positive method of producing food is possible, then the science of doing so 

needs to be pursued vigorously, particularly in relation to protecting, and 

hopefully enhancing, the environment.  Crop adaption to altered growing 

conditions would play an important part in this transition through both 

conventional plant breeding and plant breeding using genomics.  The key to 

unlocking these constraints is linked to a new way of thinking about the 

challenges.  This process requires a substantially greater intellectual effort, 

redesigning the way food is grown, harvested, processed and distributed in a 

way that minimises waste, changing our diets significantly away from animal 
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and fish-based protein sources to more efficient vegetable-based diets, in a way 

that respects the environment.  This redesigned system will probably cost more 

to operate than the current unsustainable system, which appears to be 

destroying our soil, water, air, and the rural societies that depend on food 

production.    

 

Current Australian regulations have permitted the commercial release of three 

genetically modified crops – cotton, sugar cane, and canola, and one 

horticultural product (carnations).  The canola crop presents a model for 

investigation because most canola crops are still non-GM.  This crop is grown 

with a variety of herbicides, tillage practices, and conventionally-bred cultivars.  

Cotton is almost exclusively GM, so comparisons with ―organic‖ (non-GM) 

cotton are difficult.  Canola has however a complex root structure and is grown 

all over the world, and it contributes widely to diets through oils used in cooking 

and through animal feedstuffs.  Statistical comparisons can be made, studying 

the canola crop using a variety of multilinear and multivariate time series 

analyses.  This thesis proposes that most of the environmental damage 

associated with transgenic technology is associated with technology used to 

grow the crop (tillage, fertiliser use, and pesticide use) rather than the plant 

itself.  If this general hypothesis holds then the focus of attention will be drawn 

instead to a re-assessment of the systems under which crops are grown.  There 

will then be a need for a total appreciation of those systems and how they 

interact with the environment, rather than focussing on the genetics of the plant 

alone.  In his anniversary address to the Royal Society in 2005 (May, 2005), 

Lord Robert May aptly summarised the situation: ―We could not feed today‘s 

world with yesterday‘s agriculture and we won‘t be able to feed tomorrow‘s 

world with today‘s.‖  In other words, productivity improvement through advanced 

technology is the key to sustainability.  How the thesis contributes towards this 

general aim is outlined in the following section. 

 

 

1.4 The purpose of the study 

The purpose of the overall experimental programme is to investigate whether 

transgenic crops have a role to play in the future of agriculture, and specifically 
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to determine whether they damage the biological factors within the soil.  Should 

it be proven that damage occurs, their future contribution to a more food secure 

world would be in doubt.  In addition, this thesis seeks to contribute to 

knowledge about sustainable farming systems by measuring the environmental 

impact of GM canola on the biology of soils, and to compare its impacts with 

those of isogenic and non-GM cultivars.  

 

 

1.5 Significant contribution: reassessing agriculture and 

environment 

The thesis intends to provide rational comparisons of different systems of 

agriculture demonstrated through the four varieties of canola and how these 

systems, including transgenic systems, impact on the soil and its biology.  The 

experimental design generates quantitative comparisons which can then be 

related qualitatively to the actual systems used in farming these crops.  Should 

these comparisons show a benign or positive impact on soil ecology, then this is 

one important step forward in the generation of sustainable agricultural methods 

which are less harmful to the environment.  When a farming system can be 

intelligently applied to prevailing factors of production in a sustainable way, yet 

be profitable enough to assure the farmers‘ survival and prosperity and still 

have added productivity, then what might be called New Age Agriculture or Eco-

agriculture becomes standard practice.  This is a theoretical concept of a form 

of agriculture which respects the environment, which is skilfully and sensitively 

applied to sustaining the farming enterprise in every respect – soil, water, 

environment and liveability for the farmer.  What Lang et al. (2009) refer to as 

―Ecological Public Health‖ through ―Food Democracy,‖ where each stage of the 

production process is held accountable to the consumer for the total outcome 

from the bottom up.  It is a system that is at least environmentally neutral, and is 

preferably positive, in its effects. 

Sustainable development is defined as development that meets the needs of 

the present without compromising the ability of future generations to meet their 

own needs (Lang et al., 2009:203).  Consumers now expect this.  People have 

a right to be suspicious about the integrity of the food supply, since it is 

fundamental to life.  They want to know that the environment is respected, that 
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food is healthy, free of toxins and contaminants and pathogens, that it is 

produced by persons who are treated fairly, that animals used in its production 

are treated humanely, and that it can be presented to them in a way that is 

economical.  Whether GM technology has a role to play is not absolutely clear – 

it is probably part of the solution, provided it can be shown that it is not part of 

the problem.  In this era of New Agriculture, the debate of organic vs. 

conventional farming technology becomes somewhat irrelevant, in that the 

integration of both approaches to production blurs the great divide between 

these two approaches towards a total ecological approach with higher 

productivity and lower cost structure in a sustainable vision of New Agriculture.  

The terms ―organic‖ and ―conventional,‖ once thought of as poles of a 

continuum would then have lost much of their meaning.  Along with this vision 

comes what might be called sustainability science: ways of studying production 

which encompass sustainability at its root.  ―The world of sustainable agriculture 

is undergoing a period of creative elaboration across institutional, consumer, 

political, and methodological levels‖ (Maegli et al., 2007).  As part of this testing 

for sustainability, the thesis has set out aims and objectives as given in the 

following section. 

 

 

1.6 Approach to experimental investigation in the thesis 

The thesis employs a post-positivist paradigm with glasshouse observations 

and sampling.  This will provide inputs to an analytical process from which are 

derived data that will explain sources of variation between plant and 

environment on a range of criteria connected with soil biology.  It is anticipated 

that the quantitative methods employed in the thesis will provide explanatory 

and descriptive information to interpret the multiplicity and complexity of 

uncertainties about transgenic technology.  Knowledge gained from this process 

will contribute to the new science of soil microbiology.  Factual content will 

provide input into the bio political debate around transgenic foods and 

biotechnology generally.  Additionally, the knowledge and experience gained 

may move agriculture a little further towards the concept of ―Eco Agriculture,‖ as 

explained in Section 1.5.   
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1.7 Summarising the introductory remarks 

To summarize the introductory segment of the thesis, these points are made: 

 Archaeological and historical evidence points to the precarious 

environmental position created by over-exploitation of agro-economic 

resources over a long period of human civilisation; 

 New methods must be found to stabilize food production while promoting 

positive environmental outcomes; 

 Genetically engineered food crops have the potential to minimize use of 

aggressive pesticides and simplify and sustain farming;  

 Yield gains using GM technology have been equivalent to those using 

conventional breeding; 

 The potential of GM technology is not confined to food crops but to a 

wide spectrum of environmental challenges which currently have no 

other solution;  

 The enhancement of soil quality and health is critical to the sustainability 

of food production, and GM technology may have a role here through the 

addition of soil carbon and minimizing of ploughing and soil disturbance; 

 GE crops have both benefits and risks. 

 

 

1.8 Structure of the thesis 

Figure 1.7 provides a diagrammatic representation of the content of the thesis 

through its various chapters. 

 

 Chapter 1 provides background information on the challenges facing 

world agriculture in providing adequate food in a changing and 

compromised environment, and references historical and archaeological 

evidence that points to the urgency of solving the challenges of assuring 

the sustainability of world food supply.  This is contrasted with the current 

situation in world agriculture.  The concept of transgenic plants and their 

potential to mitigate these challenges is introduced, and the definition of 

food security is provided.  The general experimental programme and 

thesis content are then outlined. 
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 Chapter 2 addresses the challenges that genomic technology presents to 

agriculture and to the environment.  The technological potential of 

transgenic technology and genomics to improve agricultural productivity 

is discussed, along with how regulatory authorities oversee GM 

technology, manage the risks and promote potential benefits of GM 

crops and other products.   The topic‘s connection with the concept of 

eco-agriculture is then outlined.   

 

 In Chapter 3, critical reviews of the literature associated with GM 

technology as it applies to effects on soils are provided.  Items discussed 

are the effects of root exudates and residues of GM plants on soil 

organisms and on the biological soil food web, and the methods of 

measuring such effects, including their advantages and disadvantages.  

Also included in Chapter 3 is information about the effects of herbicides, 

fertilisers, and tillage on soil biology and how these relate to growing GM 

crops.  The implications of using GM technology to sustain the world‘s 

environment are also discussed, including the effects on soil structure, 

fertility and health; greenhouse gas emissions; farming skill 

requirements; and the future of farming under an eco-agriculture 

concept.  Much of the experimentation in GM research relies on 

knowledge of how the roots of plants and their secretions into the soil are 

used by the biome in a commensal relationship, and this is explored in 

relation to GM modification of plant genotype.   Finally, gaps in the  

existing literature and knowledge, and how these led to the formation of 

the hypothesis to be tested are given and related to aims and objectives 

of the experimental programme. 

 

 Chapter 4 presents the hypothesis, and covers in detail the research 

problem and methods of experimentation, aims and objectives of the 

programme, and the materials and methods used to test the hypothesis.  

The investigation techniques which test the aims of the thesis rely on 

biochemistry and analytical chemistry and statistical analysis using the R 

program software and SAS software, and are detailed also in Chapter 4.  

Mixed methodology involving qualitative observations of cropping 
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technology, including seed choice made on actual farms is then 

described and related to the experimental programme. 

 

 In Chapter 5, the results of the experiments are provided through 

presentation of statistical analyses using various formats: randomized 

complete block analysis; one way ANOVA; sequential paired 

comparisons; and for DNA concentration, panel regression analysis is  

given and related to each sub-hypothesis and the general hypothesis,  as 

a means of assessing whether the aims and objectives have been 

addressed. 

 

 Chapter 6 discusses and summarises the results and their implications 

for each sub-hypothesis, and comparisons made with previous research 

are given in detail.  This chapter also discusses the acceptance or 

rejection of the general hypothesis, and its sub-hypotheses.  Actual 

technologies adopted by canola growers are then explained and related 

to the experimental results. 

 

 Chapter 7 is the final conclusions chapter and this provides a summation 

of what has been achieved in the experimental journey and how the 

results can be utilised in the future of world food production, including a 

new appreciation of agriculture and the environment through genomic 

technology. 
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2.1 Introduction 

The following chapter looks at how GM technology is challenging our way of 

thinking about food production and the environment.  In particular, it is important 

to explore how GM technology contributes to the search for productivity 

improvement in food production, and this theme introduces the chapter.  The 

section that follows explores the rate of adoption of transgenic cropping around 

the world and how this is challenging conventional or traditional methods of 

growing food crops, especially in developing countries.  A number of 

controversial issues are then presented, discussing why consumers are hesitant 

to give an unqualified endorsement to transgenic-derived crops and their foods.  

As referred to in Chapter 1, the world of agriculture and food production is in 

need of a thorough re-assessment, but because this involves risk, knowledge of 

the dimensions of that risk are important in assessing whether the technology is 

right for any particular country.  The segment that follows discusses applications 

of GM technology to food production (Part i), then to the environment generally 

(Part ii), and then more specifically to soil biota from plant soil secretions and 

residues (Part iii).  The final segment demonstrates how the Australian 

government regulates the use of transgenic technology and how the principles 

achieving this are employed.   

 

 

2.2 Productivity search: conventional vs. GM plant breeding 

It is evident that for centuries mankind has been manipulating the genome of 

plants using a variety of methods.  This may be noted in the fact that most food 

crops which we grow are now more valuable nutritionally, taste-wise more 

interesting, and in appearance quite unlike the ancient relatives from which they 

were derived.  This way of plant selection has indeed given the world better 

nutrition by choosing crop genetics more suitable to the respective growing 

conditions and environment.  The plants that have been developed can resist 

disease better and in fact are more productive.  Traditional plant breeding has 

taken place since the transformation from food gathering to static agriculture, 

thought to have occurred around 11,000 years ago (Allard, 1999).  It seems that 

conventional plant breeding is still the keystone of plant variety production.  

Since 1993 however, a new technique has entered the field of plant breeding 
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and this involves plants that we have called transgenic plants.  In breeding, a 

gene is taken from the same species (homologous or cis-genic) or from a 

different species (heterologous or trans-genic) and this is attached to the plant‘s 

genome in a way that produces a new cultivar expressing an improved 

phenotype.  Such plant genetic engineering has provided an opportunity to 

explore a wide range of new crops whose phenotypes are designed for special 

purposes; namely crops that are insect resistant, herbicide tolerant, disease 

resistant, and climatically adaptable.  In addition, the new genetically adapted 

crops have other organoleptic characteristics such as improved flavour, ripening 

speed, resistance to damage during transport, better nutritional profile, and 

ability to be used as inputs to industrial processes, to name a few.  This quiet 

revolution in science (Khush, 2012) has the potential to mitigate many of the 

challenges the world now faces in supplying food.  Yet some research shows 

that the GM special characteristics have not in general produced more 

productive crops (Heinemann et al., 2014).  Nevertheless, it has been shown 

that GM special characteristics have assisted in farming efficiency as well as 

greatly reducing the use of aggressive and persistent herbicides over time 

(James, 2016).  It is therefore appropriate that the technological potential of GM 

cropping should be examined in terms of its adoption around the world, and the 

reasons why it has become an important contemporary tool in food production. 

 

 

2.3 Global adoption of genetic biotechnology in agriculture 

Global adoption of biotech crops continues at unprecedented rates.  Not 

surprisingly, developing countries are at the forefront of this adoption – with a 

rate that in 2011 is twice that of the rate of developed countries (James, 2012).  

It appears that there is an unambiguous sign that GM crops are delivering a 

breakthrough for farmers worldwide as climate change, poverty, and food 

insecurity intensify, making biotech crops the fastest adopted crop technology in 

recent history (Khush, 2012).  James (2015) in the special report generated by 

the International Service for the Acquisition of Agri-biotech Applications (ISAAA) 

to commemorate 20 years of biotechnology-developed crops makes the 

following points: 
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 GM crops are currently grown by 18 million farmers in 28 countries 

planting approximately 180 million Ha of various biotech crops; 

 Of the top 10 biotech nations, eight were considered to be non-

industrialized developing societies, and these plantings were therefore 

supplying food and food exports for nearly 60% of the world‘s population; 

 There has been increasing acceptance of GM crops as shown by 

positive publicity articles, increasing from 41% in the decade 1996-2006 

to 57% in the period 2010-14; 

 In the period 1996 to 2014, James (2015) claims that 583.5 billion tonnes 

of active ingredient pesticide were prevented from entering the 

environment; 

 Greater acceptance of GM technology by developing societies has 

created a situation where 54% of the world‘s total biotech crops are now 

grown there, compared with 46% in industrialized nations; 

 Australian GM plantings increased by 21% in 2014-15.  Nearly all cotton 

is GM (both HR and Bt), but HR canola increased plantings went from 

342 x 106 Ha in 2014 to 440 x 106 in 2015, a 30% increase; 

 The EU continued to resist genomic crops, but five countries (Spain, 

Portugal, the Czech Republic, Romania, and Slovakia) elected to 

continue to plant GM maize. 

The fact that more than 90 percent of farmers worldwide (around 15 million 

farmers) are small resource-poor farmers in developing countries shows the 

potential adoption of the technology world-wide.  These ISAAA reports confirm 

that it is critical for Australian farmers to have access to a competitive, safe, and 

approved sustainable crop technology which is accepted around the world as 

providing wholesome food products.  It is clear that the world‘s agricultural 

scene is changing, and farmers‘ and consumers‘ attitudes towards GM are also 

changing.  Given that so many countries are now so highly involved in GM 

farming, it is imperative that Australia also consider its position more critically.  

In this regard, given the paucity of research in the area of GM in Australia, there 

is a need for more research in order to optimally exploit the technological 

potential.  Discussion on this point follows in the next section. 
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2.4 Technological potential of genomics in food production 

Since 1995, when transgenic crop technology was first commercialized with the 

planting of GM canola, the adoption of GM crops has consistently increased by 

10% or more yearly worldwide (James, 2012).  Around 28% of crops contained 

―stacked‖ genes (producing two or more traits).  It is noted that the herbicide 

tolerance aspect is consistently the most dominant GM trait, followed by the 

insect resistance trait.  This is in turn followed by the stacked genes for these 

two traits in combination (Crop Life Australia, 2013).   A question that can now 

be answered is where GM technology can contribute to solving issues and 

advancing productivity, and this is considered next in terms of risks and 

benefits.  Issues relating to food and agriculture are considered next, then how 

GM can contribute to environmental improvement. 

 

 

2.5 Special characteristics of GM crops: risks and benefits 

As defined in Chapter 1, the term "genetically modified organism‖ is frequently 

used to describe transgenic crops.  In this regard, all crops generated and 

cultivated through conventional breeding have been genetically modified as 

well.  Therefore, "genetically engineered" or "biotech" should be used as a more 

precisely description of transgenic crops created through biotechnology (Moeller 

and Wang, 2008).  Whereas transgenic plants are generated by insertion of 

heterologous DNA sequences from a different species, cisgenic plants are 

generated by reintroducing or silencing a gene of the same species (Scheuten 

et al., 2006).  Today, most biotech crops are transgenic plants because various 

heterologous DNA sequences are present from the engineering process.  This 

is why there is considered to be a degree of risk in using the technology – it is 

not always possible to introduce exotic genes into a plant‘s genome without also 

introducing unwanted DNA which in its own right may have unpredictable and 

undesirable characteristics.  This is one of the reasons why suspicion about the 

technology has come about, and the controversy regarding the use of GM 

plants is discussed in the following section.  For example much of the 

opposition to the technology comes from environmental advocates such as 

Greenpeace (Greenpeace, 2012).  Most of the arguments put forward by this 

group are political arguments related to fear.  These groups endeavour to 
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convince all sections of society that the harm caused by adopting GM 

biotechnology is greater than any good that can be derived from it.  The 

following section examines the information about several controversial aspects 

of GM technology, firstly in the area of food and agriculture, then in various 

aspects of the environment generally.  The literature review also discusses this 

aspect and develops it in greater depth. 

 

2.5.1 Food and agriculture 

The commercial uptake of GM crops through advances in gene technology is 

built on both insect resistance and herbicide tolerance where the focus is on 

reducing costs and physical inputs to the cropping system.  Interestingly, this 

uptake is not centred on improved productivity alone.   A review by Muller and 

Wang (2010) of the creation and development of productive transgenic varieties 

explains that successful transgenic varieties which are equally as productive as 

conventional varieties are difficult and costly to develop, and the science of 

doing so is not precise.  Further examples are available that give the 

disappointing news that productivity is simply comparable to that of non-GM 

crops, so that the adoption of GM technology by farmers is for reasons other 

than greater productivity than non-GM varieties.  The US National Academy of 

Sciences (2016: xvii) more recently reviewed the utility and safety of GM food 

and how it was produced, and this examination revealed that gains in 

productivity were only comparable with those seen in non-GM crops, and that 

―there was no discernable yield gain advantage for genetically modified crops.‖    

Additionally, Heinemann et al. (2014) compared productivity of GM staple food 

crops in US systems of production with that of European (mainly French) 

productivity and found minimal differences in yield when comparing GM 

varieties with non-GM cultivars.  Herbicide use had decreased, and insecticide 

use in particular declined; however, the quantity of glyphosate used increased, 

and this was a feature of both US and French systems of production.  It would 

therefore appear that the GM traits are predominantly useful for decreasing use 

of more environmentally toxic herbicides and replacing them with a less toxic 

product that is easier for farmers to manage.  Productivity gains are therefore 

not dependent on the GM trait, but rather on making farming less complex and 

more profitable.  Encouraging news has recently been released (James 2015)  
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that a more precise, faster, less costly and less onerous regulatory approval 

process can now be accessed through technology known as CRISPR 

(Clustered Regularly Interspaced Short Palindromic Repeat).  This technology 

derived from medical applications allows a precise insertion of the beneficial 

mutant gene sequences into the target DNA without the need for much slower 

and less accurate traditional genetic engineering processes.  This technology 

shows promise in lessening the cost of gaining regulatory approval for novel 

cultivars, which is believed to average $US 135 x 106 per cultivar, of which 

$US35 x 106 represents the cost of regulatory approval (James, 2015). 

 

 

2.5.2 Environment 

Environmental care is an important aspect of the sustainability of farming 

generally.  Despite its beneficial potential for the environment, GM technology 

carries with it various risks.  Some GMOs such as bacteria could potentially 

reproduce and spread, colonising the environment after they were released. In 

targeting biological pests, gene technology must ensure it involves the 

manipulation of only the genes that attack the specific species of interest, thus 

minimising risk to non-target species.  Approval to release any biological agents 

into the environment is only given after the risks, and how they will be managed, 

have been assessed (Australian Government, Department of Health and 

Ageing, 2013).  Currently, the World Health Organisation is addressing the 

potential adverse GM impacts on beneficial insects, on the generation of new 

plant pathogens, effects on plant biodiversity, how crop rotation impacts GM 

technology, and how herbicide resistant genes can move to other species.   

GM enables the production of (i) insect resistant and (ii) herbicide tolerant crops 

and this has assisted in revolutionizing the technology used to produce food.  

The effect on soil biota from plant soil secretions and residues (iii) must also be 

considered.  The respective threats which accompany both (i), (ii), and (iii) are 

now considered in turn. 

(i) Insect resistance and threats to insect life from GM crops 
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Application of gene technology has resulted in reductions in insecticide 

application, contributing to the sustainability of land management practices 

(CSIRO, 2011). Biological control of pests or harmful species without the use of 

aggressive pesticides has always been a desirable environmental goal.  Yet, as 

explained in Section 2.5.1 above, insecticide use in the US decreased, but 

herbicide use correspondingly increased.  In France, where GM cropping is not 

permitted, insecticide use fell and herbicide use also fell (Heinemann et al., 

2014).   When viewed more comprehensively, both traditional and GM plants 

offer threats to insects.  The GM plants do this through incorporation of genes 

from the bacterium Bacillus thuringiensis (the Bt gene) expressing a toxin that 

damages and eventually kills the larvae of Lepidoptera species of insects.  This 

works well for traditional pests like the cotton bollworm, the corn borer worm, or 

the rice stem borer, where excellent control has been achieved without the need 

for pesticides.  The concern lies with damage to non-target insect species (Birch 

et al., 2007).  It may well occur because non-target species larvae feed on 

weeds adjacent to the crop where the weed is a hybrid crossed inadvertently 

with the GM crop.  With respect to herbivore control, for the cost of the seed to 

be economically viable it must be less than the cost of the insecticides saved.  

This may be achieved in a normal year, but if drought conditions occur, poor 

crop production may not meet conditions for this trade-off.  Traditionally-bred 

crops damage insect populations in a different way – through the non-selective 

killing of all insects, whether helpful or harmful, by the use of insecticides.  The 

method through which GM insect-resistant crops protect those crops from 

damage is illustrated in Figure 2.1. 

 

(ii) Herbicide tolerance and threats from development of weedy hybrids 

It seems that the goal of increased productivity is being realised with both GM 

and non-GM technology, but that herbicide use in particular is increasing as 

American farmers incorporate more herbicide-resistant crops into their 

production.  As GM cropping grows, so also does the application of the 

herbicide to which the crops have been exclusively made resistant.  The 
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dominance of glyphosate in particular shows how, in considerations of the 

environment, the crop alone is not the only factor at play.  All agricultural 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Method of action of the Bt toxin on target insects 

 

species depend on allied technologies such as soil-bed preparation, use of 

fertilizers and soil amendments, irrigation and so on.  Therefore, any exploration 

of the total effects of herbicide tolerant plants on the environment must look at 

the entire scope of the agricultural system in play.  

 

Crossbreeding with weed species has been a major public relations stumbling 

block to the acceptance of GM crops.  It is possible for many GM crops to 

hybridise with related weed species to produce hybrids carrying the novel 

genes, and Brassica crops are an excellent example.  The hybrids then may 

exhibit the characteristics related to that gene, such as insect resistance or 

herbicide tolerance, and this may result in another pest species (Warwick et al., 

2008).  The traditionally bred plants likewise hybridise with related weed 
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undesirable.  There is a need for further research in this area to define how 
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serious an issue this is.  One suggestion is that the novel genes be carried only 

on the female chromosome, so that pollen could not therefore spread the GM 

genes. Seed companies supplying GM seed advocate stewardship by farmers 

whereby ―volunteer‖ GM plants which grow from dropped seed after the crop is 

harvested, are eliminated by spot herbicide spraying using a chemical to which 

they are not resistant. 

 

(iii) Threats to soil biota 

The emerging science of soil biology now recognises that plants respond with 

the microbes in the soil in an interdependent way.  All agricultural crops, 

including GM crops, influence processes and functions in soil through 

interactions between plants and soil ecosystems, and are involved in nitrogen 

cycling, decomposition of wastes, and mobilization of nutrients amongst other 

processes, through their influence on communities of micro- and other 

organisms in soil (Nehl et al., 1997; Coleman and Crossley, 2004; Bais et al., 

2006; Hawkes et al., 2007).  Microbial populations and their diversity change 

with the nutrients released into the soil by the plant roots.  The plant roots 

excrete both sugars and amino acids into their surrounding soil in a way that 

sustains the microbes.  The microbes in turn provide mineralisation of soil 

nutrients in forms that the roots can absorb.  To date, investigations into 

whether GM plants do this differently to traditionally bred plants do not, in 

general, show major differences (Lee et al., 2011; Dohrmann et al., 2013; Van 

Capelle et al., 2012; Chaudhry et al., 2012).  However, what is becoming 

apparent is that the soil biota provides a major input into sustainable agriculture 

through the accumulation of soil carbon and soil organic matter (West and Post, 

2002).  Therefore, farming systems which preserve and enhance soil biota are 

needed to promote soil health and sustainability.  It is noted that plant litter 

following the harvest and additional cellular material from root decay and 

exudation together seem to add nutrients to the soil which can be metabolised 

by soil biota.  A critical examination of this aspect of transgenic technology is 

made in Chapter 3.4.  The experimental programme associated with this thesis 

will focus its investigation on the effects on the living web of organisms in the 

soil, predominantly on microbial biology.  In Australia there are limited 

opportunities to employ commercial GM crops, and as such there is a need for 
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a number of studies to be done in this area, such as developing an 

experimental programme that employs a methodology comparing the three 

herbicide-tolerant varieties of canola (including one GM variety) and one non-

herbicide tolerant variety.  Also there is a general lack of Australian studies to 

examine the effects of GM plants on the biology of soil. 

 

The following paragraph takes an overall view of the usefulness of GM crops 

and where they might potentially fit into agriculture generally. 

 

 

2.6 Summary of productivity and environmental effects 

Where do GM herbicide tolerant and insect resistant crops assist the 

environment?  Importantly, through the lessening of pollution from residual 

pesticides, and simplifying farming practices (Tan, 2006; Sene et al., 2010).  

Herbicides like atrazine and imidazolinone and its relatives persist in soil, are 

toxic to freshwater streams, and may be teratogenic (Garry et al., 1999; 

Agopian et al., 2013).  The use of more benign herbicides is considered to be 

an advance (Williams et al., 2000).  As well, insecticide use targeting all insect 

life, not just parasitic insects, is decreased.  In fact, James (2015) enumerates 

the quantities of pesticides which were not used owing to the choice of GM HT 

and Bt crops.  These are the major benefits, all related to better environmental 

outcomes, sustainability, and cost savings for farmers.  Klumper and Qaim 

(2014), in a meta-analysis of GM technology applied to crops, indicate that the 

greatest gains in productivity have come in developing countries with insect-

resistant genomic modification (using the Bt gene).  They comment: 

 

―On average, GM technology has reduced chemical pesticide use by  

37%, increased crop yields by 22%, and increased farmer profits by  

68%.  Such evidence may help to gradually increase public trust in  

this technology. (Klumper and Qaim, 2014).‖ 

One must always be guarded about broad statements about genomic 

technology, because as has been previously alluded to in Section 2.5 there are 

risks that accompany any genomic modification when used in a complex 
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interdependent open-systems environment such as a farm.  Nevertheless, the 

US National Academy of Sciences (2016) in a comprehensive examination of 

the role and safety of GM crops and their products reported that: 

―Sweeping statements about GE crops are problematic because 

issues related to them are multidimensional.‖ (p. xvii). 

Thus, for a concerned public worried about technological change to the food 

supply, such a fundamental part of living, it is understandable that appreciation 

of the ―four corners‖ of how GM technology affects their lives must be difficult.  

Therefore, generally throughout the world where GM crops are grown, a 

licensing system has evolved, pertinent to each country‘s needs to regulate the 

use of GM technology in all its forms – microorganisms, plants, and animals.  

As an example, the regulatory system as developed in Australia is discussed in 

the following section. 

 

 

2.7 Regulation of GM crops in Australia 

 

2.7.1 Introduction 

In an examination of Australia‘s history of introducing novel technologies, it is 

obvious that all did not proceed well in most cases.  Some – such as control of 

prickly pear cactus with the Cactoblastis parasitic insect larvae Cactoblastis 

cactorum and Cochineal (Dactylopius spp.) and the use of Myxoma virus to 

control feral rabbits – have proceeded successfully.  Many, however, have not 

(Australian Government Department of Environment, 2013).  Cane toads, 

rabbits, feral livestock like pigs, camels and horses, Javanese water buffalo 

introducing the cattle tick with its attendant protozoan diseases, are just a few 

environmental and social failures.  Attempting to fix one problem creates 

another greater problem, leaving at best a situation where containment and 

remediation are the only possible strategies available.  If the introduction of 

novel plant and animal species into the natural environment is to be successful, 

it must be carried out in a way which avoids the mistakes of the past and 

maximises both direct and indirect benefits. 
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A suspicious Australian public will therefore be wary of challenges introduced by 

high technology inventions such as GM crops and the foods derived from them, 

as well as GM animals, and microorganisms.  The overall interest in 

environmental matters, wide publicity given to these technologies, opposition 

from green groups, and the exacting requirements of international trade - have 

all aligned to create a situation where governments cannot ignore the need for 

oversight and regulation. 

 

 

2.7.2 Legislative developments 

In adapting to this challenge, in 2000, agreement was reached between the 

States and the Commonwealth about the need for a national regulating 

authority to supervise the introduction of GM crops, animals, and 

microorganisms with the passage of the Gene Technology Act – this Act came 

into force 6 months later and was proclaimed on 21 June 2001 (Australian 

Government, Department of Health and Ageing, 2013).  It coincided with a 

revision in the way many associated areas were handled – the approval and 

labelling of foods and food additives; the approval of agricultural and veterinary 

chemicals used in the production of food for human and animal consumption; 

the way medicines and medical technology are regulated; and a major re-

assessment of quarantine issues for imported goods, foods, plants and animals.  

The government had therefore created an array of regulating authorities 

capable of addressing the contemporary needs of a modern trading-oriented 

economy, and dealing with the political and social tensions that inevitably 

develop in a scientifically complex, advanced, technologically-driven society.   

 

As an example of an integrated regulatory framework for genomic technology, 

the Gene Technology Act 2000 and how it works through the Office of the Gene 

Technology Regulator (OGTR) is provided; however, the reader must be aware 

that this regulating body works in association with other complementary 

regulating authorities.  Thus, marketers of a GM crop must seek approval from 

the Office of the Gene Technology Regulator before commercial release, but 

the food produced from that crop also needs approval from Food Safety 

Australia and New Zealand (FSANZ).  The technologies used to grow it 
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(herbicides and other pesticides) also need to gain approval from the Australian 

Pesticides and Veterinary Manufacturing Authority (AVPMA).  Novel products of 

a medical nature – for example, vaccines derived from GM plant tissue, or 

insulin derived from GM microorganisms - need approval from the Therapeutic 

Goods Administration (TGA).  Imported genetic material or germplasm must 

gain approval from the Australian Quarantine and Inspection Service (AQIS).  

All these bodies co-ordinate their technical and regulatory knowledge before a 

GM organism and its products may enter the public arena.   For example, 

FSANZ has a Memorandum of Understanding with OGTR.  They undertake 

collaborative activities and have agreed that one agency will not grant a GM-

related approval in areas of common interest without consulting the other.  

FSANZ and OGTR also share ―horizon scanning‖, where new technological 

developments at home and abroad are monitored and policy positions 

developed.  The government has cast its regulatory net widely. 

 

 

2.7.3 The Precautionary Principle 

In addressing legislation dealing with an evolving science like genomics, those 

advocating a precautionary approach argued that concern for the environment 

and public health should reflect potential risks from the release of GMOs and 

GM products.  Therefore, the regulatory framework takes a precautionary 

approach to gene technology regulation to protect against health and/or 

environmental damage, based on what is known as the Precautionary Principle, 

which can be stated as: If an action or policy has a suspected risk of causing 

harm to the public or to the environment, in the absence of scientific consensus 

that the action or policy is harmful, the burden of proof that it is not harmful 

should fall on those taking the action.   

Concern for the safety of GM technology has been expressed widely (Levidow 

and Carr, 1997) especially in the light of new knowledge about evolutionary 

genetics (Hindmarsh and Hulsman, 2004).  In particular, Hulsman (pers. comm., 

2013) claimed that modern genetic theory as a basis for decision making on 

policy was not adequately pursued, and that contemporary knowledge of 

modern genetics was not in evidence during initial functioning of the technical 
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committee.  Some authors have argued that the Precautionary Principle is 

expressed to a greater (strong interpretation) or lesser (weak interpretation) 

extent in various countries and jurisdictions.  A strong interpretation would 

advocate a nil risk, and this interpretation has generally been taken by 

European governments.  

The science of gene technology and approaches to risk analysis and 

uncertainty are evolving rapidly.  Other nations following the weaker 

interpretation have taken the pragmatic approach that the risk level must be no 

greater than that presented by conventional crops and their products.  Most 

authors assert that this is the situation in Australia and in the majority of 

countries where GM technology is carried out, in that no technology is entirely 

risk free, and that seeking a totally risk free environment invites technological 

paralysis, leading to non-competitiveness and low productivity.  For this reason, 

an increasing number of policymakers are starting to view this extreme version 

of the Precautionary Principle as ―the paralysing principle‖ - the principle of 

inaction.   Despite these ethical questions, the initial introduction of GM crops 

into Australia occurred without strict oversight and regulation.  This occurred in 

1996 with the cotton Bt gene – trials were conducted by the introducing 

company (Monsanto) on a self-regulating basis.  Eventually all states deemed it 

important to have co-ordination and oversight through legislation.   

 

 

2.7.4 National gene technology regulatory system 

This is demonstrated (Figure 2.2) through an integrated system of federal 

legislation, co-ordinated with state government legislation.  There are expert 

technical and ethical inputs, and the system is overseen by a federal civil 

servant who takes responsibility for overall operation of the programmes. 
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Figure 2.2: The Gene Technology Act 2000 in relation to other regulators 

Source: Website of the OGTR: http://www.OGTR.gov.au 

 

 

2.7.5 Concluding remarks on regulation of Australia‘s genomics 

The Australian Government has developed a widely respected and effective 

system of governance for the introduction of novel genetic material into our 

society.  The laws are comprehensive and conservative, their operation open 

and transparent, they are science driven and risk averse, harmonised across 

most jurisdictions and integrated into associated regulatory bodies for food 

standards, pesticide use, and medical and therapeutic product regulation.  The 

laws are concurrent with those systems of regulation drawn up in advanced 

developed economies.  The main organisation the OGTR has developed a 

http://www.ogtr.gov.au/
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reputation for transparently applying sound science, robust and contemporary 

risk analysis, and efficient work practices.  

 

 

2.8 Summarizing how genomics challenges contemporary 

standards 

 The search for greater productivity in food production has been the 

predominant, but not the only rationale for the development of GM 

technology.  Other reasons are minimization of pesticide use, 

simplification of farming techniques, and improved utility of the products; 

 World-wide adoption continues to grow as the benefits of the technology 

become more widely appreciated by both farmers, regulators, and 

consumers; 

 Issues of controversy continue to hinder wider acceptance but are 

progressively being addressed through greater depth of knowledge about 

the technology, improved methods of creating GM organisms, research, 

and experience utilizing the crops and their products; 

 Environmental risks are present from the indirect effects of insect 

resistance on non-target species, from hybridization with genetically-

related weed species, and from microbiological effects within soils; 

 Continuing research is needed to better define the above issues and find 

ways of eliminating or containing any risks. 
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3.1 Introduction 

The previous chapter reviewed some of the general aspects of GM crops in 

relation to the various challenges they pose to costs, farm production, 

environment, and legislation, among others.  This chapter examines and 

critically reviews the literature concerning transgenic crops and their effects on 

the biology of soil.  The review of the literature is presented in the following 

order: 

 

(i) Firstly, transgenic technology of crops and its importance to 

environmental sustainability through its impact on the flora and fauna 

within the soil is reviewed.  Additionally, the potential of transgenic 

crops to damage the biota through root exudates and residues is 

examined, and from this is developed  new knowledge of soil health 

and fertility linked to the living ―food web‖ of soil organisms;  

(ii) Secondly, the technologies used to measure environmental impacts 

of transgenic crops on the soil biota are discussed along with their 

limitations; 

(iii) Thirdly, how the individual classes of soil organisms are affected by 

root exudates and residues of GM plants, is considered; 

(iv) Fourthly, the role of technologies used to grow transgenic crops – 

tillage, fertiliser and pesticide effects - and their influence on 

laboratory and field assessments is examined; and then the adoption 

of GM crops world-wide is presented;  

(v) Finally, implications and major gaps in the literature are identified and 

considered in relation to the aims and objectives of this thesis.   

 

At the heart of the thesis is the science of ecology, and the investigations 

reported in this area of science employ complex, interdisciplinary techniques 

and knowledge.  For this reason, many references are made to the literature 

concerning soil and plant sciences, along with the literature related to genomics 

and analytical chemistry.   
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Figure 3.1: Factors influencing the path to productivity improvement 

 

 

3.2 Historical aspects of plant breeding 

The domestication of wild progenitors of the major food crops is believed to 

have begun between 11,000 and 13,000 years ago (Allard, 1999).  During that 

period, a shift in food acquisition from hunting and gathering to agricultural 

activities developed (Bar-Yosef and Belfer-Cohen, 1992).  Subsequent plant 

 
The living web of soil 

organisms 

 

Measurement techniques 

 

Assessment of environmental impacts 
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selection and evolution produced cultivars which better served mankind.  The 

progressive manipulation of the genome of crop species has resulted in 

cultivars requiring intensive use of agro-economic technology and management 

input for growth and survival (Cardon and Whitbeck, 2007).  In 1993 a new 

technique entered the field of plant breeding involving transgenic plants.  Here, 

a gene taken from the same species (homologous or cis-genic) or from a 

different species (heterologous or trans-genic) is incorporated into the plant‘s 

genome in a way that produces a new cultivar expressing an improved 

phenotype.  Genetic engineering of this type provides a wide range of crops 

whose phenotypes are designed for special purposes, as referred to in Chapter 

2 (Nichols et al., 2012; Carter et al., 2011).  These transgenic plants are 

collectively referred to as GM (genetically modified or genetically engineered) 

plants and crops.  The attractiveness of GM crops comes not only from direct 

improvement of the phenotype, but also from indirect effects such as decreased 

use of pesticides and ploughing, therefore reduced soil compaction and erosion, 

and less use of fossil fuel.  This quiet revolution in science has the potential to 

mitigate many of the challenges the world now faces in securing its food supply.  

Since the act of transforming the genome can bring with it non-required DNA, 

concern has grown that this DNA might adversely affect plants and the soils in 

which they grow, and the wider environment. 

 

 

3.3 Effects of root exudates on the soil 

Roots are no longer regarded as passive absorbers of mineral elements and 

water from surrounding media.  In fact, roots respond in an interdependent way 

with the flora and fauna in the soil (Nehl et al., 1997; Coleman and Crossley, 

2004; Bais et al., 2006; Hawkes et al., 2007).  They excrete nutrients into the 

soil immediately surrounding the root fibres, known as the rhizosphere, thereby 

sustaining the microbes and the food chain dependent on them (Badri and 

Vivanco, 2009; NSW Dept. Primary Industry, 2012).  These exudates consist of 

water, oxygen, enzymes, mucilage, and primary and secondary products of 

photosynthesis: polysaccharides, amino acids, flavonoids, fatty acids, and 

proteins (Bertin et al., 2003).  Microbes correspondingly mineralise soil nutrients 

for root absorption (Janos, 2007).  The exudates mediate biological responses 
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from the biota and from roots of other plants through chemical signalling.  The 

effect is to protect the roots from invasion by parasitic organisms (Jain et al., 

2012), and to provide competition against adjacent plants (Walker et al., 2003) 

as well as changing plant tissue chemistry and function (Ping and Boland, 2004; 

Larsen et al., 2006; Friesen et al., 2011).  The rhizobia colonising roots of 

legumes depend on the flavonoid signals of root exudates for effective gene 

expression – the chemical signalling initiates gaseous N fixation inside the root 

nodules formed by the invasive rhizobia (Olroyd and Downie, 2008).  Redman 

et al. (2002) describe how microbial symbiosis mediates abiotic stress 

adaptation and tolerance: symbiotic arrangements between plant root and 

fungal populations assist with thermotolerance.   

 

Bais et al. (2006:255), commenting on the complexity of the rhizosphere as a 

biological niche, described roots as ―rhizosphere ambassadors facilitating 

communication between the plant and other organisms in the soil‖.  It is through 

these root exudates and decay of plant roots, litter, and shedding of surface 

cells and pollen that transgenic plants have the potential to damage the biota 

living in the soil adjacent to the roots or consuming the residues or exudates.  

An example of toxic products is provided by incorporation of genes of the spore-

forming soil bacterium Bacillus thuringiensis (Bt) which can, during sporulation 

in the free-living state, produce proteins known as crystalline proteins (Cry) 

which are toxic to certain orders of insects and their larvae.  There are over 60 

different Cry proteins of varying toxicity (USDA, 2010), and it seems that not 

only can their toxicity vary, but their concentrations can also.  Tan et al. (2011) 

reported that corn Cry protein root concentrations depended on the varieties 

examined, and their particular growth stages.  They give examples for Bt 11 

corn (5422Bt1) and MON810 corn (5422CBCL) containing 1.7–2.9 mg kg−1 and 

2.1–3.8 mg kg−1 fresh weight Cry1Ab protein, respectively (unpublished data).   

In contrast, Turrini et al. (2004) reported concentrations in Bt176 of 80.63 mg 

Cry1Ab kg-1 protein.  The toxicity of the Cry proteins is retained after adsorption 

by organic and humic materials (Saxena and Stotzky, 2001).  In addition to Cry 

proteins, deoxyribonucleic acid (DNA) from roots is closely adsorbed by clays 

and humus (Blum et al., 1997) and is thus less exposed to enzymatic hydrolysis 

by microbes in those soils by conversion to acid-soluble degradation products.  

http://www.sciencedirect.com.libraryproxy.griffith.edu.au/science/article/pii/S0038071711003208#bib67
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Entire genes appear to persist for longer than smaller gene fragments, although 

there is some evidence that the reverse can also be the case (Chi-Cho et al., 

2007).  This information is thus of concern to regulators in that the soil biome 

might be damaged by toxicity or genetic transformation, and could also possibly 

occur in plants whose genetic transformations relate to herbicide tolerance.  An 

investigation of this possibility requires knowledge of the way in which soil life 

forms exist, and the way they interact with soil, and this is explained in the next 

section. 

 

 

3.4 Soil health: new knowledge about soil fertility 

All agricultural crops (including GM crops), influence processes and functions in 

soil through interactions with soil ecosystems.  Plants are involved in nitrogen 

cycling, decomposition of wastes, and mobilization of nutrients through their 

influence on communities of organisms in soil.  Plant litter following harvest and 

root exudation both add nutrients to soil.  Metabolism by soil biota interacting 

with the plant in the root zone creates a dynamic and complex biological 

environment known as the rhizosphere which can contribute positively or 

negatively to produce the cropping outcome (Coleman and Crossley, 2004).  As 

most soils are static products of their terrain, climate, and vegetation, their 

physical and chemical components are slower to change.  The biological 

components are subject to manipulation through the use of chemical inputs, 

tillage practices, choice of crop or forest species, irrigation and drainage, and 

may therefore be more sensitive indicators of a healthy ecosystem than 

chemical or physical indices (Doran, 1996; Kaur et al., 2005).  Interestingly, as 

late as the year 2001, textbooks on soil science only briefly mention the 

contribution of soil biota, in particular microbes, to soil fertility (Peverill et al., 

2001). The biota provides a major input into sustainable agriculture through the 

accumulation of soil carbon and soil organic matter (McDonald and Rodgers, 

2010).  Amino acids and polysaccharides produced by plant roots for 

commensal soil biota have the effect of ―gluing‖ soil particles together to 

produce a better soil structure (Eash et al., 1994).  Nehl et al. (1997) indicated 

that the root exudates can promote those microorganisms most suited to 

metabolising them, and thus select for the rhizobial microbial community.  



Chapter 3 Literature Review 

50 
 

Agricultural systems which preserve and enhance soil biota are needed to fit 

this new understanding of soil fertility, and this thesis is centred on exploring 

this theme.  In general, world-wide the emphasis on the investigation of 

transgenic technologies has reached the point where the farming systems 

(rather than the genetics of the crops grown) need investigation and comparison 

for their ecology and sustainability.  For example, canola growers have the 

choice of several technologies: (a) non-GM canola bred for tolerance to the 

multiple-application herbicide atrazine used with minimum tillage (b) GM canola 

resistant to herbicide glyphosate with no tillage or (c) canola tolerant of the long-

acting imidazolinone herbicide used with tillage.  Each system of agriculture has 

advantages and disadvantages with respect to soil damage, herbicide toxicity, 

crop production penalty, and the potential to damage soil biota.  It seems there 

is a need to consolidate the debate about the safety of GM and non-GM plants 

or cultivars to comparisons within differing systems of production.  It is true that 

relating chemical analytical values to crop performance is not always possible.  

However, what constitutes minimum acceptable values for a soil is related to 

soil type, the crop being grown in it, the expected climatic history, and the 

historical experience growing that crop in the chosen location (Peverill et al., 

2001:189).  Soil fertility, in the final analysis, is a plant-driven concept (Hall, 

2008).  Whatever systems are at work within the soil find their final expression 

in crop yield and quality. 

 

 

3.5 Summarizing plant-soil interactions 

Thus far the review of the existing literature shows that: 

 Soil science is a relatively young discipline involving interdisciplinary 

technologies centred on ecology, genetics, plant physiology, 

microbiology and biochemistry; 

 Plants interact with the rhizosphere and its microorganisms through root  

chemical signalling and exudation of products which derive a commensal 

relationship; 

 Modern food crops are distinctly different from their primitive relatives 

and this has come about by constant plant selection.  The new science of 

genetic engineering has introduced a new means by which genetic 
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transformation can be diversified from traditional plant breeding, so 

opposition to GM plants is perhaps not justified; 

 GM plants can alter the soil environment through their root exudates and 

residues; 

 Soil fertility is now recognized as a concept that embraces not only 

physical and chemical analyses, but in addition biological standards such 

as soil organic carbon (SOC) and organic matter (SOM) content and 

microbiological activity and diversity.  This discovery constitutes new 

understanding about what constitutes soil health, quality and fertility. 

 

 

3.6 Techniques used to measure biological factors in soil 

There exists a wide array of techniques approved by the International 

Standards Organisation (ISO) for measuring soil biota and their processes.  The 

issue of standardisation and consistency across scientific work has been 

reviewed by Philippot et al. (2012), where a list of ISO standards is given (p. 5), 

noting that the standards are voluntary and decided by committees over a 

period of several years before being adopted.  Similarly, Gabriel (2010) 

reviewed progress in measurement technologies.  Genomic techniques appear 

to provide improved accuracy and sensitivity for measurement of microbial 

populations, but many are yet to be listed in the ISO standards.  Table 3.1 

indicates the many techniques useful in gaining an understanding about how 

soil biota function. 

 

 

Table 3.1 Measurement techniques for soil microbiological communities 

Technique Description Limitations References 

Direct Plate 

Counts of 

microbes 

Soil suspension spread on 

thin agar slides for culture 

and counting; membrane 

filtration technique may 

improve accuracy for 

fungal counting. 

About 1% viable cells 

are recovered – thus a 

comparative technique 

suitable for defined 

cultivable species only. 

Parkinson and 

Coleman (1991) 



Chapter 3 Literature Review 

52 
 

Indirect 

Measures 

Population & biomass 

inferred from physical and 

chemical methods – 

chloroform fumigation and 

incubation kills organisms 

and CO2 thus generated is 

measured. 

A 10-20 day incubation 

period needed and 

results complicated by 

various assumptions 

about soil and its 

communities. 

Jenkinson and 

Powlson (1976) 

Chloroform 

Fumigation 

and 

Extraction 

A 48 hour comparative 

incubation of chloroform-

treated and control soils is 

made for comparisons of 

C,P,N, and S. 

Successful modelling 

comparisons made as 

long as pH not<4.0 

and organic matter 

(OM) content limited. 

Hedley and 

Stewart (1982); 

Ross and Sparling 

(1993) 

Substrate –

induced 

Respiration 

Comparative respiratory 

activities are measured 

after +/- glucose substrate, 

selective inhibition of 

bacteria with streptomycin, 

and fungi with 

cyclohexamide.  

Assumptions made 

regarding 

effectiveness of 

respective inhibiting 

compounds on the 

classes of 

microorganisms. 

Anderson and 

Domosch (1978); 

Parkinson and 

Coleman (1991); 

Wardle and Ghani 

(1995) 

Respiratory 

Quotients 

Oxygen uptake measured 

as CO2 production during 

specified time interval. 

Overall metabolic 

activity of the soil 

microbial community 

assessed. 

Anderson (1994) 

Carbon 14 

Techniques 

Microbial biomass 

measured through 

turnover rates for C14. 

Mainly experimental, 

less widely used 

Voroney et al. 

(1991) 

Enzymes 

assay 

techniques 

Substrate-specific enzyme 

activities related to roles of 

microorganisms. Artificial 

substrates often used in 

assessments. 

Wide selection of 

enzymes needed to 

get an overall picture 

of activity; enzymes of 

dead organisms 

contribute to results. 

Microbial biomass less 

Nannipieri (1994) 

Nannipieri et al. 

(2012) 
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sensitive than 

indicated by their 

enzyme activity 

analysis. 

Signature 

lipid 

biomarkers 

Polar lipids and steroids 

from cell walls act as 

signatures of community 

membership and biomass; 

ergosterol values measure 

fungal biomass. 

Some overlap of 

signatures between 

bacteria and fungi; 

accuracy and 

sensitivity depends on 

careful laboratory 

technique. 

Tunlid and White 

(1992); Eash et al. 

(1994) 

See Table 3.2 

below 

Extractible 

DNA and 

RNA 

techniques 

A wide variety of 

techniques involving 

genomics - 

Terminal restriction 

fragment length 

polymorphism (T-RFLP) 

Ribosomal 16S rRNA 

gene pyrosequencing 

Real time quantitative 

PCR and denaturing 

gradient gel 

electrophoresis. 

 

Biolog® phenotype 

microarrays.  

 

PicoGreen technique for 

measuring DNA 

concentration. 

Accuracy high, 

specificity high – 

expensive and 

complicated 

techniques requiring 

experience, large 

computing resources, 

and incorporating a 

degree of bias in 

results. Limitations 

given in detail by 

Prosser (2015). 

 

Limited species 

identification. 

 

Assays of  microbes:  

Cells ruptured by bead 

beating releasing DNA 

which is stained for 

fluoroscopic testing. 

Torsvik et al. 

(1994); 

 de Boer et al. 

(2010); 

Dohrmann et al. 

(2013); 

Lee et al. (2011) 

 

 

 

 

 

 

Commercial 

product. 

 

See Appendix 2; 

Petric et al. (2010) 
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The discovery by Frostegaard et al. (1993) that cell wall phospholipids of the 

various orders of microorganisms had unique biochemical signatures was a 

ground-breaking factor in understanding how microbial populations changed 

when alterations to the soil environment occurred.  For example, with GM crops 

it was possible to see if the presence or concentration of a specific order or 

genus changed, and whether after changing it was restored to its original state.  

The following table illustrates how some of these measures were assessed. 

 

Table 3.2 Microbial cell wall components and their significance 

 (Baath and Anderson, 2003; Joergensen and Wichern, 2008) 

 

Analytical parameter Formula Significance 

Bacterial: fungal ratio Total biomass of 11 

selected bacterial cell 

walls divided by the 

biomass of fungal cell 

walls. 

Changes in the ratio 

denote changes to the 

health of the microbial 

populations. 

Shifts in trans:cis ratios 

for 16:1ω7 and 16:1ω7t 

Ratio of biomass of both 

fatty acids. 

This ratio changes when 

the bacterial environment 

is stressed, e.g. with 

toxicity, elevated 

temperatures, starvation 

and dryness 

Shifts in concentrations 

for cy17:0 and cy19:0 

Biomass of each fatty 

acid. 

Concentrations increase 

under stressful soil 

conditions. 

Concentration of fungal 

cell wall fatty acid 

18:2ω6 

Formula is specific for 

soil fungi. 

Stress e.g. tillage 

damages fungal 

populations and this 

indicates ineffective 

decomposition. 
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Table 3.1 indicates that a progression in accuracy, specificity, and complexity 

has developed over time.  Often researchers will adopt several techniques to 

gain a comprehensive view of changes within the biota in order to add depth to 

their research.  ISO standard methods of analysis are desirable for accurate 

comparison of results across research institutions and also within them.  

Philippot (2012) noted that many experiments on soil biology use non-

standardised techniques.  Instead, techniques adapted to specific conditions 

facing the researchers are chosen, and results therefore need to be interpreted 

with care because of these choices.  Interpretation between research articles 

and across national boundaries may present challenges.  Pan et al. (2010) 

demonstrated variation between laboratories and even within laboratories for 

analyses of community structure of soil microorganisms when genomic 

techniques were employed.  Creamer et al. (2009) made comparisons between 

laboratories of soil respiration assessments and enzyme-linked assays, and the 

results indicated variation in conditions under which the assessments took 

place.  For example, measures of soil respiration activity assessed by CO2 

generation were acceptable provided pH of the medium was below 7.5, when 

absorption of the gas into soil moisture did not occur.  Likewise, this review 

called for standardisation of moisture content, pH and temperature if enzyme 

measures were employed in assessing microbial activity.  Techniques 

employing soil respiration and enzyme assessments provide broad measures of 

soil community activity and overall size of the pool of organisms and are 

therefore less specific, but are listed as ISO standards and have been reported 

extensively in the literature. 

 

Commentary on genomic techniques employing DNA/RNA genomic analyses is 

offered because this thesis does not employ these techniques.  Although such 

technology is the most sensitive and accurate, it expensive to employ, requires 

experience to interpret and to produce accurate results, and is subject to a 

degree of bias connected with several factors: the degree to which nucleic acids 

can be extracted from soil organisms; selectivity in the polymerase chain 

reaction (PCR) step; and contaminants from humic acids within the soil.  Large 

computing facilities are required because organisms can be identified to the 

species level, and it is known that there are millions of species of both bacteria 
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and fungi, many of which have never been named.  The focus is therefore on 

specific species within the community because extensive changes in the 

composition of that community may be overlooked in the detail produced in the 

analysis.  Petric et al. (2010) describes a standardised technique for DNA 

extraction consistent and reproducible across many laboratories in different 

countries.  This has been incorporated as ISO11063 into the standards. 

For assessment of microbes, the writer initially chose to employ the PLFA 

technique of analysing cell wall signatures of bacteria, fungi and protozoa 

(Tunlid and White, 1992; Eash et al., 1994).  This is listed as ISO Standard 

29843-2 and its utility as a technique reviewed favourably by Kaur et al. (2005).  

The technique allows a description of the diversity of members of the 

community and their biomass reflecting the living components of the 

microbiology.  In addition, how this structure and biomass change with stressors  

like increased temperature, lack of moisture and substrate, toxic inputs like 

pesticides, or heavy metals, and pH amendment, can offer information as to the 

sustainability of the agricultural system being employed in that farming 

enterprise.  This technique is discussed in greater detail in Chapter 4.  Although 

microbes are important contributors to the soil biological community, a full 

appreciation of the biology must take into account arthropods and earthworms 

as described in Section 3.8.  

 

 

3.7 Summarising technologies used to measure soil 

biological factors 

 

 There has been rapid evolution of measurement technologies from 

simple and indirect, to complex and direct in type; 

 ISO lists standardised techniques but many experiments depart from 

these standards because of unique reasons associated with the 

experimental programme involved; 

 For depth in assessments, many researchers employ more than one 

technique; 
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 The choice of technology is one involving a trade-off between accuracy, 

technical experience, practicality, and cost, but a valid assessment 

technique must be relevant and appropriate to the circumstances of the 

experiment; 

 Genomic measurement technologies, although complex and expensive, 

hold promise in the evolution of knowledge of how biological factors in 

soil interact with each other and their commensal plant roots; 

 Laboratory and greenhouse experiments must preferably be integrated 

with field observations before a complete understanding is gained.   

 

 

3.8 The “living soil” and its inhabitants 

Where farm management intervenes in the natural landscape to provide a 

suitable cropping environment, the potential exists for significant ecological 

disturbance.  Measuring the soil‘s characteristics as a sub-environment is 

therefore an important window on the environment, and the sustainability of the 

uses to which it is put.  Table 3.3 indicates that within the biological components 

of soil, there is a dynamic hierarchy of interdependent organisms giving soil its 

―living‖ component, often referred to as a soil ―web.‖  A cross-over of roles 

exists, and interactions between species may be positive, i.e., complementary 

and mutually assisting; or negative, i.e., competitive and predatory, thereby 

giving a degree of resilience to populations.  A detailed examination and 

enumeration of these living components indicates whether a soil is ecologically 

healthy (McDonald and Rodgers, 2010).  Sections 3.10.9 and 3.10.10 examine 

the literature connected with the comparative community structures of microbes, 

arthropods, and earthworms for the various systems of canola production.   

The relative contributions of the biomass of the various community groups are 

indicated for a prairie grass pasture in Figure 3.2 (Hunt et al., 1987).  Assuming 

that one of our main concerns with soil is its ability to support productive 

activities like forestry or agriculture, having an appreciation of the biota is just 

one plank of a wider knowledge needed to assess soil‘s fitness for purpose.  It 

is now recognized that healthy and productive soil needs sound characteristics 

for physical, chemical, and biological attributes for highly productive purposes 

(Gardiner and Miller 2001).  
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Table 3.3 Components and roles of biological constituents of soils 

 

 Living component                      Role in the soil food web 

Viruses Control bacterial populations 

Bacteria Recycle organic matter, commensals, pathogens 

Fungi Critical to plants, mutualists, decomposers, pathogens 

Protozoa Consume bacteria, nematodes, release N to the plant 

Nematodes Decomposers, recyclers, parasites, pathogens 

Collembella Speed decomposition, food for larger arthropods 

Mites Decomposers, feed on nematodes and fungi 

Larvae Life cycle stage of flies, beetles, moths, butterflies 

Centipedes Predators: presence indicates a healthy biota 

Symphyla Predators and decomposers 

Earthworms Soil aeration and residue decomposition 

Plants Roots bind soil, provide organic matter, secretions 

(Adapted from McDonald and Rodgers, 2010) 

 

 

3.9 Indirect effects of transgenic plants on the environment 

Any assessment of the effects of GM crops on the soil biology should examine 

the effects on each class of organism, as well as the indirect effects which might 

result were there a change in the makeup in the biodiversity of that community.  

It has emerged that the indirect effects of GM plants are proving to be of greater 

concern.  Much research effort has focussed on the effect of Bt in root exudates 

on the larvae of non-target insects in the root zone.  A review by Lundgren et al. 

(2009) indicated that, for a thorough understanding of the impact of insect-

resistant GM crops on the biological environment, account must be taken of 

how the absence of prey will affect natural predator and parasitic species of that 

prey.  Other engineered toxins also exist, as documented by de Leo et al. 

(2001) for the transgenic protein mustard trypsin inhibitor-2 (MTI-2).  This 

experimental transgenic crop caused death and delayed larval development of 

the Lepidoptera pest species Plutella xylostella.  As well, it appears that not all 

forms of the crystalline proteins produced by GMBt crops are potent with every 
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type of herbivorous parasite.  Bird and Akhurst (2005) showed that the 

concentration of Bt protein Cry1A varied in cotton depending on the age of the 

plant.  Concentrations at four weeks after germination were greater than at 15 

weeks.   

 

 

 

 

Mites 0.32 

Collembolas 0.464 

Other arthropods 3.04 

Protozoa 3.94 

      Nematodes 14.78 

                      Fungi 70 

                      Roots 300 

          Bacteria 304 

          Detritus 3000 

 

 

Figure 3.2: Soil biomass food web (Grass steppe: Nunn, CO, US (kg C Ha-1)) 

Adapted from Hunt et al. 1987, drawing not to scale 

 

Another review by Gatehouse et al. (2011) showed the complexity of 

interactions of the toxins with target herbivores, predators of herbivores 

(insignificant effects) and parasitoids of predators (some significant damage 

reported).  These authors cite four case studies where GM crops enhance the 

effects of integrated pest management and promote the effects of non-target 

insects in controlling herbivorous pest insects.   They also make the point that if 

comparisons are made as to acceptability of GM technology as a means of 

controlling pests, these comparisons must be made against effects of 

conventional pesticide technologies, not against so called organic agricultural 

technologies where no pesticides are used.  If negative effects are experienced, 

then they should be compared to the negative effects experienced under 

traditional pesticide regimes.  An interesting indirect effect of a GM crop has 

been documented in Northern China where the non-target pest of cotton 
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Apolygus lucorum (Meyer-Dur) has been noted to increase in its prevalence in 

both GM and non-GM cotton fields.  Investigations by Li et al. (2011B) indicated 

equivalent densities in transgenic and non-transgenic cotton fields.  Their 

explanation was that the decreased need to use pesticide as a result of the 

planting of GM cotton had allowed this pest to increase, whereas previously it 

had been controlled because of widespread pesticide application. 

 

 

3.10  Biological components and interactions with GM plants 

The biological entities in Table 3.2 are now discussed in detail.  Each section 

discusses the individual biological entity and its role in the soil web of life.  The 

findings of research on each entity interacting with GM plants and the 

significance of this research are discussed, and an opinion given as to whether 

positive, neutral, or adverse effects on biology of soil have been found.  To gain 

a better understanding of each of the classes of soil inhabitants and their roles 

in soil, it is helpful to state the mechanisms through which they interact with 

plant roots, and Section 3.10.1 introduces this aspect, then Sections 3.10.2 to 

3.10.10 describe each class of soil inhabitant, then critically review the literature 

related to their respective interactions with GM crops. 

 

3.10.1 Soil-plant interactions 

 

Transgenic plants excrete through root exudates organic substances, such as 

proteins, some of which may be toxic and others nutritional to the soil biome.  

These proteins bind with humic clay particles, organo-mineral complexes and 

organic matter and potentially accumulate in the bioactive form, since once 

bound they are less prone to bacterial degradation (Saxena et al. 2004).  In 

addition, animals which eat transgenic plants excrete the proteins in faeces, and 

plant residues also release them (Zwahlen, 2003).  Sun et al. (2007) measured 

the amount of Bt protein added to soil from decaying cotton plant tissue and 

indicated that its half-life was 56 days.  Hence if toxic exudates were to harm 

living organisms in the soil, the effect could be more than simply temporary.  
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Herbicide tolerance proteins are less important as toxins since they remain 

within the plant as enzymes (Icoz and Stotzky, 2008; Lundgren et al., 2009).   

The potential for transgenic crops to enhance the fertility and sustainability of 

soils can be understood by examining the role of flora and fauna in promoting 

absorption of nutrients by the plant.  The release of minerals to the plant 

depends on the presence of root exudates, bacteria, and fungi (Petric et al., 

2010).  Vesicular arbuscular mycorrhizae whose phosphatase enzyme systems 

can release P from chemically bound forms to the absorbable form 

(orthophosphate) allow absorption by diffusion of the orthophosphate to the 

roots.  Organic acids secreted by the roots (citric, malic, and oxalic) form 

complexes with P bound to iron (Fe), aluminium (Al), and calcium (Ca), and also 

release P for absorption.  A similar process occurs with trace elements.  There 

is also evidence that arbuscular mycorrhizae do not act alone in the release of 

absorbable P.  Antunes et al. (2007) propose that a symbiotic relationship of 

arbuscular mycorrhizal fungi with soil bacteria is an essential factor in allowing 

this system to function effectively, and that the solubilizing secretions are 

associated with the bacteria.  They also propose that the nature of fungi is such 

that a larger volume of soil is tapped, and that this also contributes to P 

availability.  Hence, if damage occurs to flora and fauna from transgenic plants, 

it would be expected that profound changes would be expressed in plant 

viability.  A chemical analysis alone can therefore be a guide to fertility, but in its 

own right is insufficient for a full appreciation of the growing environment for the 

plant or crop. 

 

Recent discoveries by Lundberg et al. (2012) and Bulgarelli et al. (2012), using 

the genomic techniques of 16S ribosomal RNA gene pyrosequencing in 

Arabinopsis, have shown that the rhizosphere contains microorganisms (in 

particular bacteria) which are important to the plant‘s survival.  The root 

secretions are controlled by the plant‘s genes, and the immune system selects 

those organisms (commensals and mutualists) which benefit the plant by 

contributing to growth and environmental adaptation.  The orders of bacteria 

found to be present in the rhizosphere also contribute nutrients and 

phytohormones allowing for phytoremediation and carbon sequestration.  These 

orders are distinct from those in the surrounding soil.  In addition, Lundberg et 
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al. (2012) found that a limited class of bacteria and fungi designated as 

endophytes invade the root cells, promote immune response in the root, and 

this limits the number and type of microorganism in that location.  Pathogens 

are believed to be controlled by this mechanism.  Soil type was found to 

strongly influence the endophyte species and other species present in the 

rhizosphere.  The species present appeared to be consistent across every 

growth stage of the plant and soil type, therefore being under control of the 

plant‘s genetics.  Hence there is now strong evidence that the genetics of the 

species under consideration influences the microbiology of the soil, and this 

therefore links with the aims and objectives of this thesis where four different 

genotypes of the one species (canola) are tested for the presence of differing 

effects on the soil biome. 

 

 

3.10.2  Viruses 

Most knowledge of soil viruses comes from pathogens, of which there are 

many.  For example, the wheat mosaic virus appears to persist in damp or 

poorly drained areas of fields where its protozoan vector Polymyxa graminis can 

more easily survive.  How viruses interact with GM plants is basically unknown.  

Most of the literature concerning soil viruses relates to GM plants which have 

been designed to resist pathogenic soil viruses.  The majority of viruses are 

phages associated with the soil bacteria and are more numerous where plentiful 

bacterial populations exist (Fierer et al., 2007).  This is often associated with 

abundant soil organic matter.  Bacteria can counteract their influences by 

secreting proteolytic enzymes to degrade viral capsids (Hurst et al., 1988).  In 

aquatic microbiology, a vast array of viruses exists whose main significance is 

their brake on the growth of bacterial populations through infection (Hwang and 

Cho, 2002), and their role in soil appears to be a similar one. GM plants will be 

designed to counteract the effects of viral pathogens. 

 

 

3.10.3  Bacteria 

Secretions from plant roots serve as a source of nutrients which attract bacteria 

to the rhizosphere.  Bacteria respond positively with phytohormones (plant 
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growth promoters), anti-pathogen factors (antibiotics), and protective biofilms 

(Bais et al., 2006), but can also respond negatively with anti-plant factors, the 

phenomenon known as allelopathy (Kremer, 2006).  Bacterial populations have 

roles in decomposing organic matter and releasing nutrients from this process 

by mineralising nutrients and allowing cycling of nutrients to the plant, 

detoxifying contaminants such as herbicides, and acting as barriers to plant 

pathogens.  Most studies (Table 3.4) have found no effects from the influence of 

GM plants on soil bacterial populations.  Where effects were demonstrated, 

these were minor.  The validity of the method of assessment is important in any 

conclusions drawn (Cheeke, 2011).  Investigation protocols designed to identify 

variation must be sufficiently sensitive. 

 

Table 3.4 Effect of GM plant exudates and residues on bacterial populations 

Representative Favourable Findings 

References Method of 

examination 

Findings 

Shen et al. 

(2006) 

 

Sun et al. 

(2007) 

Enzymatic 

assessments and 

BIOLOG technique. 

Enzymatic 

assessments. 

No effective difference between Bt cotton and 

non-Bt cotton on enzymatic activities or 

community makeup. 

Bacterial enzyme activities stimulated by GM 

plants. Half-life of Bt toxin 56 days. 

Sarkar et 

al. (2009) 

PCR denaturing 

gradient gel 

electrophoresis 

(PCR-DGGE). 

In a sub-tropical environment, no statistically 

significant effects found. 

İnceoğlu et 

al. (2012) 

16S ribosomal RNA 

gene-based PCR-

DGGE; microbial 

communities were 

extracted and 

analysed in 

phenotype arrays, 

focusing on 

Most variation was explained by soil type, with 

small variations occurring between cultivars 

and between soil in the root zone, or the zone 

below roots. 
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metabolism of C, S 

and P sources. 

Chen et al. 

(2012) 

Traditional plate 

counting and 16S 

ribosomal RNA 

gene-based PCR 

denaturing gradient 

gel electrophoresis. 

No significant differences in structure or 

populations; noted an increase in soil bacterial 

populations during cotton reproductive phase. 

Fliesbach 

et al. 

(2012) 

Chloroform 

fumigation-extraction 

and basal CO2 

respiration. 

 

Soil bacterial populations and biomass for 10 

varieties of GM and non-GM isogenic maize 

cultivars over two growing seasons - no 

significant differences in populations between 

the two lines of plants. 

Jin et al. 

 (2012).   

BIOLOG technique. Examined effects of ―phosphorus efficient‖ 

transgenic soybean and its non- transgenic 

equivalent on soil microbial communities; found 

no significant differences in community 

populations or structure. 

Castaldini 

(2005) 

Culturing 

techniques; soil 

respiration 

techniques; 

PCR-DGGE of 16S 

rRNA. 

Differences in bacteria cultured from Bt-

amended glasshouse soil compared to non-Bt 

amended soil; decreased soil respiration in the 

Bt soil. 

Wei et al. 

(2007) 

Culturing techniques 

and enzymatic 

assessments. 

GM virus-resistant papayas showed more 

colony forming units of bacteria, actinomycetes, 

and fungi; alteration in enzyme activity levels 

associated with these cultured organisms: GM-

related cultures had elevated arylsulfates, 

alkaline phosphatises, invertase, and 

phosphodiesterases.  Several enzymes activity 

levels were decreased: proteases, polyphenyl 

oxidases, and urease.   
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Fang et al. 

(2007) 

PCR-DGGE and 

BIOLOG techniques. 

Bt maize residues altered the soil bacterial 

community composition and this was linked to 

higher lignin residues in the Bt leaves. 

 

The initial concern generated by the introduction of GM crops into world 

agriculture stimulated examination of effects of root exudates on community 

structure as well as on microbial populations.  Laboratory-based findings of 

Donegan et al. (1995) and Castaldini (2005) have been extended to field 

observations of Icoz et al. (2008) and Li et al. (2011A).  Techniques using 

genomics and fatty acid signature profiles of cell walls of community members 

have added specificity and accuracy to experimental observations and have 

generally failed to demonstrate adverse effects.  It is also notable that trends 

towards experimental observations in field sites are now more common.  These 

trials may be lengthy and therefore expensive but moving away from 

laboratories and glasshouses to field situations over longer time spans creates 

greater confidence in applicability of results. 

 

The above references indicate either nil or relatively minor effects on bacterial 

populations from GM root exudates and residues.  Calculation of ratios and 

assessing biochemical changes as provided in Table 3.2 would give greater 

depth to all these studies, and this is what was initially proposed in the 

experimental programme.  Horizontal gene transfer of novel genetic material to 

soil pathogens has been an issue of concern (Ho, 2001) and investigations in 

this topic are discussed in Chapter 3.10.4.  In addition, complete assessment of 

effects on microbes also needs to take into account fungi, and this is given in 

Chapter 3.10.5.  

  

 

3.10.4  Horizontal gene transfer 

One concern about the interaction of soil bacteria and GM plants is that 

pathogens might acquire novel DNA associated with bacterial resistance to 

antibiotics through horizontal gene transfer (Nielsen et al., 2000).  This would 

have important implications for medical and veterinary sciences, and public 

health policy generally.  Many GM crops use a neomycin phosphotransferase 
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gene as the selection gene encoding an enzyme that inactivates kanamycin.  If 

this happened with a soil mammalian pathogen, then some authors (Ho, 2001) 

claim it can potentially result in antibiotic resistance.  Demaneche (2008) 

investigated the ability of GM plants with genes encoding ampicillin-resistance 

to transfer this resistance to soil bacteria.  It was discovered that the soil 

bacteria already had a wide variety of antibiotic resistance owing to 

polymorphism of the genetic coding for this trait.  Examining the degree of 

resistance between soil bacteria in fields which had supported either GM or 

non-GM corn crops for a 10 year period, no differences in antibiotic resistance 

patterns were observed between the two fields, even though bacterial 

populations were different.  This is understandable, since bacteria survive 

competition by secreting substances which resist the secretions of other 

competing bacteria designed to kill them, a specific survival mechanism 

preventing damage from other strains.  This is the fundamental mechanism by 

which antibiotic drug isolation and purification developed.  An accumulation of 

transgenic DNA from plant roots does not influence the amount of antibiotic 

resistance in soil bacteria.  So although transfer events do happen, these 

appear to be at a low level and do not persist because those bacteria acquiring 

the trait may have no specific competitive advantage over other bacteria.   

Transformation appears to occur at very low frequency (Chi-Cho et al., 2007) 

and persistence appears to depend on soil type (clays adsorb both DNA and 

nucleases more effectively), climate, microbial populations, and ambient 

temperature (Demaneche et al., 2001).   

 

Demaneche et al. (2008) assert: 

 

―Our data are sufficiently informative to conclude that the risk that 

antibiotic resistant genes in GM plants can pose to commensal  

and clinical bacteria should be considered as almost nil. This risk  

has to be neglected not because these genes cannot be transferred  

but because the plethora of genes already present in soil bacteria  

and the constant evolution to which they are subjected limit the  

impact that a newly acquired, yet identical, gene from a plant can  

have. (Demaneche et al., 2008).‖ 
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Investigation protocols designed to identify this phenomenon must be 

sufficiently sensitive to define it.  DNA is more closely adsorbed by clays and 

humic materials (Blum et al., 1997).  Therefore, it is less exposed to enzymatic 

hydrolysis by microbes in those soils by conversion to acid-soluble degradation 

products.  DNA can leach from soils into groundwater, although concentrations 

are very small (Gulden et al., 2005).  The issue of horizontal gene transfer had 

the potential to neutralise the usefulness of GM crops if it could be proven that 

adverse effects were of importance.  The research findings referred to above 

should provide confidence in this aspect of GM technology.  Another class of 

organisms (fungi) are considered to be important in microbe-plant-soil 

interactions, and this aspect is discussed in Section 3.10.5. 

 

 

3.10.5  Fungi 

Soil fungi have a role as symbiotic organisms, decomposers and nutrient 

recyclers from organic matter, as well as pathogenic roles as saprophytes and 

parasites.  The decomposer role is vital to soil fertility through breakdown of 

lignin and cellulose residues.  Hannula et al. (2012) in a 3 year study found that 

plant growth stage, together with season and field site, influenced soil fungal 

communities significantly more than cultivar and trait (GM or non-GM).  Duc et 

al. (2011), researching the effects of an anti-fungal GM wheat variety on 

decomposition dynamics and soil fauna, failed to find any significant differences 

between GM and non-GM cultivars; however conventional wheat varieties 

showed significant variation connected with sample date and location.  

Endomycorrhizal fungi are obligate mutualists, supplying the plant with moisture 

and nutrients from a far greater volume of soil than can be reached by the roots.  

The hyphae of endomycorrhizal fungi enter the cells of the plant‘s roots. 

(Coleman and Crossley, 2004:27).  In the case of P, acid phosphatase enzymes 

released by the hyphae allow demineralisation of the P in organic matter, with 

subsequent absorption for conveying to the plant.  The other classification of 

fungi, the ectomycorrhiza, form a mantle of cells around plant roots and their 

hyphae extend out into the soil for several metres, gathering N, P and moisture 

to convey to the roots.  The implications of this discovery are important, 
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because it means that science now has a deeper appreciation of soil fertility.  It 

could be said this discovery, and the role played by other microorganisms leads 

to a new paradigm in understandings about soil fertility.  It implies that damage 

to the microorganisms, and their co-commensals, limits soil health and fertility.  

Therefore, it is important to examine the literature as to what can damage soil 

fungi and other root commensals (Table 3.5).  Liu (2010) has suggested that the 

endomyccorrhiza class known as Arbuscular Mycorrhiza (AMF) represent the 

most sensitive of the microorganisms and could be regarded as sentinel 

organisms for microbiological processes within soil.  Bt toxin did inhibit some 

decomposition processes under laboratory conditions (Bunemann et al., 2006).  

Lundberg et al. (2012) noted that AMF did not colonize Brassicae roots well, 

and therefore the results of this thesis which employs canola (a Brassica 

species) may not be influenced by AMF. 

 

Table 3.5 Interaction between GM crops and soil fungi 

 

References Findings 

Flores et al. 

(2005) 

CO2 generation and culturing bacteria and fungi – no 

significant differences in bacteria, fungi, protozoa or 

nematodes but a variety of Bt crops were slower to decay 

owing to more lignin content. 

de Boer et al. 

(2010) and 

Hannula et al. 

(2012) 

T-RFLP and enzymology (laccases, Mn-peroxidases, and 

cellulases) used to study soil community composition of GM 

and non-GM potato cultivars.  Transient and minor 

differences were present, but soil, climate, plant growth stage, 

cultivar, and farm management more influential than plant 

genetics. 

Lee et al. 

(2011) 

T-RFLP and real-time quantitative PCR used to measure 

community structure in rice. Plant growth stage and 

agronomic factors more influential than plant genetics where 

no significant differences found. 

Tan (2011) PCR-DGGE and 18S rDNS amplified sequencing showed 

non-significant but positive enhancement from GM corn roots 
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in colonisation of AMF compared to non-GM isolines. 

Cheeke (2011) Mycorrhiza did not effectively colonise roots in GM plants 

whose soil nitrogen concentrations were low, implying root 

exudates of a poorly nourished plant were not able to assist 

the symbiotic effect of the mycorrhiza.  

Jin et al. 

(2012) 

Examined a ―phosphorus efficient‖ transgenic soybean 

expressing phytase enzyme through its root exudates and did 

not find significant differences in community populations or 

structure. Phytase enzyme does not damage soil microbial 

populations. 

 

Because of the important role Arbuscular Mycorrhiza and Rhizobia play in plant 

viability, investigations into systems employing GM herbicide-resistant soybean 

have shown variable results linked not to the genetic modification but instead to 

the herbicide application which is the direct effect of using that GM cultivar.  

Busse et al. (2001) detected toxic effects on soil fungi of glyphosate herbicide in 

growth media, but not in farm soil.  King et al. (2001) demonstrated direct 

antagonism of glyphosate on Bradyrhizobium japonicum, a symbiotic rhizobial 

fungus species, in potting media expressed as delayed N fixation leading to 

depressed N accumulation in soybean.  This effect was dependent on soil 

moisture availability and the concentration of the applied glyphosate.  Hence, 

considerations of the impact of GM cultivars on soil fungi must also address the 

system of agriculture employing that cultivar.  The effect of an herbicide 

resistant GM cultivar on soil biology implies that the effect of the herbicide used 

in association with that cultivar should be taken into account.  This theme is 

further developed in Section 3.11. 

 

The literature reports there is an optimal ratio for biomass of fungi to bacteria.  

Biomass of fungi is derived from cell walls exhibiting a phospholipid formula of 

18:26.  By convention, eleven bacteria contribute to the bacterial biomass for 

calculation of the ratio. 
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3.10.6  Protozoa 

These unicellular organisms have a role in consuming bacteria, some fungi, 

algae, other protozoa, and nematodes, and then recycling the nutrients for plant 

absorption or for use by other microorganisms.  The results of studies 

examining the impact of Bt proteins on protozoa are inconsistent, possibly as a 

result of the varying environmental conditions under which experiments were 

conducted.  Protozoa appear to be more sensitive to dryness, compaction 

(hypoxia), and tillage than other classes of microorganism.  In general, minimal 

changes were observed (Saxena and Stotzky, 2001; Icoz et al., 2008).  Neidig 

(2010) investigated the interactions of soil protozoa and nematodes as 

microfauna predators in soil competing for the same food resource (bacteria) 

showing that inhibition of competitors enhances food acquisition and fitness for 

the specific predator species.  Using a bacteria-free gnotobiotic system, 

investigations of chemical based interference between the nematode 

Caenorhabditis elegans and the amoeba Acanthamoeba castellanii were 

examined.   The exoproducts excreted by amoebae exhibited strong 

nematostatic and repellent activity against this species. However, the activity of 

protozoal proteases and glycosidases, two enzymes playing an important role in 

the toxicity of A. castellanii was reduced by the nematodes.  These nematode 

exoproducts also caused a reduction in growth and an increase in encystation 

by the amoebae.  Hence it appears that both protozoa and nematodes inhibit 

each other.  As well, nematodes are able to counteract attack by competing 

protozoa. The structure of predator communities in soil and these non-trophic 

interactions must therefore be taken into account when assessing the impact of 

GM root exudates on protozoa.  Griffith et al. (2006), in an extensive series of 

experiments with differing soils, genotypes of corn, and herbicide application, 

indicated that protozoal biomass was affected by the use of the herbicide Basta 

(glufosinate ammonium) used with the GM herbicide tolerant corn variety.  The 

herbicide application also changed the soil respiration measurement.  Here 

again is evidence that changes in microbiology are possible with the use of a 

GM crop, but it is the system under which the crop is being grown that initiates 

the changes.  Microbial community structure and how it changes in relation to 

plant genetics phase of growth and manipulation of the growing environment 

(herbicide application and tillage effects) is thus a matter of complexity. 
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3.10.7  Nematodes 

Most soils contain high population numbers and a wide array of nematode 

species whose roles vary.  Amongst the many roles of nematodes are 

decomposition, as well as parasitism of bacteria, fungi, protozoa and other 

nematodes and plants (Coleman and Crossley, 2004).  The ingestion of 

bacteria and fungi allows mineralisation of the nutrients plants need in a form 

that can be absorbed by roots.  Observations of nematode populations and 

diversity (Table 3.6) present a good opportunity to assess soil health:  In 

general, their numbers appear relatively stable under climatic shifts like 

temperature and moisture (Icoz and Stotzky, 2008), whereas bacterial 

populations fluctuate more rapidly.  The conclusion reached by Griffith et al. 

(2005) was that the context in which the crop is grown has more potential to 

affect soil biota than whether the crop is GM or non-GM, and this message 

appears consistently throughout this literature review.  These scientists used 

more than one non-GM cultivar as a comparison with the GM cultivars, thereby 

emphasising the importance of depth of comparisons with plant cultivars in 

establishing the natural degree of variation with soil biota.   

 

Table 3.6 Impact of transgenic root exudates and residues on nematodes 

 

References Findings 

Wei (2003)  

  

Cry1Ab toxin affects carbohydrate receptors in intestinal cells of 

the nematodes, in a similar way to insect larvae, damaging 

nutrition, and therefore growth and reproduction. 

Griffiths et 

al. (2005) 

 

In comparing GMBt and non-GMBt corn in 3 field sites, one of the 

sites had fewer nematodes.  This decrease was caused by 

variation in tillage type, seasonal effects of soil moisture, cultivar 

and crop type. 

Griffiths et 

al. (2006) 

Compared effects of Bt maize with non-Bt maize on nematode 

and protozoa population density in both greenhouse and field 

situations.  Significantly greater populations found in greenhouse 

soils; yet at 3 field sites, nematode and protozoa populations 

declined transiently before recovering.  Under controlled 
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greenhouse conditions, different results may be obtained than in 

field situations where climatic and soil variations are not 

controllable. 

Lang 

(2006) 

Nematode populations and community structures indicate 

inconsistency of responses in field and laboratory trials to Bt 

proteins.  Evidence of depressed growth, reproduction and egg 

numbers in C.elegans, yet no effects on Pratyllenchus sp.  

C.elegans appears to be one of the few nematodes sensitive to 

Bt proteins. 

Hoess et 

al. (2008) 

A dose-related effect of the Cry1Ab protein from transgenic 

maize occurs.  Typical soil samples could not be assigned as 

inhibitory to C. elegans, but at high concentrations of the toxin in 

laboratory assays both growth and reproduction are affected 

negatively. 

Hoess et 

al. (2011) 

Compared Bt Protein Cry3Bb1 on nematode populations and 

community structure in field plots containing transgenic maize 

event Mon88017 and a non-transgenic isoline.  A dose-

dependent effect was found, but significant differences were 

found only when the concentration of the Bt proteins reached 

toxic levels. 

 

Summarising the effects, it seems that the concentration of the toxin is 

important, as is the species of nematode and climatic and soil conditions under 

which the observations are made. 

 

 

3.10.8  Microarthropods 

Collembolans (mites), isopods (woodlice and pillbugs) and springtails are 

important microarthropods in soils where they maintain soil fertility through the 

decomposition and recycling of organic matter such as crop residues (Table 

2.6).  All well-managed soils should show abundant populations in both root 

zone and on the soil surface (Icoz and Stotzky 2008).  In this way they act as 

indicator organisms for soil fertility.  
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Table 3.7 Impact of Bt Cry proteins on microarthropods 

 

References Organism and 

experiment 

Outcome 

Clark and Coats 

(2006) 

Bt maize leaves 

(Cry1Ab) fed to 

Folsomia candida. 

Survival and reproduction 

same as with non-Bt plants. 

Sims and Martin 

(1997) 

4 purified Bt toxins fed 

to F.candida and 

Xenylla grisea (200ug 

g-1) 21 days. 

Survival and reproduction 

unchanged. 

US EPA (2001) Bt maize and cotton 

with Cry1A toxins (F. 

candida). 

No toxicity observed. 

 

Bakonyi et al. (2006) Bt maize fed to F. 

candida, Heteromurus 

nitidus and Sinella 

coeca. 

F. candida preferred non-Bt 

food; the others were 

indifferent to the food type. 

Heckmann et al. 

(2006) 

Ground roots of Bt 

maize fed to 

Protaphorura armata. 

No significant difference 

compared to non-Bt maize. 

 

Griffiths et al. (2006) in laboratory experiments with Bt-maize, indicated that 

mite numbers increase, and that collembolans decreased.  Despite their closer 

relation to insects targeted by Bt proteins, this group of soil insects seems 

resistant to any effects of GM root exudate products.   Powell et al. (2009), in an 

extensive series of field observations comparing GM and non-GM varieties of 

maize and soybean, showed that populations of all soil community members 

were resilient to changes in the soil environment caused by herbicide 

application or genotype of the crop.  There appeared to be inconsistent effects 

with both herbicide and cultivar on litter decomposition and species biomass 

over a three year observation period. 
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3.10.9  Macroarthropods 

Macroarthropods have a primary role in soil as decomposers and fragmenters 

of decaying organic matter.  Using the woodlouse Porcellio scaber as an 

experimental model, in both laboratory experiments and field observations with 

GM corn expressing Cry Bt proteins, Pont and Nentwig (2005) demonstrated no 

significant differences in mortality, number of offspring, food preference and 

survival for this species.  The Cry proteins were found in the body and the 

faeces indicating that the Bt corn was ingested, but excreted.  Larvae grew 

faster on the non-Bt corn, but adults reversed this trend when Bt corn was used 

as a substrate.  The experimenters commented that differences were probably 

due to higher nutritional quality of the Bt corn.  This effect was also observed by 

Escher et al. (2000), where larvae of the isopod Porcellio scaber had a higher 

survival rate on GM maize with Cry1Ab proteins than on the non-Bt isoline 

maize.  Adults also demonstrated faster weight gains, and the GM maize 

residues decayed more quickly.  The authors concluded that the effect was 

related to Bt maize having more fructose and soluble carbohydrate than the 

isoline.  Therefore in such experiments, the actual nutritional quality of the 

substrate may influence outcomes and must be taken into account.  Griffiths et 

al. (2007), in observations on soil biota at three European sites over four 

seasons with Bt maize, non-Bt isolines, and HT lines, stated that Bt-maize had 

no effects on soil microfauna and microorganisms greater than seasonal, soil, 

tillage, cultivar and crop type (maize or grass) effects.  Priestly and Brownbridge 

(2009) failed to find any significant influence of Bt maize silage expressing 

Cry1Ab toxin on non-target soil Carabid beetles and Collembola. 

 

Concerns about the the development of insect resistance have been confined to 

non-soil situations.  The strategy of planting non-Bt crops adjacent to the GM Bt 

crop enables mating of susceptible individuals to any survivors from the GM Bt 

crop, and a presumed susceptibility of the offspring of such matings to Bt toxins 

in the plant tissue.  This high dose/refuge strategy appears to be effective in 

controlling pests thought to threaten the effectiveness of Bt protection (Huang et 

al., 2007). 
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3.10.10 Earthworms 

Earthworms can be classified according to position and role within the soil 

profile, but for practical purposes, those that inhabit the root zone are species of 

interest, having the greatest impact on soil ecology and responding faster to 

changing conditions (Hall, 2008).  They carry out identical functions of 

tunnelling, bringing decaying organic matter into the root zone, aerating soil, 

and leaving organic cast material behind.  This effectively binds soils, drawing 

organic debris down into the soil profile for incorporation as organic matter.  

They have been referred to as ―ecosystem engineers‖ of the soil (Jones et al., 

1994).  Their presence is (not surprisingly) promoted by adequate OM – their 

food as major decomposers.  Other factors promoting earthworm populations 

are a neutral pH, adequate soil moisture, temperature, and oxygen supply 

(Table 3.7).  They are therefore indicative of adequate pore spaces between 

granules, of water trapped in pores between solid elements, and of conditions 

favouring plant growth.  Testing a wider number of species gives depth to the 

results, because, as Schraeder et al. (2008) have pointed out, earthworm 

species may degrade Bt toxin in different ways.  Lumbricus terrestris is a 

decomposer or detritivore, whereas Aporrectodea caliginosa is geophagus in its 

feeding habits.  It would therefore be expected that the former would have more 

toxin in its body than the latter where the toxin would be concentrated in the 

casts or faeces.  Other authors believe that worm biomass, rather than worm 

numbers, or species differentiation and count, provides a more consistent view 

of the contribution worms make to an ecological assessment (Paoletti, 1999).  

Paoletti and Pimentel (1996), who researched earthworms extensively in Italian 

farming systems, indicate that counting worm numbers and differentiating 

species adds no further information to assessments than simply measuring 

biomass.  The trends in all three measures are similar.  Doube and Schmidt 

(1997) claim that great variability can be present in pastures of up to 100 fold in 

worm populations.  These authors suggest that using worms as a sole indicator 

of soil health is simply too strict a demand being placed on such a variable 

biological factor, when the health of a soil depends on many other factors as 

well. 
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Table 3.8 Influences on earthworms from GM exudates and residues 

References Findings 

Laverack (1963); 

Neuhauser et al. 

(1978) 

The gut of the earthworm has a pH of 6-7. This protects 

them from any toxicity associated with the toxin of GM Bt 

plants. 

Birch et al. (2007) For Bt toxin to be activated, it needs a pH of 10 (possible 

within the insect gut). 

O‘Callaghan (2008) Bt–derived proteins are not harmful to worms when 

plants containing Bt DNA decay within soils. 

Icoz and Stozky 

(2008) 

No impact of Bt proteins on earthworm presence in soils. 

Schraeder (2008) Earthworms are in effect decontaminating the soil of Bt 

proteins. 

Shu et al. (2011) Field experiments over 4 years with 4 species of 

earthworms, comparing the effects of GM corn and non-

GM corn.  No significant differences were found in 

earthworm biomass in the 4 species. 

 

The above review indicates few instances where adverse interactions occur 

between GM crops and the biological components of soils.  Where conflict 

exists between favourable and unfavourable observations, the possibility of 

differing soils, plant cultivars and their protein exudates, and techniques of 

analysis is possible (Icoz et al., 2008).  Research in laboratories and green 

houses can provide the basic data because of effective control of the 

experimental environment.  With field experiments, soil, climatic and other 

variation caused by tillage practices, fertiliser use, and herbicide application 

may alter the results.  These parallel technologies are part of the process of 

growing the crop, and separation of their interactions with the GM crop and its 

soil inhabitants is more complex. 
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3.11 Summarising effect of GM crops on the living web within the soil 

 A wide variety of technologies were used to make comparisons; 

 The only evidence linking GM plants with adverse environmental effect in 

the soil was reduced reproduction and altered growth in one nematode 

species, associated with Bt toxin; 

 Any changes detected in field experiments were minimal and 

inconsistent compared with changes caused by soil type, crop stage of 

growth, climatic effects, and use of pesticides; 

 There is insufficient evidence that horizontal gene transfer of GM-DNA to 

soil bacteria could be a significant public health threat. 

 

 

3.12 Technologies used in growing GM crops and their effects 

In agricultural systems of production, examination of the plant genetics without 

reference to the technology employed to grow the crop would provide an 

incomplete view in assessing the effect on the environment (Powell et al., 

2009).  As Griffiths et al. (2007) explain, the choice of cultivar implies a system 

with which to grow it, and this system includes use of pesticides and choice of 

tillage technique.  The technologies associated with growing GM crops (Figure 

3.3) have indirect impacts on soil biota (Wang et al., 2011).  Each of the effects 

of ploughing (tillage), fertiliser use, and herbicide use is considered in turn. 
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Figure 3.3: A snapshot of what influences soil biology 

 

 

3.12.1  Ploughing and tillage effects 

GM crops with herbicide tolerance were (in part) developed so minimal 

disturbance to the soil could occur.  The practice of no-till (NT) or minimal till 

(MT) farming has several environmental advantages: the preservation of OM 

and moisture; minimising loss of soil carbon by exposing OM to oxidative 

processes; less damage to soil flora and fauna by exposure to drying effects of 

heat, sunlight, and air movement; and long term improvement in soil structure 

(Gupta, 1994; Longstaff et al., 1999).  Bhattacharya et al. (2010) found that for 

each tonne of carbon produced per Ha as a crop, soil organic carbon increased 

by 19% per year.  Forests appear to be more effective in doing this than crops 

or rangelands.  Studies by Yeates et al. (1999) showed that soil faunal 

populations are disturbed by changes to the way soil is farmed, and stability 

may not occur for several years before equilibrium is reached.  Holland (2004) 

found that reduced tillage stimulated the populations of microorganisms, macro- 
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and meso-fauna.  A more favourable environment appeared to be created 

because of conservation of water-filled spaces and water films within the soil, 

acting as an indirect method of promoting flora and fauna.  Conventional tillage 

(CT) damages populations of larger fauna such as earthworms (physical 

damage and exposure to predation by birds) and beetles (ultraviolet light 

exposure).  An earlier review by Wardle (1995) also demonstrated this, whereas 

most other community groups sustained minimal damage, or a slight increase.  

Greenslade et al. (2010) found more ants and Collembola in NT soils in wheat 

fields.  NT farming systems are not always appropriate to certain soil types and 

climatic regions, and can disadvantage certain crops, as Kirkegaard et al. 

(2001) and Simpfendorfer et al. (2002) have shown.  A variation to NT farming 

is now emerging – ―strategic tillage‖ in NT systems (Dash et al., 2013) where 

crusting of soils, crop-residue pest issues, and herbicide resistant weeds 

mandate one-off tillage as useful while still maintaining the advantages of the 

NT system. 

 

 

3.12.2  Fertilisation and soil amendments  

Farmers have long recognized that cropping is a mining activity, extracting 

elements from the soil which must eventually be replaced, so a ―steady-state‖ 

balance of inputs (fertiliser, decomposition of residues) and outputs (crop 

removal) is aimed for.  Soil chemical analysis attempts to optimize the 

concentrations and availability of plant nutrients.  Drinkwater and Snapp (2007) 

describe how intensive agriculture has shifted the composition of biological 

communities from the natural evolved state into a state dependent on human 

inputs, including fertilisers.  The requirements for plant growth will vary 

according to each crop or species, but a healthy soil will have minimal values 

for each of the chemical attributes.  The balance of certain elements contributes 

to soil health.  Soil health, in the final analysis, is reflected in the productivity of 

the plant. 

 

The influence of pH on soil health is profound (Peverill et al., 2001; Hall, 2008).  

It has long been understood that the availability of chemical elements to the 

plant is dependent on the balance of acidity and alkalinity (Figure 3.4).  
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Extremes of pH lock up essential elements and slow or stop growth, or initiate 

toxicity effects.  A near-neutral soil environment is more favourable for 

microbiological activity which releases plant nutrients (Coleman and Crossley, 

2004; Hall, 2008). Most soil bacteria and fungi prefer a pH range of 5 to 8, since 

outside this range most plants are unable to secrete adequate organic C as 

substrate for the microorganisms in commensal relations with the roots 

(Killham, 1994).  Changes in pH of soil initiate changes in the community 

structure and biomass of the microorganisms (Pennanen, 2001).  Beneficial 

effects of soil microorganisms are optimised by creating an environment more 

suitable to their metabolism.  The pH, nutritional and moisture status of the soil 

are important elements in this respect (Fageria and Baligar, 2008).  GM crops 

offer the potential to deal with adverse soil environments constrained by issues 

such as acidity, low fertility, salinity and sodicity.  Because soil fertility 

encompasses so many variations, holding the fertility of the soil constant during 

the glasshouse phase of the experiment by using the same soil allows for 

adequate experimental control of this complex variable. 

 

 

Relative availability of each element 

Figure 3.4: Effect of soil pH on availability of various elements, after Hall 

(2008:89). 
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As an example, Munns and Tester (2008), researching the sodium transport 

systems within plants for adaptation to an increased concentration of Na+ ions 

in the root zone, found that root cells both absorb and excrete sodium ions 

through complex cellular transport systems, as well as gather absorbed sodium 

from the fluid transport systems within the plant and then excrete it via the roots.  

By genetically engineering plants to over-express a specific excretion pathway, 

it is possible to protect the plant (especially the shoot which is the most 

susceptible part of the plant) from damage and death (Moeller and Wang, 

2009).  The more understanding plant physiologists have of the metabolics of 

the particular species, the more closely targeted the genetic modification can 

be, and the greater likelihood of success.  Brassica lupus (canola) was 

specifically bred to minimize a toxic material, glucosinolate, which accumulates 

when highly specific fungal and bacterial species mobilise S from decaying 

organic matter and the plant accumulates more S than it requires for growth 

(Paul and Clark, 1996:307). 

 

 

3.12.3  Herbicides 

GM crops indirectly affect the soil biology because of the associated application 

of herbicides for which they have genetically designed tolerance.  Examining 

the effects of herbicide-resistant plant genetics on soil biology therefore 

incorporates variation caused by herbicide application suited to that crop.  

Separating out this contribution to the total variation in the rhizosphere 

introduces complexity into such experiments.  Changes in agricultural practices 

associated with herbicide use, such as NT cultivation, can indirectly affect soil 

biota by altering their environment (Dunfield and Germida, 2004).  The results of 

field trials are always difficult to generalise, as the interaction of herbicides with 

the soil and plant depends to a great extent on both environmental and climatic 

conditions as well as the qualities of the soil.  Most risk assessment studies 

therefore benefit from the inclusion of measurements of community structure 

and diversity, their biomass, but also how they change in relation to each other.  

The HT crop itself will not have a direct toxic effect on the soil‘s organisms, 

because the enzymes responsible for the HT are within the plant and not known 

to have toxic properties (Icoz and Stotzky, 2008). 



Chapter 3 Literature Review 

82 
 

Gupta (2016) indicated that 65% of the $800 million spent in Australia annually 

on pesticides is related to herbicides.  This author points out that generally, 

herbicides used correctly in conjunction with sustainable agricultural practices 

like direct drilling seeding, retention of crop residues, and intercropping, with or 

without GM crops, can assist the health of the soil biome compared to 

traditional methods of weed control such as burning crop residues or burying 

weeds by ploughing.  It is pointed out that those soils with a healthy biology will 

recover more quickly from herbicide use than those which have stressed 

microbial populations.  Table 3.9 shows how the three herbicides used in this 

experimental program are known to affect aspect of soil health (Gupta, 2016). 

Table 3.9 Herbicides used in this experimental program and their effects 

 

Herbicide Research findings for soil microbes 

Imidazolinone: Group B (sulfonureas) 

Inhibits the plant enzyme acetolactate 

synthase. 

Microbial stress may be observed for 6 

to 8 weeks, sometimes reducing the 

mineralisation of N and colonisation of 

mycorrhizal fungi, leading to possible 

pathogenic effects on crops. 

Triazine: Group C  

Photosystem II inhibitor interrupting 

ability of the plant to photosynthesize 

Nitrogen fixation effects observed over 

the short-term, but long term effects in 

soils with adequate organic matter 

content have not been established.  

Susceptibility to viral, fungal, and 

nematode-related diseases might be 

created.  

Glyphosate: Group M 

Inhibits plant protein synthesis by 

damaging 5-enolpyruvyl-shikimate-3 

phosphate. 

Some leguminous crops have 

compromise to N fixation, but longer 

term impacts appear to be absent. 

Glyphosate is a carbon source for 

microbial metabolism. 
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Table 3.10 Influence on soil biology of herbicides used with GM crops  

 

References Findings 

Zablotowicz 

and Reddy 

(2007) 

Excessive use of glyphosate herbicide can affect N fixation in 

soybean crops. 

Lupwayi et 

al. (2009) 

Most experiments demonstrate no adverse effects on soil 

microbial biomass and activity. 

Lupwayi et 

al. (2010) 

Bacterial populations for canola in differing plots over 2 growing 

seasons sampled at flowering time showed non-significant 

differences more frequently than those with significant 

differences. Glyphosate herbicide acts as another source of 

metabolisable carbon and promoted bacterial populations. 

Dick et al., 

2010 

Glyphosate used annually for 10 years on herbicide-tolerant 

soybean caused a permanent shift in fungal biology of that soil: 

Pathogen Fusarium sp. was stimulated by herbicide tolerance 

proteins excreted by roots, and accumulated to dangerous levels 

whereby the fungus monopolised K absorption at the expense of 

the needs of the crop. 

Pinto et al. 

(2012) 

Soil fungi species detoxify herbicides.  For two herbicides 

associated with GM plants, fungal hydrolase enzyme excretion 

breaks down the original herbicide macromolecule to simpler 

chemicals which can be further detoxified by bacteria. 

Santos et 

al. (2012) 

 

Souza et al. 

(2013) 

Glyphosate herbicide did not have negative effects on mites or 

earthworms at normal recommended application rates, whereas 

insecticides did. 

Imidazolinone and glyphosate herbicides used over 3 years in 9 

sites growing GM soybean had no effect on microbial biomass 

 

Examining Table 3.10 indicates that the rationale for developing GM crops (less 

pesticide use and more benign herbicides) appears to be justified.  The 

research by Dick et al. (2010) points to the consequences of excessive 

herbicide use and the lack of fundamental stewardship of productive farmlands 

through crop rotation, fallow, and integrated pest and weed management.  
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Greenslade et al. (2010) indicated that correct use of bromoxylnil herbicide had 

no impact on soil arthropods in wheat cultivation systems.  

 

 

3.13  Discussion  

Since the release of the first commercial GM varieties in 1995 (GM canola), no 

serious evidence of adverse effects on soil biology has emerged.  Indeed, if this 

were the case, the technology (outside of laboratory and experimental 

applications) would cease to be acceptable, would fail, and would disappear 

quickly from world agricultural production.  By now, the survival of GM 

technology appears to be assured (Areal, 2012; Mannion and Morse, 2012).  

Investigations into whether the root exudates and residues of GM plants differ in 

their effect to traditionally bred plants do not, in general, show major differences 

(Table 3.8).  The balance of evidence from this literature search indicates 

minimal damage to biota in soil.  Several factors have emerged from the 

numerous experiments examining the issues.  Firstly, as techniques have 

matured and become more sensitive and comprehensive, the results have 

tended to be similar.  Secondly, abiotic aspects of the experimental design have 

produced the greater variability, indicating the importance of including more 

than one cultivar of GM and non-GM plants in making comparisons and testing 

several growing environments.  Finally, the degree of effect depends on toxicity 

of the exudates and their concentrations in the soil.  The toxicity of Cry proteins 

varies, as alluded to previously (Tan et al., 2011).  Where adverse findings are 

in conflict with positive or neutral results, consideration must be given to validity 

of the methods employed in the assessments, toxicity and biochemical 

differences in the Cry proteins of the plant varieties chosen for experimentation, 

soil factors and circumstance of laboratory or greenhouse, and whether they 

can be extended to field trials (Griffiths et al., 2007; Icoz and Stotzky, 2008). 

 

 

  

http://www.sciencedirect.com.libraryproxy.griffith.edu.au/science/article/pii/S0038071711003208#bib29
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Table 3.11 How GM root exudates and residues affect community members 

References Research findings 

Saxena and 

Stotzky (2001) 

Bacteria, fungi, protozoa, nematodes and earthworms in soil 

not significantly affected by Bt toxins from root exudates or 

decaying residues. 

Saxena et al. 

(2004) 

Bt maize, potato, and rice added Cry proteins continuously to 

soil via root exudation.  Bt cotton, canola, and tobacco did not 

do this.  This produced higher concentrations of Cry protein in 

the root zone than in bulk soil. 

Dunfield and 

Germida(2004) 

Minor and transient alterations in microbial diversity 

compared with major impacts from soil type and season. 

Flores et al. 

(2005) 

Bioassay technique using the larvae of the representative 

lepidopteron Manduca sexta, the tobacco hornworm showed 

that exudates also including proteins containing Bt toxin 

caused larvae which ingest it to die. 

Griffiths (2007) Variation in soil biological indicators between GM and non-

GM corn was minimal in glasshouse experiments.  When soil 

biology data was pooled over all non-GM varieties, variation 

within the non-GM varieties was greater than variation 

between GM and non-GM varieties. 

Germida 

(2008) 

Microbiological variability is connected chiefly with soil type 

(pH, moisture, pore spaces, temperature, and organic matter) 

rather than plant genetics. 

Lee et al. 

2011; 

Dohrmann et 

al. 2013 

Root exudates have minimal effect on soil biology.  Soil type 

and texture, climate, and growth stage of the plants caused 

most of the variation.  

Van Capelle et 

al. (2012) 

 

Chaudry et al. 

(2012) 

Type of crop (GM or non-GM) has minimal impact on 

prevalence of soil biota, but soil texture does.  Texture will be 

affected by tillage practices.  

Functional diversity of rhizobial microbial community, 

enzymatic activity, and populations unchanged for salt-

tolerant GM tobacco. 
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Complaints about GM crops have also been of a more subtle nature.  For 

example, introgression and gene flow of GM genes into Mexican landrace 

maize populations was criticized because it would ―contaminate‖ the pure 

genetics of the wide variety of genes available for future plant breeding from the 

area where maize was believed to have originated (Mercer and Wainwright, 

2008).  There was little thought given to whether the new genes might be of 

benefit to the farmers who grew those crops – only as to whether the needs of 

future plant breeders might have been compromised by alteration of the natural 

plant resource.   

 

From the point of view of whether farmers will lock themselves into a system of 

agriculture dependent on an ever-increasing cost of production, it must be said 

that the farmers are speaking for themselves on that issue – the adoption of GM 

crops around the world (Table 3.12) appears to continue unabated in what 

constitutes a great agricultural revolution (Brookes and Barfoot, 2010).  

 

Table 3.12 GM % total plantings in 2010 by country 

 

Country Soybeans Corn Cotton Canola 

USA 93 86 93 88 

Canada 70 94 N/a 93 

Argentina 99 86 98 N/a 

South Africa 85 69 100 N/a 

Australia N/a N/a 99 8 

China N/a N/a 67 N/a 

Philippines N/a 22 N/a N/a 

Paraguay 96 N/a N/a N/a 

Brazil 76 55 27 N/a 

Uruguay 94 95 N/a N/a 

India N/a N/a 85 N/a 

Colombia N/a 8 87 N/a 

Mexico 24 N/a 47 N/a 

Bolivia 79 N/a N/a N/a 

Source: Brookes and Barfoot (2010) 
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3.13.1  Scanning the horizon: new developments 

At the current stage of development of GM plant varieties, insect resistance 

through insertion of genes from the soil bacterium Bacillus thuringiensis (Bt 

genes) and herbicide tolerance (HT) are the predominant commercial 

technologies.  On the horizon are multiple gene insertions known as ―gene 

stacking‖ (Muller and Wang, 2008).  Plants capable of withstanding drought, 

saline soils, water logging, specified pathogens, and excessive cold have been 

developed, but commercial release depends on the size of the market for the 

new cultivar and is one factor limiting application of innovative technologies.  

Unless the market for a transgenic cultivar is large enough, the cost of gaining 

commercial approval through protracted regulatory processes is not worthwhile.  

Brooks and Barfoot (2010) estimate that the cost of bringing a newly developed 

GM plant from inception to commercialisation through the regulatory process is 

US$139 million.   

 

Implications for the future of farming are becoming apparent.  Facing an 

increasingly difficult commercial environment, the skills and knowledge of 

farmers will need to improve as new GM technology comes on stream.  Such 

―super-plants‖ will require high levels of skill and technical understanding to 

express their full potential.  Radcliffe (2005) claims that the establishment of 

research programs in Australia, funded by governments and growers jointly 

since 1950, have been successful and contributed an average productivity 

growth of Australian grain farms of 3.3% per year between 1977–78 and 2001–

02.  It is now widely recognized that improvements in productivity greater than 

this are needed to stabilize world food security (Bourne, 2009; Parker, 2011; 

Cribb, 2010).  As the impact that agriculture has on the environment generally 

becomes more recognisable, its potential to do more than simply produce food 

will become evident. 

 

3.13.2  Sustainability issues 

Philosophically, the practical importance of the technology to the environment is 

gaining momentum through current interest in sustainable development.  There 

are many definitions for sustainable development, but a widely accepted 

definition is ―development that meets the needs of the present without 
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compromising the ability of future generations to meet their own needs‖.  Lang 

et al. (2007) have advocated the importance of sustainable development to 

world agriculture as it transforms to meet the needs of a growing world 

population with fewer resources: ―How food is produced – is important.  If 

mankind gets it right, we could be on the brink of an era where food itself 

delivers ecological and nutritional benefits as well as economic and personal 

benefit‖ (Lang et al., 2009:203).  Advocacy constructed around a total ecological 

approach with higher productivity and lower cost structure has gained 

momentum - a sustainable vision of the New Age Agriculture.  ―The world of 

sustainable agriculture is undergoing a period of creative elaboration across 

institutional, consumer, political, and methodological levels,‖ (Maegli et al., 

2007).  There can be little doubt that the world faces a constellation of 

interrelated challenges for its populations to survive in a sustainable way.  

Previously reliable ways of increasing the food supply are now compromised in 

a way never before experienced, and a new approach to growing food must be 

found (Millstone and Lang, 2003; May, 2005; Beddington, 2009; Cribb, 2010).  

Thus we stand on the threshold of a new concept of ―eco-agriculture‖ where 

consideration of sustainability drives progress.  In short, a lower input system in 

which GM crops will play a vital role. 

 

 

3.13.3  Greenhouse gas importance 

The potential role of GM technology in greenhouse gas mitigation is also being 

realised since plants – crops and trees – have a role in ―recarbonising the soil‖ 

(Lal, 2004; Cribb, 2010).  Organic matter (OM) is added to the soil each year 

through plant-soil interaction but only some is retained, the balance being lost 

as CO2 metabolised by soil biota and released into the atmosphere.  The Food 

and Agriculture Organization of the United Nations estimates that crops and 

forest together produce about 15% of the world‘s GHG emissions annually - 

between 13 and 15 billion tonnes of CO2  per year, of which agriculture 

contributes 5-6 x 107 and forestry 8-10 x 107 (Cribb, 2010:227; United Nations, 

2008)  Therefore successful and correct agricultural practices such as reduced 

tillage which accompanies HR-GM crop production could create an effective 

carbon sink for CO2  that will benefit environment, biodiversity, and agriculture.  
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As well, extending the arable area through crops specifically adapted to 

conditions currently not supportive of agriculture by using GM and other 

technologies will improve the net C sequestration rate.  The farming of the 

future has a critical role to play in climate control, and the adaptability of GM 

plants to the situation facing world agriculture is therefore likely to contribute to 

the stabilisation of CO2 concentrations.  The GHG nitrous oxide (N2O) is 

produced by bacterial enzyme activity in soil.  Since the effectiveness of N2O as 

a GHG is 130 times that of CO2, adding genes for nitrous oxide reductase to a 

crop‘s genome could divert this reaction to the release of simple nitrogen gas 

(Wan et al., 2012).  Shrestha et al. (2013) published results of an extended 

investigation into the effect of canola and associated crops used in rotation on 

N2O and CO2 release from soil, and N and C sequestration.  It was found that 

yields of direct drilled HR hybrid GM canola in 2010 had increased by 1.6 times 

compared to that of that of non-hybrid non-HR GM canola planted in 1990.  

Herbicide use had decreased, carbon content of soils was greater, N retention 

better, and CO2 release substantially less, indicating that GM canola had 

reduced the GHG footprint through (i) direct planting of seed into soil without 

ploughing, lessening GHG loss and minimizing use of fossil fuels, (ii) reduced 

herbicide spraying as glyphosate came into use, and (iii) GM crops were more 

productive and residues added to C and N sequestration.  The recommendation 

was that the most effective way to reduce GHG emissions was to grow the best 

crop possible to maximize photosynthetic potential.  The following examples 

derived from Western Canadian farming areas illustrate this approach: 

 Gray Soil Zone CO2 equivalent generated per tonne of canola reduced 

from 787 kg (1990) to 488 kg (2010). 

 Black Soil Zone CO2 equivalent generated per tonne of canola reduced 

from 689 kg (1990) to 365 kg (2010). 

 Brown Soil Zone CO2 equivalent generated per tonne of canola reduced 

from 501 kg (1990) to 399 (2010). 

Another greenhouse gas (methane) is estimated to be 32 times more potent 

than CO2, contributing about 20% of total greenhouse warming effect.  By 
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genetic modification of wet paddy rice (from which fields the majority of 

methane emissions arise) using the gene BARLEY SUSIBA2, root exudates 

minimise methane generation from microbial activity.  The resultant rice 

generates less methane and grains have more starch (Su et al., 2015). 

 

 

3.14 Summarising real world farming implications of GM 

technology 

 Research into the effects of GM technology must take into account soil 

pH, temporal and spatial differences in the experimental areas, and the 

use of herbicides, fertilizers, and tillage type.  This is because all of these 

factors have an impact on soil microbiology. 

 No major adverse effects of GM crops have yet been discovered.  If this 

were not the case, the technology would have disappeared. 

 Adoption of genomic technology by developing country farmers appears 

to be outstripping adoption in developed countries. 

 The implications of increasing availability of genomic-driven technology 

for the farming sector will involve greater education for farmers in order 

to derive best practice outcomes. 

 For GM crops to be used, the savings derived from less use of 

pesticides, simpler farming techniques, lower maintenance and energy 

use, and the expense of farm equipment must be greater than the 

marginal cost of purchasing the seed.  This is because productivity gains 

from GM varieties appear to be similar to those of conventionally bred 

plant cultivars. 

 The additional value produced from use of GM varieties is their 

contribution to a safer more sustainable environment. 

 

 

3.15 Motivating factors driving the experimental programme 

Sociological research indicates that the general public regards any new 

scientific or technological innovation with caution (Chapter 2.7).  Pelts et al. 
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(2001) provide examples encompassing biotechnology (including GM foods) 

which the public interprets as being risky.  The public‘s interpretation of ―risky‖ 

may be based on no direct experience of such technology but may be what the 

media has provided, or through social communication.  Townsend et al. (2004) 

discuss the shortcomings in surveys designed to gauge public reaction, and 

how previous surveys have induced bias into the results.  While the public has 

accepted the medical and industrial products derived from GM crops (Siegrist, 

2000) many remain unconvinced about the agricultural applications of the 

technology and therefore the role of GM technology in improving food 

production in a world of increasingly limited resources (Gaskell et al., 2000).  As 

has been discussed in Chapter 1, greater productivity is believed to be the key 

issue likely to mitigate food insecurity (Millstone and Lang, 2003; May, 2005; 

Beddington, 2009; Bourne, 2009; Parker, 2011).  This means improved 

productivity in excess of what is currently being achieved (Lang et al., 2009; 

Cribb, 2010).  Testing of GM crops has been widely carried out and at this stage 

their uptake has been successful (Brooks and Barfoot, 2010).  By providing 

continuing research into the safety of GM crops, the public‘s confidence in such 

biotechnology may improve to the point where, like any new complex inter-

disciplinary technology, acceptance is sufficient so that wider application to the 

challenges involved in world food security will be applicable. 

 

 

3.16 Research questions and gaps in the literature 

This thesis explores a less well known aspect of GM crops – how they affect the 

soil environment in which the crops grow, including the living components of 

that soil. By assessing whether or not GM plants are likely to harm the soil and 

biota, their approval for wider application to farming systems is possible.  

Searching several databases for experimental work where sequential analysis 

of soil impacts from GM and other comparative crops during the crop‘s lifecycle 

yielded little information.  Linking available data to the growth stage of the plant 

and its physiological needs is a gap in the literature which should be explored. 

Critical review of the literature associated with GM crop research indicates 

widespread use of laboratory, glasshouse, and plot studies where experimental 

conditions affecting the plants can be effectively controlled (Donegan, 1995; 
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Castaldini, 2005; Flores, 2005; Clark and Coats, 2006; Birch et al., 2007; 

Griffiths, 2007; Hoess, 2008).  It is understandable that in the early stages of 

research in any new technology, including GM crops, a focus on the principles 

of how that technology interacts with a tightly controlled environment will 

dominate.  The effects of these crops on wider agricultural environments can no 

longer be ignored, including the effects of herbicides and other pesticides, 

fertilisers, and tillage which accompany those systems of production.  The 

literature reveals an emerging attempt to link laboratory and glasshouse study 

findings with actual conditions on farms (Griffiths et al., 2007; Icoz et al., 2008; 

de Boer et al., 2010; Li et al., 2011A; Lee et al., 2011; Hannula et al., 2012; 

Inceoglu et al., 2012).  The experimental emphasis on the genetics of the crop 

is therefore moving towards a more comprehensive and systemic appreciation 

of how the crop is grown and the total effect on the environment (Table 3.11), 

rather than a narrower view of the influence of the genetics of the plant alone 

(Figure 3.3).  Experiments of this nature require more time and expense 

because experimental design must deal with spatial and temporal variation in 

soil types, climatic conditions, and preferably should incorporate several 

cultivars (Griffiths, 2007).   

 

What is noticeable in some of the above attempts at field assessments is that 

the issue of how the crop is grown and the technologies used to establish it are 

seldom discussed.  Icoz et al. (2008) in a series of comprehensive observations 

on the microbiology of soils planted with GM maize grown over a four year 

period make no mention of the techniques used to grow the crop.  Herbicide 

use and tillage effects are not acknowledged.  The emphasis is on the plant 

genetics, but it is widely recognized that both tillage and pesticides 

accompanying the growing of most crops also affect soil microbial and 

arthropod populations (Busse et al., 2001; Dluzniewska, 2003; Powell et al., 

2009).  Powell et al. (2009) indicate that herbicides and other soil chemicals can 

have adverse effects on both microbes and arthropods.  Gschwendtner et al. 

(2010), in observations on the microbiology of GM potatoes, showed that results 

were affected by the presence of a fungicide (―Epok‖) applied before flowering.  

It was expected that fungal biomass would increase from germination to 

flowering as is normally expected (Jones et al., 2004), but the reverse was 
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observed.  Lee et al. (2011) and Hannula et al. (2012) also describe 

experiments measuring effects of GM potato on soil microbiology where no 

mention of the way in which the plants are established or treated is given.  

Inceoglu et al. (2012) describes observations on soil biology where ―standard 

agricultural practices‖ are used, but these are not described in detail.  Griffiths 

et al. (2007) does describe field preparation in detail including use of herbicides, 

insecticides, and ploughing methods.  Therefore, some experiments which 

focused on the effect of plant genetics on soil biology may have included 

confounding factors which have compromised the results.  Powell et al. (2009) 

comment on this aspect of experimentation in the development of transgenic 

technology: 

 

―Most concerns regarding the potential impacts of GM crops on non-

target biota have targeted traits associated with the biotechnology 

itself.  However, shifts in management practices associated with 

biotechnology are also widespread and have the same, if not greater 

potential to alter the structure and functioning of agroecosystem 

biodiversity. (Powell et al., 2009).‖ 

  

This thesis aims to differentiate the effects of genetics of GM canola from that of 

other non-GM genotypes.  Thus, if environmental harm is being caused, it must 

be attributed to the actual cause of that harm, and not necessarily focussed on 

the GM technology itself.  The data required to test this objective is provided by 

a glasshouse trial experiment, and integrated with qualitative observations on-

farm.  Results will provide more information about the potential for GM crops to 

contribute to world food security.  In addition, exploration of production and  

technological issues by observing the growers‘ technologies is planned, then 

comparing and integrating the results of the experimental program with what is 

observed on farms.  Such research could alert crop production science 

generally to methods of minimising or eliminating environmental harm caused 

by agriculture. 

 

 

 



Chapter 3 Literature Review 

94 
 

Table 3.13     Transgenic experimentation in controlled vs. field situations 

Laboratory/glasshouse 

Faster, easier, cheaper, more control (light, temperature, moisture, humidity) 

Can utilise indicator species with known biological characteristics 

Begin with simple experiments and progress by adding layers of complexity 

Shorter term exposure with greater, often graduated concentrations of toxin 

Field/farm 

Results influenced by complex biotic and abiotic factors 

Provide longer term exposure at lower concentrations of toxins 

Regionally and internationally specific effects can be shown 

GM toxins may differ in potency and concentration under field conditions 

Bioactive compounds may act synergistically with GM toxins 

Extrapolation of effects of high dose regimes to low dose regimes unreliable 

 

 

 

 

                                                   

 

  

    

  

   

 

    

 

 

 

 

Figure 3.5: Progression of GM research from laboratory to farm 

3.17 Summarizing research gaps from the literature 

The following general issues need experimental investigation: 

Laboratory: High internal validity 

Greenhouse: High internal validity 

   Plot: Higher external validity 
Lower internal validity 

 

   Farm: Higher external validity 
Lower internal validity 
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(i) Few references in the literature to comparisons of the various 

cultivars of canola on soil biology have been located.  This gap will 

be explored experimentally with the program associated with this 

thesis.  Techniques of measurement and experimental design used 

are explained in Chapter 5. This will inform the significance of the 

experimental programme to farming technology and a sustainable 

environment. 

(ii) No references can be located where Australian researchers looked 

at sequential enzymology and DNA concentrations for canola during 

its life cycle from germination to senescence and seed formation. 

(iii) Many researchers have used a limited number of enzymes but not a 

series of enzymes which try to explain the relationship between 

physiological demands of the plant and what is developing in the soil.  

(iv) Technologies associated with GM crops will influence the results of 

experiments, and the influence of these needs definition. 

 

 

3.18 Conclusions from the literature review 

 Root exudates and residues of transgenic crops appear to cause minimal 

damage to the biota within the soil environment.  Overall impact on 

biodiversity appears to be minor.  Instances of damage revealed by this 

review indicate one nematode species exhibiting delayed development 

and slowed reproduction; and several parasitic insects being affected 

indirectly because prey species normally present in transgenic crops 

have been effectively controlled.  Other indirect effects caused by the 

decrease in use of pesticides were noted. 

 Many techniques are useful when testing whether damage occurred.  

The quality of conclusions drawn from experimental work with transgenic 

plants and their effects on soil biota is dependent on the limitations of 

those techniques used to make the measurements. 

 Associated technologies like tillage, fertiliser and use of pesticides are 

linked to transgenic farming technology, and in their own right must be 

taken into account when assessments of GM effects are made.  Climatic, 

spatial and temporal effects must also be addressed.  The emphasis on 
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the genetics of the plant is moving towards a wider appreciation of the 

role GM crops have to play in total farming systems where numerous 

technologies are employed to produce a crop. 

 Opportunities for research emerging from gaps in the literature include 

defining the contribution that associated technologies make to the results 

of any analysis of soil microbiology with GM crops; performing a 

sequential analysis of what happens to soil microbiology and DNA 

concentrations during the lifespan of a crop, as contrasted with a static 

one-off assessment; and using a wide range of enzymes plus soil DNA 

linked to plant life development stages in time-series observations.  

 Comparisons between transgenic and non-GM cultivars benefit from 

having more than one cultivar of genetic material.  This enables the 

variability within GM and non-GM cultivars to be compared.  The 

experimental program includes a GM canola cultivar and its non-GM 

isoline. 

 GM crops show potential to mitigate food security challenges with the 

added bonus of assisting the soil environment and adding versatility and 

simplicity to farming systems.   

 An emerging movement of eco-agriculture recognises the important role 

that the agriculture of the future has to play in contributing to 

environmental sustainability.  Plant adaptability (using transgenic 

technology) to changing climatic conditions and resource availability can 

assist sustainability by accumulating organic carbon and improving soil 

structure. 

 

The following chapter addresses the hypotheses, aims, objectives, experimental 

design and research questions, as well as measurement technology used to 

produce data to test the hypothesis and sub-hypotheses, and other materials 

and methods appropriate to conducting the experiment.  Included in these are 

remarks about observations taken on actual canola growing properties and the 

technologies used there to grow the crops. 
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4.1 Background 

 

4.1.1     Findings derived from literature review 

Critical examination of the research literature found that one area of genomic 

research which had not been well investigated in Australia was the science of 

how GM crops affected the soil in which they grew, more specifically the biology 

of that soil, and whether experimental evidence could be gathered that this was 

a potential threat to the soil environment.  From this reading, a broad hypothesis 

was developed that would need scientific study if GM plants were to be 

satisfactory and safe additions to current farming technology: That GM crops 

had an effect on the biology of soil that is not different to that of conventional 

crops.  The alternative hypothesis was: That GM plants differ from conventional 

plants in their impact on soil biology.  If this effect is negative, the usefulness of 

GM cropping would be in doubt.  If that difference is positive then this may be 

another reason for greater confidence in the technology.  The choice of canola 

was made because seed could be obtained commercially, including seed from 

which the GM variety arose, known as an isoline.  Four varieties of canola were 

therefore available – the non-GM isoline, the GM cultivar (glyphosate herbicide 

resistant), and two other herbicide resistant varieties (atrazine-resistant and 

imidazolinone-resistant).  Thus statistical comparisons between the four 

genotypes could provide insight into differences in terms of how each cultivar 

influenced soil microorganisms. 

 

Previous experimentation on the interaction of transgenic crops with soil biology 

was discussed in Chapter 3.15 and emphasised effects of plant genetics, 

frequently making use of glasshouse studies where experimental conditions 

affecting the plants could be effectively controlled (Saxena et al., 2004; Birch et 

al., 2007; Griffith, 2007).  Those studies which employed observations on actual 

farms did not consistently disclose associated technologies used in the crop 

production, so that possible confounding factors such as climate, soil type, and 

management options may have affected the experimental outcome.  Because of 

the difficulty, cost, and variability of employing farm environments for 

experimentation, the approach taken with this thesis is to investigate the effects 
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of plant genetics through a glasshouse system where environmental variation 

could be minimized and growing conditions defined and consistent for all 

cultivars.   This thesis takes a post-positivist approach, employing classical 

statistical analysis to test the hypothesis that transgenic crops do not differ from 

conventional crops in their effect on soil biology.  The reader is referred to 

Figure 1.7 to appreciate Chapter 4‘s place in the thesis flowchart.   

 

Section 4.1 explains the general purpose of the experimental programme, 

namely to test whether the system chosen by growers of GM canola is 

biologically sustainable, by making  statistical comparisons of GM canola 

production‘s effect on soil biology with that of the other cultivars as described in 

Table 4.1.  Specific aims and objectives are given in Section 4.2, leading to 

Sections 4.3 to 4.4, where significance and innovation, and objectives of the 

experimental programme are given.  The specific research questions leading to 

the formation of the general hypothesis and sub-hypotheses are provided in 

Sections 4.5 and 4.6 respectively.  Section 4.7 provides the experimental 

design used to test the hypotheses, together with statistical information 

including explanatory detail on panel regression analysis in Section 4.8.  Finally, 

the analytical technology used to derive the data is explained and justified in 

Section 4.9.  A closing section on qualitative observations made with 

cooperation of the canola growing industry is given in Section 4.10, thereby 

utilizing mixed methodology for collection of data, before the summary of 

conclusions in Section 4.11.   

 

Understanding the methodology requires background knowledge of the 

genotypes and their associated growing technologies.  Table 4.1 describes four 

different canola genotypes commercially available in Australia. 
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Table 4.1 Systems of canola cultivation using four different cultivars 

 

 

Cultivar 

 

 

Tillage Type 

 

 

Herbicide 

 

Herbicide Effects 

Conventional 

(RR-WT) 

Conventional 

tillage 

No herbicide 

Manual weed 

control 

Nil effect: the system is 

―organic‖ or ―conventional‖ – 

farming method used in 

developing countries. 

Roundup- 

ready (RR) 

No till Glyphosate 

(‗Roundup‘) 

Low environmental toxicity 

and residual effects. Oral LD 

50 (rat) >5.0 g/kg. Readily 

degrades in soil and water 

and is non-cumulative, safe 

for birds and pollinators but 

moderately toxic to fish. 

Trizine-

tolerant (TT) 

At least one 

deep tillage 

needed 

Atrazine 

(‗Trizine‘) 

Relatively low environmental 

toxicity with residual effects.  

Hydrolyses slowly in soil.  

Oral LD50 (rat) 3.08g/kg. 

Mildly toxic to fish and 

aquatic species. 

Clearfield 

(CF) 

At least one 

deep tillage 

needed 

Imidazolinone 

(‗Intervix‘) 

Long residual effect with low 

environmental toxicity but 

damages fish and aquatic 

organisms. Oral LD 50 (rat) 

>5.0 grams/kg. 

Source: Vic. Dept. of Primary Industries: Avoiding Crop Damage - Residual Herbicides 

 

 

4.1.2 Formation of the hypothesis 

Current trends in soil science are trying to broaden the approach in transgenic 

crop research from the laboratory and glasshouse to direct effects on farms and 

their agricultural systems.  Such research is difficult and costly, given control of 
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variation in differing soil types, climatic zones, crop preferences, and the 

variability of the weather.  This is why the experiment described in this thesis 

was confined to a glasshouse environment, where variation could be minimized 

given the financial and technical resources at the disposal of the writer.  Having 

established from the literature (Section 3.13 and Table 3.9) that most 

experimental evidence on soil biology derived from a wide variety of GM crops 

failed to demonstrate damaging effects, a choice was made to investigate 

comparisons of the  effect of various genotypes of one species (Brassica 

napus) on the soil‘s biology over the duration of that species‘ life span.  Since 

there are several commercial genotypes of canola available to growers, 

encouraging selection by farmers of cultivars which cause less environmental 

damage would produce better environmental outcomes (U.S. Department of 

Agriculture, 2010).  Should the biological components of the soil be harmed by 

effects produced by the novel genes, then the usefulness of GM crops generally 

might be compromised.  Chapter 2 discussed how choice of cultivar 

automatically selects associated technologies in terms of herbicide use and soil 

cultivation.  Subsequently, four different seed types defined by their associated 

herbicide-resistant genes, along with two soil types were obtained for the 

experiment, to be tested in an environment with as much control of 

environmental variation as possible, in this case a greenhouse.   Given 

technical and budgetary constraints, pursuit of the aims and objectives of the 

investigation by measurement of microbial community structure, enzymes and 

DNA were selected as a practical and economic means of testing the 

hypothesis. 

 

 

4.2 Aims 

1. Measure the sequential changes in soil microbiological DNA concentration, 

community structure, and selected soil enzymatic activity levels of four differing 

genotypes of canola in two soil types during the lifespan of the plants. 

2. Compare statistically the results of these measurements to test the general 

hypothesis that GM canola‘s effect on soil microbiology does not differ from the 

effects of non-GM canolas, in a post-positivist experimental paradigm using 

ANOVA, sequential paired comparisons, and panel regression.   
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World food security 
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       Test hypotheses 
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Expectations from an 

experimental programme 

 

 

 

glasshouse     GM vs. non-GM genetics 

 

plots      Influence of tillage 

 

farms      Influence of herbicides 

 

 

 

 

Figure 4.1: Origin and structure of the investigations in Chapter 4 
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4.3 Objectives 

The broad objective of the experimental programme is to provide data to 

extensively test the general hypothesis.  Quantitative data on DNA 

concentration, microbial community structure, and enzymatic activity will 

indicate a positive, neutral, or negative effect on the environment.  In addition, 

qualitative information from observing the actual farming practices employed by 

canola growers will be added to give depth to analytical and statistical data. 

 

 

4.3.1 Specific Objectives  

The specific quantitative measures which will be used to achieve the above 

factors are as follows: 

1. Measure changes in the mass and prevalence of the various orders of 

soil microorganisms to detect whether abnormal shifts are occurring, 

using the phospholipid fatty acid profiling technique (PFLA); 

2. Measure changes in soil concentration of double-stranded microbial DNA 

throughout the growth cycle of the plant using the Picogreen method; 

3. Measure the activity of specifically-chosen microbiological enzymes at 

standard intervals throughout the plant growth process, namely 

germination, early growth, maturity, and finally senescence and seed 

formation, using fluorescence technology.   

4. Compare the results of each of the four cultivars to determine the impact 

of GM plants on soil biology as measured by 1) soil community structure; 

2) DNA concentration; 3) enzymic activity. 

These enzymes and the reason they have been chosen are given below:- 

 Leucine-aminopeptidase is representative of nitrogen metabolism; 

 Cellobiose dehydrogenase is representative of microbial breakdown 

of plant lignin and  cellulose residues ; 

 Beta-glucosidase is representative of how microbes deal with glucose 

units derived from the breakdown of plant residues; 

 Alkaline phosphatase is indicative of how P from residue breakdown 

is metabolised in neutral or alkaline soils; 
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 Arylsulfatase is representative of how canola root rhizosphere deals 

with S as canola plants require adequate S during seed formation. 

 

 

4.3.2 Qualitative data 

Observations from visits to canola growing properties will be integrated with 

experimental observations.  This will include representative properties that use 

differing cultivars, with different soil types, and in two canola growing climatic 

zones.  The properties and the technology they use to grow canola are 

described in section 4.12 and the significance of observations is discussed in 

Chapter 6. 

 

 

4.4 Significance and innovation  

The results of the experimental program will inform:- 

 Choice of farming systems in terms of environmental impact and 

sustainability; 

 Contribute positively to rational debate on use of transgenic crops; 

 Alert regulators to sustainability concepts of complex agro-economic 

systems; 

 Add information to the debate on world food security; 

 Complement existing skills, knowledge, and experience in soil biology, 

including information on how microorganism biology changes during the 

lifespan of the crop, and how it might be related to the physiological 

demands of that crop. 

 

 

4.5 Research rationale  

1. If damage occurs to soil biota from use of systems growing transgenic 

canola or cotton, is this damage due specifically to the genetics of the plant 

(Aims 1 and 2)?  A change in community structure of the microorganisms could 

lead to an imbalance of roles within that community, including counterproductive 

growth of parasitic and pathogenic organisms.  The concentration of the DNA 



Chapter 4 Methodology 

108 
 

reflects populations of organisms.  If it declines, this may alter the role of 

microbes in maintaining a healthy soil environment.  Finally, the enzymatic 

profile of the soil biome reflects a number of important functions: metabolism of 

amino acids; breakdown of lignin and plant wastes; availability of P and S to the 

roots; and availability of glucose to the roots as part of the process of decay and 

recycling of plant waste and lignin. 

2. If positive effects are seen, how can these be employed to make a 

system of agriculture more sustainable than another system?  The basis of the 

experimental programme is the desire to add to productivity in food generation, 

so positive effects here would consolidate GM technology in that drive for 

greater productivity. 

 

 

4.6 Hypotheses 

The general hypothesis is: Transgenic canola cultivar does not differ from 

conventional and non-transgenic cultivars in its effect on the biology of soil.  

If this hypothesis fails to be rejected, confidence in GM technology (generally) 

and GM canola (in particular) can be gained in the effects on the soil 

environment.  

The alternative hypothesis is: Transgenic canola does differ from conventional 

and non-transgenic cultivars in its effect on the biological factors in soil.  .  

Searching for interactions to see whether the effects are positive can define 

more sustainable systems of growing that crop.  This finding would inform those 

involved in systems of environmental governance that best practice systems 

can be defined to include GM varieties and their respective growing systems. 

 

 

4.6.1 Specific sub-hypotheses 

1. That the microbiological community structure in the rhizosphere of four 

different canola genotypes does not differ significantly; 

2. That concentrations of double-stranded DNA in the rhizosphere of four 

different genotypes of canola are not statistically different; 

3. That enzyme activity of leucine aminopeptidase in rhizosphere of four 

different genotypes of canola is not statistically different; 
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4. That enzyme activity of beta-glucosidase in rhizosphere of four different 

genotypes of canola is not statistically different; 

5. That enzyme activity of cellobiose dehydrogenase in rhizosphere of four 

different genotypes of canola is not statistically different; 

6. That enzyme activity of alkaline phosphatase in rhizosphere of four 

different genotypes of canola is not statistically different; 

7. That enzyme activity of arylsulfatase in rhizosphere of four different 

genotypes of canola is not statistically different. 

 

 

4.7 Experimental design and statistical methods 

The health and quality of the soil are major determinants of how successfully 

canola (or any other crop) can be grown.  Because it is not possible to control 

for soil type or fertility in field observations, it is planned to control this variable 

in the glasshouse experiment where two differing types of soil are utilised for all 

the experimental units.  Observations made in the field will then be descriptive 

in nature, and will be used to integrate with experimental observations made in 

the glasshouse experiment.  Each of the four canola genotypes is allocated at 

random to a block of eight pots with two herbicide-resistant cultivars per block.  

 

Table 4.2 Randomised complete block experimental design 

Total pots Blocks of 8 pots Herbicide treatments per block 

  Roundup    Clearfield      Trizine        Nil 

32 4 2 (RR)        2 (CF)            2 (TT)        2 (RR-WT)     

 

The glasshouse experimental design is a two-way ANOVA for repeated 

measures with two within-subject factors, namely herbicide-resistance type (four 

types) and block.  Because sampling is taken during the course of the growth of 

the crop, a time-series of samples is developed for each canola genotype.  It is 

expected that changes in concentrations, populations, and prevalence of the 

various enzymes and DNA will occur during the growth of the crop and that 

these are likely to be important indicators of how the root secretions are 

influencing microbial populations.  Therefore, adjustments to the ANOVA for 

repeated measures in a longitudinal study are necessary.  Sampling 
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occurs before planting, at germination (day 7), at growth phase (day 21), at 

flowering (day 42), and at senescence (day 56).  Two different soil types are 

used, an acidic Chromosol and an alkaline Vertisol. 

 

 

  Table 1     Table 2 

         

 

 

 

 

 

   

  

 

 

 

Figure 4.2: Physical layout of the experiment for one greenhouse 

 

 

4.7.1 Can all treatments be applied equally?  

This is not possible – for example, if glyphosate (―Roundup‖) herbicide is 

applied to a canola plant that is not tolerant to Roundup then it will die.  

Because the effects of plants on soil biology are mainly expressed through their 

root secretions and residues, an experimental unit with a dead plant is of no 

value in assessing the soil in which it grows.  Similarly, an atrosine (―Trizine‖) 

tolerant plant will survive if trizine is applied to it.  If trizine is applied to a GM 

(Roundup Ready) canola plant it will die, and again no comparisons are 

possible from the soil in which that plant grows.  Introducing blocking into the 

experimental design minimizes variation caused by position within the 

greenhouse, and variation generally, and allows for the use of all four 

genotypes with their respective herbicide treatments within each block. 

 

 

Block 1                 
 

8 pots (each with 2 
plants) within the 

block with 4 different 
randomly distributed 

genotypes 
 

Block 2 
 

8 pots (each with 2 
plants) within the 

block with 4 different 
randomly distributed 

genotypes 
 

Block 3                 
 

8 pots (each with 2 
plants) within the  

block with 4 different 
randomly distributed 

genotypes 
 

Block 4 
 

8 pots (each with 2 
plants) within the  

block with 4 different 
randomly distributed 

genotypes 
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4.8 Panel regression analysis 

The purpose of panel or time series regression is to investigate whether or not 

sources of variation other than those vectors chosen in the standard regression 

model are influencing results.  An ordinary least squares (OLS) analysis may be 

biased either because an influential variable has been omitted, or because 

errors in the covariates are correlated over the time series, or both.  In a 

standard regression, unobserved variable effects are absorbed into the error 

term, forming a composite error factor.  This can result in the phenomenon of 

endogenicity, and add inefficiency to the statistical analysis.  For example, 

errors generated at time 1 may be correlated with errors at times, 2, 3, and 4, 

and thus be biasing the OLS result with serial correlation errors.  It is of interest 

as well that the DNA result may not be independent of any of the enzymes 

chosen to test the hypothesis.  By correcting for endogenicity, more accurate 

results may be obtained.  The time series vectors associated with panel 

regression analysis may help to explain the nutrient sources required by the 

canola plant as it grows and develops, allowing for the above complications.  

Hence the justification of panel regression analysis as applied to this 

experimental programme: it is descriptive of the dynamics of plant growth and 

may produce a causal analysis of plant and soil microbe physiological effects, 

allowing for the above statistical limitations.   

 

In the panel regression study, the following series follows a pattern of analysis. 

 OLS – ordinary least squares analysis: This has the disadvantage 

(whether using traditional linear technique or using pooled data) of being 

both inefficient (by failing to use all the information capable of being 

exploited within the data set), and not fully exploring error term 

autocorrelation.  

 Fixed effects method analysis (also known as First Differencing Method): 

This is a panel analysis method which transforms the data in order to 

remove unobserved but constant systemic error such that the remaining 

error is a time-varying error of unknown or unexplainable origin also 

called an ―idiosyncratic‖ error.  Through this method of focusing on the 
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unit-specific mean, the ―fully demeaned‖ data can therefore be subjected 

to OLS analysis. 

 Generalized least squares analysis (GLS) as Random Effects Methods 

(also known as Random Effects Feasible General Least Squares) are 

both more efficient in estimation and capable of examining within-

observation errors.  Here the model assumes that errors across units are 

uncorrelated, but correlated within each unit; and that variance of the 

composite error term is the sum of both idiosyncratic error and 

unobserved errors.  Again the data is ―demeaned‖ by removing an 

estimated demeaning factor between 1 and 0 derived from variance 

component estimation, in order to choose either the Fixed or Random 

model.  The choice of technique depends on calculation of the Hausman 

Test which determines if the unobserved errors are exogenous, i.e. 

uncorrelated. 

Figure 4.3 indicates how a canola plant‘s components change over the course 

of its lifetime.  Through panel regression analysis, it may be possible to 

understand how the DNA in the soil organisms influences this differential growth 

and development, and how it may relate to soil-derived enzymology. 

 

 

 

Figure 4.3: Canola plant dry weight composition changes during lifetime 
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4.9 Analytical techniques  

 

4.9.1 Introduction 

During the development of knowledge about plant-microbe interactions in the 

rhizosphere, new and increasingly complex techniques of assessing what is 

happening to soil organisms have developed.  It is apparent there is no one 

perfect means of assessing whether a plant‘s root secretions are damaging soil 

biology (Table 3.1).  In fact, when one examines contemporary research 

literature, several technologies are frequently used by the experimental team to 

gain insight into issues concerning environmental safety of GM crops 

(Nannipieri et al., 2012).  Fundamental to the understanding of what GM plants 

do to the soil and its inhabitants is new knowledge (Table 3.11) that plants work 

in a commensal relationship with soil microorganisms through their root 

secretions (Badri and Vivanco, 2009; Bertin et al., 2003; Janos, 2007; Antunes 

et al., 2007) and that the definition of soil health and soil quality must also 

include measurements of the soil‘s biology, as well as its chemical and physical 

criteria (Gardiner and Miller, 2001; McDonald and Rodgers, 2010).  From the 

available technologies, one was initially chosen as the most realistic way of 

knowing how soil microbiology is impacted by GM crops – the measurement 

through gas chromatography of the phospholipid signatures of cell walls and the 

concentrations of the various orders of microorganisms.  If the organisms were 

harmed by GM root secretions, one would assume that the cell wall data would 

indicate loss of orders and negative changes in their concentrations, and limited 

recovery of populations after harvest and fallow. 

 

 

4.9.2 Measuring microbial community structure 

As referred to in Table 3.1, many methods are available.  Each has advantages 

and disadvantages in measuring community function and composition.  The 

initial method of choice for this programme was the Phospholipid Fatty Acid 

(PFLA) profiling technique (Frostegard, Bååth, and Tunlio, 1993; Tunlid and 

White, 1992).  This was chosen for the following reasons: firstly, the community 

structure of microorganisms together with their individual biomasses can be 
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measured.  Secondly, the validity of this technique is well-established for 

comparisons with results of other researchers.  The method does have several 

disadvantages: extraction of the phospholipids is laborious and uses toxic and 

environmentally-unfriendly extracting chemicals (chloroform and toluene) and 

must be carried out with great care for accurate results; and the individual 

phospholipid signatures are not absolutely unique to each community grouping, 

as explained by the following Table 4.3. 

 

Table 4.3 Fatty acids from cell walls of soil microbes (Paul and Clark, 2007) 

 

Fatty Acid Microorganisms 

16:1ω9,15:0i,15:0 Eubacteria in general, cyanobacteria, actinomycetes 

Cy15:1 Clostridia 

16:0 Fungi 

i16:0 Gram positive bacteria 

16:1ω5 Cyanobacteria, arbuscular mycorrhiza fungi 

16:1ω7,16:1ω7t Eubacterial aerobes 

16:1ω13t Green algae 

cy17:0, cy19:0 Eubacterial anaerobes, gram negative bacteria 

17:1ω6, i17:1ω7 Sulphate reducing bacteria, actinomycetes 

18:1ω7 Eubacterial aerobes, gram negative bacteria 

18:1ω9 Fungi, green algae, higher plants, gram positive bacteria 

18:1ω11, 26:0 Higher plants 

18:2ω6 Eucaryotes, cyanobacteria, fungi 

18:3ω3, 18:3ω6 Fungi, green algae, higher plants 

20:1ω9 Arbuscular mycorrhiza fungi 

20:3ω6, 20:4ω6 Protozoa 

20:5, 22:6 Barophyllica, psychrophylic eubacteria 

 

 

The terminology associated with chemical formulae of fatty acids is explained 

as follows:- 
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 The number of C atoms is followed by a colon and the number of 

unsaturated bonds in the chain of carbon atoms; 

 ω indicates the number of C atoms between the terminal double bond 

and the methyl group denoting the end of the molecule; 

 cis or c stands for the most common form of isotope and is usually 

omitted; 

 t stands for the trans form of isotope; 

 i denotes isomethyl branching (second C from the terminal methyl group) 

 a indicate anteiso methyl branching (third C from the terminal methyl 

group); 

 cy indicates a cyclopropane ring. 

 

From Table 4.3, it is evident that the chemical formulae for some cell wall fatty 

acids overlap with the classes of microorganisms from which they are derived.  

Therefore, a choice as to which chemical formulae to measure should be made. 

The choice of the PLFA technique (Frostegard, Bååth, and Tunlio, 1993; Tunlid 

and White, 1992) had the sound backing of literature and was indeed an 

important breakthrough in soil science when first discovered.  This technique 

required the use of toxic and environmentally-damaging chemicals, including 

chloroform and toluene, and an expensive gas chromatography column for the 

quantification of phospholipid concentrations.  Limitations within the university 

with respect to finances and availability of the appropriate laboratory space and 

equipment stimulated a search for a less complex and faster way of achieving 

the same result, using a refined and down-sized sample size (Buyer and 

Sasser, 2012).  Extraction of soil microbial phospholipid was carried out using 

this less wasteful but nevertheless arduous method.  A representative three 

gram sample of soil is taken from a core located from the root zone of growing 

canola plants, and the soil is sieved to remove particulate matter and roots 

using a 2 mm sieve.  The cell walls of the microorganisms are extracted using 

chloroform plus methanol in a phosphate buffer, and the fatty acids (FA) then 

esterified (methylated) and allowed to adsorb to a silica-coated column.  The 

neutral and glycolipids are eluted initially; then the esterified polar phospholipids 

extracted from the column to test tubes for submission to the gas 

chromatograph (GC).  The GC must have an appropriate phospholipid column 
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and carrier gas.  Typical columns indicate 50 metre length and hydrogen or 

argon is used as the carrier gas.  Results are expressed as individual FA peaks 

depending on molecular weight, and the biomass calculated from the area 

below the peak on the graph.  This area is related to the concentration of 

standards, known as FAME (fatty acid methyl ester) standards.  Thus the 

concentration of the esterified FA reflects the amount of cell wall material in the 

sample of soil for each class of microorganism.  Cell wall biomass for each FA 

signature and how this characteristic changes during the growing season for 

each system of cropping can be measured.  In addition, the relative ratios of the 

community members to each other can be calculated. 

 

Other researchers have used a limited number of fatty acid formulae to describe 

populations of microorganisms, rather than the entire list as above.  For 

example, Frostegard and Baath (1996) chose 16:0 to represent fungal 

populations as they were able to correlate this closely to ergosterol production, 

a chemical made only by fungi.  An additional point to be made about the PLFA 

technique is that the values received in the analysis are comparative.  

Frostegard and Baath (1996) indicate that not all cell wall fatty acids are derived 

from the analysis, because it appears that not all microorganisms can be 

extracted from the soil.  Provided the method of chemical analysis is a constant 

standard throughout the experimental program, this should not be an 

impediment for purposes of comparison. 

 

The results of this extraction process using the modified technique of Buyer and 

Sasser (2012) initially indicated that concentrations of the PLFA were too low to 

give reliable results.  Extraction was carried out by the author and gas 

chromatography was carried out with the kind co-operation of the Food Analysis 

Laboratory of Southern Cross University.  It was apparent from this promising 

but complex technology that another method or methods would be required to 

form scientific judgements as concentrations (peaks) of the various 

phospholipid extracts were inadequate for measurement.  

 

The author was alerted to soils research at the NSW DPI Soils Research 

Institute at Wollongbar.  With the assistance of the chief laboratory scientist, my 
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supervisor, and the university, arrangements were made to conduct enzymatic 

and DNA measurements in a greenhouse environment.   

 

 

4.9.3 Additional measurement technology 

Resources available at Wollongbar were such that two main methods of 

examining biological function of soil organisms could be used: by measuring 

certain fluorescent chemicals when irradiated at known wavelengths, changes 

in the activity of enzymes used by microbes could be estimated and compared 

between genotypes.  In addition, DNA concentrations of microorganisms could 

be estimated.  How these concentrations changed over a course of a plant‘s 

lifetime could be measured, again using fluorescence.  These dual 

measurement technologies would then provide data on how root secretions 

were affecting the function of microorganisms.  The choice of enzymes reflected 

key aspects of bacterial and fungal metabolism – of N, P and S mineralization, 

and how enzymes involved in carbon metabolism functioned. 

 

 

4.9.4  Fluorescent measurement technology 

Appendices 1 and 2 explain the analytical techniques involved in generating 

DNA concentration and enzyme activity data in more detail.  Micro-pipetting into 

a 96 well plate from reserves of appropriate chemicals is required for uniformity.  

The technique requires excellent preparation and long periods of intense 

concentration for accuracy with the micropipettes.   

(i) Enzymes: Fluoroscopic measurements at a known wavelength are made for 

each substrate and its fluorescent marker at time 0, and then appropriate soil 

slurry added.  After an hour approximately of incubation, fluoroscopic 

measurements are again made to assess the release of the fluorescent marker 

and calculations made by computing the change in fluorescence (i.e. enzymatic 

activity) per hour per gram of dry soil from graphs constructed for known 

concentrations of enzyme.   

(ii) Double-stranded DNA:  The technique for DNA mass assessment requires 

bead beating of a known amount of soil whose dry content has previously been 

recorded.  It is assumed that the trauma to the soil organisms releases the DNA 
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whose concentration is then measured by change in fluorescence at a known 

wavelength when the Pico-green fluorescent dye is added.  By graphing known 

standard concentrations of DNA against fluorescence, an estimate of DNA 

concentration can be calculated and adjusted to concentration per gram of dry 

soil. 

 

 

4.9.5 Soils for the glasshouse experiment 

The soils chosen for the glasshouse trials were: 

A)  A free-draining acidic sandy clay loam known as a Chromosol, 

representative of the canola growing areas of southern Australia and the 

Riverina (Table 4.4). 

B) A heavy black cracking clay soil of alkaline pH representative of the 

Darling Downs and northern canola growing areas (Table 4.5) known as 

a Vertisol. 

 

Table 4.4 Analytical values for Chromosol soil  

 

Analytical Parameter Analytical 

Value 

Comment 

pH (H2O) 5.2 5.8-8.5 ideal 

pH (CaCl2) 4.8 5.2-7.9 ideal 

Organic Matter % 16.5 Ideal 3%-8% 

Cation Exchange 

Capacity (meq/100 

grams) 

9.22 12-40 ideal - soil has poor 

nutrient holding capacity 

Electrical Conductivity 

(dS/m) 

0.49 Ideal 0.9 - 3.0 – no salinity effect 

Nitrate-Nitrogen (ppm) 226.6 >15 ideal. High value 

Ammonium-Nitrogen 

(ppm) 

42.2  

Phosphorus (ppm) 20 20 ideal 

Potassium (meq/100 0.69 > 0.5 
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grams) 

Calcium (meq/100 

grams) 

6.76 >6.0 is desirable 

Magnesium (meq/100 

grams) 

1.42 >1.0 is adequate 

Sulphur (ppm) 25 7 normal 

Boron (ppm) 0.5 >1.0 desirable – low value 

Iron (ppm) 88 5 ideal – a high level 

Manganese (ppm) 32 5 ideal 

Zinc (ppm) 0.9 5 ideal  

Sodium (meq/100 

grams) 

0.2 0.3 ideal 

Aluminium (meq/100 

grams) 

0.2 <1.0 ideal 

Chloride (ppm) 22 <200 desirable 

Ca base saturation % 73.3 50 - 75 ideal 

K base saturation % 7.5 2 - 5 desirable 

Mg base saturation % 15.4 5- 15 desirable 

Na base saturation % 1.6 1 - 2 desirable 

Copper (ppm) 0.4 2.5 very low value 

 Ca:Mg ratio 4.8 Ideal is 2.5 – slightly high 

 

Chromosol soil analysis summary:  Although the soil has adequate amounts of OM, 

N, P, K, Ca, Mg, S, and Mn, it is severely deficient in Cu, Zn, and B and required 

foliar supplementation at regular periods following germination, using a trace 

mineral aqueous spray.  

Date of analysis 11th June 2013; Source: Safe Analytical Laboratories, 7/8 

Fremantle Street, Burleigh, QLD, 4220, Telephone 07 – 5522 1929 
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Table 4.5 Analytical values for Vertisol soil 

 

Analytical Parameter Analytical 

Value 

Comment 

pH (H2O) 7.7 5.8-8.5 ideal 

pH (CaCl2) 6.9 5.2-7.9 ideal 

Organic Matter % 3.4 Ideal 3-8% 

Cation Exchange 

Capacity (meq/100 

grams) 

 

40.12 

12-40 ideal - soil has good 

nutrient holding capacity 

Electrical Conductivity 

(dS/m) 

0.24 Ideal 0.9 - 3.0 – no salinity effect 

Nitrate-Nitrogen (ppm) 17.2 >15 ideal. High value 

Ammonium-Nitrogen 

(ppm) 

<1.0  

Phosphorus (ppm) 7 20 ideal 

Potassium (meq/100 

grams) 

1.14 > 0.5 

Calcium (meq/100 

grams) 

29.37 >6.0 is desirable 

Magnesium (meq/100 

grams) 

9.05 >1.0 is adequate 

Sulphur (ppm) 7 7 normal 

Boron (ppm) 1.3 >1.0 desirable  

Iron (ppm) 20 5 ideal – a high level 

Manganese (ppm) 25 5 ideal – high level 

Zinc (ppm) 1.7 5 ideal – very low value 

Sodium (meq/100 

grams) 

0.4 0.3 ideal – normal value 

Aluminium (meq/100 

grams) 

0.17 <1.0 ideal 

Chloride (ppm) 27 <200 desirable 

Ca base saturation % 73.2 50 - 75 ideal 



Chapter 4 Methodology 

121 
 

K base saturation % 2.8 2 - 5 desirable 

Mg base saturation % 22.6 5- 15 desirable 

Na base saturation % 1 1 - 2 normal 

Copper (ppm) 1 2.5 – very deficient 

 Ca:Mg ratio 4.8 Ideal is 2.5 – slightly high 

      

Vertisol soil analysis summary:  Although the soil has adequate amounts of OM, N,  

K, Ca, Mg, S, and Mn, it is severely deficient in P, Zn, and Cu and required foliar  

supplementation at regular periods following germination, using a trace mineral  

aqueous spray. 

Date of analysis 11th June 2013; Source: Safe Analystical Laboratories, 7/8 Fremantle Street, 

Burleigh, QLD, 4220, Telephone 07 – 5522 1929 
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4.10     Physical and technical resources for the experimental programme 

 

 

4.10.1     Greenhouse design and function  

An air-conditioned greenhouse was made available.  Here air temperatures were 

controlled to 25 degrees C. during the day and to 15 degrees C. at night.  In order to 

achieve this, high air velocities were needed in a sub-tropical environment, even during 

winter.  During the growth of the experimental plants it became apparent that pot 

positioning within the greenhouse created different micro-environments in terms of soil 

drying, plant movement in the turbulent air, and to a certain extent, sun exposure.  

Variation between pots caused by positioning was removed statistically using the 

experimental blocking design and statistical programming.  Nevertheless, the 

greenhouse unduly affected plant growth and development and introduced experimental 

error which should not have been present in a well-designed greenhouse. 

 

Figure 4.4:   Canola plants at one month‘s growth 
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4.10.2     Laboratory equipment  

Several critically important machines were needed in the laboratory.  To release DNA 

from cells, a bead beater was employed using both glass and ceramic beads of differing 

diameters.  The violent shaking of the soil sample and its suspending liquid caused a 

grinding effect to create ―slurry‖ of uniform composition, with the DNA in solution having 

been released by destruction of the cell walls.  Following bead beating, centrifugation at 

28,000 rpm was required in a specially-designed small centrifuge adapted to 2 ml 

containers.  An incubation chamber at 25 degrees C was employed.  Fluorescent 

measurement was carried out using the FluoStar machine.  This employed a shaker, an 

adjustable wavelength light source, and a recording device to capture fluorescent light 

emitted and store it in a file convertible to Excel spreadsheet.  These were critical pieces 

of equipment provided with thanks by NSW DPI without which the experiment would not 

have been possible.  Further detail is provided in Appendices 1 and 2. 

 

 

4.10.3     Soil sampling 

Samples were taken at seed planting, after 7 days (germination) and at approximately 

11day intervals thereafter to plant flowering and seed formation.  Each herbicide-

resistant genotype was treated with the herbicide to which it was resistant, using 

recommended commercial application rates; and the non-herbicide resistant genotype 

was treated with water.  Plants were watered twice a week, and the Vertisol embryos 

grew successfully.  The Chromosol embryos, however, failed in most cases to emerge, 

and it was realized that this soil type caused ―crusting‖ when wet and allowed to dry out.  

The tough, dry crust prevented emergence of the embryos, and germination and growth 

was poor for transplanted seedlings grown in the laboratory.  By the time it was realized 

what was occurring, it was too late to repeat the experiment, so this part of the 

experiment was then abandoned.  In future, it would be necessary to do one of three 

things with this soil type: either keep it continually wet so it would not form a crust; 

germinate the seeds separately, and transplant them carefully into moist soil; or grow the 

seed in the actual soil with its rocks and granular components so that it would be easier 

for embryos to break through.  Both soils were sieved through a 4mm sieve to refine 

them before potting up, to remove rocks, sticks and plant material.  In retrospect, this 

may have been counterproductive and not representative of actual plant growing 
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conditions.  The Vertisol by its nature is a heavy clay soil which when moistened has 

strong plastic and adherent qualities.  Taking a 1cm diameter 10cm long cylinder of 

rhizosphere soil proved to be both difficult and slow.  Soil would adhere to the sampling 

device and need to be scraped off.  The device for sampling needed washing and drying 

between samples, a slow process when 32 samples were needed, each sample being a 

pool of two sample points from the root zone.  The Chromosol, however was easier to 

sample.  Samples were frozen at -20 deg C. in jars after numbering appropriately.  Apart 

from the absence of chromosol samples, all samples were accounted for on all 5 

sampling dates. 

 

 

4.11    Choice of experimental design 

The literature review suggested that differences between genotypes could be small, so 

to maximize the power of the design, the four genotypes were arranged into 4 blocks 

with 2 pots of each genotype randomly distributed within each block, giving a total of 32 

plants, for each of two soil types, each pot having two plants.  Soil types were chosen – 

an acidic, red-brown Chromosol loam from a research station in southern NSW, 

representative of the major canola growing areas of the Riverina; and alkaline, black, 

heavy clay Vertisol from a research station at Warwick, Queensland, representative of 

the Darling Downs and northern canola growing districts. 

 

 

4.11.1    Choice of statistical programming and research design 

The assistance of Steve Morris from NSW DPI Wollongbar and Jon Shuker from 

Griffith University Gold Coast with R programming, and my superviso,r Dr. Tularam,   

with SAS programming is acknowledged.  R is a powerful, versatile, worldwide  

statistical program provided at no cost to participants who form part of a statistical  

community where on-line assistance is provided voluntarily by others.  Testing the  

hypothesis on two soil types where canola is widely grown in Australia seemed  

important.  Soils in southern NSW and Western Australia are acidic Chromosols, 

whereas soils in Southern Queensland are heavy black neutral or alkaline clay soils 

known as Vertisols.  Having two soil types and four genotypes would have created  

a two-way ANOVA using blocking to minimize variation between pots and using a 
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statistical design to avoid the need to move pots regularly during the experiment.   

As the experiment progressed, it became apparent that the Chromosol soils were  

inhibiting germination owing to crusting, and unfortunately the information to be  

derived from this aspect of the experiment was lost.  The design became a one-way  

ANOVA with randomized complete blocking.  The design could have been more  

illuminating in respect of herbicide effect on the results, as we now know that certain  

herbicides provide a stimulus to microbes (Bai and Ogborne, 2016).  The design  

produced two examples of each genotype per block of eight samples, with four blocks in 

total.  Had one of the two genotypes in each block not been treated with herbicide, then 

the herbicide impact on biology may have been assessed statistically.  This omission 

from the design was unfortunate; however, small differences between the genotypes 

were anticipated, and generally found, so not including the herbicide data in the data 

added more power to the analysis.  The measurement of herbicide residues requires 

expensive and complicated extraction techniques, including gas chromatography by a 

technician experienced in this type of analysis. 

 

 

4.11.2     Data collection methods and recording 

From the literature it is known that microbial populations and activity varies with root 

exudates availability, changing throughout the growth of the plant (Dunfield and 

Germida, 2003; Hannula et al., 2010).  Therefore, it was important to take sequential 

samples at various stages of the plant‘s lifecycle and test the hypothesis at each stage.  

Samples were taken before planting, at germination, early growth, maturity, and seed 

formation and senescence, at approximately 14 day intervals during the eight week 

growth cycle.  The taking of samples proved a challenge in the sticky, plastic-like Vertisol 

soil, but all samples were available for analysis and accounted for.  Laboratory analysis 

for each sampling occasion involved a two day commitment – one day to thaw samples, 

carefully remove any obvious root fibres, measure dry matter content, and set up 

laboratory equipment, and the second day for analysis.  The complexity of the analyses 

cannot be understood until one participates in this process – using a 96 well plate with 

micro pipetting requires intense and uninterrupted concentration for long periods of time, 

to ensure analytes are added correctly.  When one examines the results, it is apparent 

that mistakes were made, despite best efforts, where enzyme substrates were added 
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twice to a well, or not at all.  Outliers were eliminated from the analysis when it was 

apparent that a mistake was made.  In the case of microbial enzyme analysis, 

quadruplicates were used, and in DNA analysis, duplicates.  Collating and saving all 

results into their unique files produced an extensive database of results which had to be 

progressively analyzed. 

 

 

4.11.3     Statistical analysis 

The choice of R as an analytical software package was made for several reasons. R is a 

world-wide system of statistics provided free on the internet, and large communities of 

scientists and statisticians around the world contribute to this software as a ―community‖ 

of users.  Despite difficulty in writing and using the code, it appears to be versatile 

software.  Assistance was graciously provided by two experts in the coding, at both 

Wollongbar and Griffith University.  As was expected, some results gave significant 

differences (Chapter 5) but the general impression was that the hypothesis was 

supported by both enzymatic and DNA analyses. 

 

 

4.12      Observations derived from farm visits to canola growers 

Information on farming co-operators was obtained by contacting State Department of  

Agriculture extension specialists in order to find farmers who grew a variety of  

cultivars, and who would willingly participate in the programme.  The NSW  

farmers were identified in the Riverina district in one catchment zone.  A  

single co-operator was identified in Queensland, where canola is not a crop  

widely grown because it does not generally suit climatic conditions available  

at seed-setting.  It was evident from discussions with the farmers that they  

participate in a number of experimental programmes associated with the  

Department of Agriculture and private corporations, and were keen to gain  

information derived from the thesis experiment.   

 

 

4.12.1   Soil characteristics 

Comments on soils associated with co-operating farmers are shown in Table 4.6 and were taken 
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from laboratory determinations provided by the co-operating farmers. 

 

 

Table 4.6 Soil types and fertility information on co-operating farms 

 

Location Farming 

Technology 

Soil Description/ 

Variety grown 

Fertility Information (Summary) 

Pittsworth, 

Qld (a) 

Clearfield – 

Intervix with 

ploughing. 

Deep heavy  

black clay/ Clear- 

field cultivar. 

Deficiencies exist with P, Cu, and Zn; 

otherwise the soil is suitable. 

Holbrook, 

NSW (b) 

Trizine 

tolerant with 

ploughing. 

Shallow sandy-loam  

over a dense saline  

clay horizon/Gem. 

Low pH soil requiring regular addition of  

limestone to assist crop growth. 

East Henty, 

NSW (c) 

Trizine 

tolerant with 

composting. 

Shallow sandy-loam  

over a dense saline  

clay horizon/Gem. 

Low pH soil requiring regular addition of  

limestone to assist crop growth. 

Pleasant 

Hills, 

NSW(d) 

All 3 types 

including GM-

Roundup 

Ready and 

direct drilling.  

Shallow sandy-clay 

 loam over a dense  

clay horizon/ all 3 

 cultivars Gem, RR, 

and Clearfield. 

Low pH soil requiring regular addition of  

limestone to assist crop growth. 

 

Table 4.7 Soil amendments and fertilizer application type and rates 

 

Fertiliser/ 

Soil Amendment 

Pittsworth Holbrook East 

Henty 

Pleasant 

Hills 

Glasshouse/Plots 

MonoAmmonium 

Phosphate 

90kg Ha-1 50kg Ha-1 nil 90kg Ha-1 Foliar spray 

DiAmmonium 

Phosphate 

nil 50kg Ha-1 nil Nil  

Nitrogen According 

to soil test 

According 

to soil test 

According 

to soil test 

According 

to soil test 

Foliar spray 

Lime (CaCo3) nil One   

tonne Ha-1 

every 5 

years. 

1 tonne 

Ha-1 2 

yearly + 

mulch. 
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The availability of soil phosphate to the plant is usually highest at pH range of 

6.5 to 7.0. Only in the Pittsworth soil was a soil pH at this level observed.  High 

pH levels (>7.5) allow precipitation of phosphate to insoluble Ca and Mg cations 

which are poorly soluble, but none of the properties demonstrated soil pH at this 

level.  Acidic soils from the Riverina (pH<6) cause Fe and Al ions to react with 

phosphate forming insoluble compounds.  Therefore, the importance of liming 

the soil regularly to increase pH was recognized in at least four of the five 

properties where acid pH levels were prevalent. 

 

 

 

4.12.2      Tillage methods 

 

 

Figure 4.5: East Henty planting rig 

Dual-drive tractor pulls in turn (a) planting mechanism (detail in Figure 4.6) (b) 

tank delivering fluid mix of beneficial bacteria and fungi plus trace elements; (c) 

seed and fertiliser truck. 
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Chapter 3.12.1 refers to the differences between conventional tillage (CT) and 

no till (NT) farming systems (Gupta, 1994; Longstaff et al., 1999; Yeates et al., 

1999; Bhattacharya et al., 2010). These practices influence soil biota: whereas 

it was once thought that turning the soil over (ploughing) with a shearing 

(mouldboard) plough was beneficial to the soil by aerating it, preventing 

capillary loss of water, and eliminating weeds by burying them, it has now been 

shown that this is not only counter-productive but also risks soil erosion.  Most 

of the world‘s agriculture still adopts this ploughing technique.  None of these 

three factors once thought to be benefits of ploughing are necessarily true.  

Aerating the soil promotes loss of organic carbon by microbes gaining greater 

exposure to oxygen; moisture is lost; and weeds are still capable of re-growing 

unless several ploughings are carried out, with attendant excessive use of fossil 

fuels and wear and tear on machinery.  The shearing force additionally exposes 

soil to wind and rain erosion.  No-till or minimum tillage (Figures 4.5 and 4.6) 

prevents all these three damaging processes – a blade cuts through the earth 

which has been cleared of weeds by herbicide.  In the blade furrow, the seeds 

are deposited while fertiliser banding is carried out either side of the furrow.  

The process is more difficult to do, because debris accumulates on the shearing 

knife from dead plant residues and this must be cleared.  It is now well 

understood that this technique preserves soil biota and soil organic matter, 

moisture, improves soil structure, requires less use of farm machinery, and 

minimises erosion by wind or rain (Wardle, 1995; Holland, 2004).  Variation in 

tillage types is shown in Table 4.7. 

 

Table 4.8 Types of tillage employed on the four co-operating farms 

 

Tillage Method  Pittsworth   Holbrook Pleasant Hill  East Henty Glasshouse 

Harrow/shallow 

  (One-off till) 

     no       yes       yes       yes        no 

    No tillage      no       no       no       no        yes 

Conventional 

   ploughing 

     yes       no       no       yes        no 
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Observations and discussions with the canola growers are reported in Chapter 6. 

4.12.3     Seed cultivars 

(i) GM canola  

GM canola known as ―Roundup Ready‖ variety Hyola 5504 (RR) was provided 

by Pacific Seeds Pty Ltd, Toowoomba, Queensland, and is a cultivar genetically 

modified to be tolerant to the herbicide glyphosate.  This herbicide functions by 

stopping protein synthesis in weeds by damaging amino acid formation.  The 

plant then falls over and dies.  Hyola 5504 cultivar is planted without ploughing 

(―direct drilling‖) at same time as spraying Roundup herbicide.  The herbicide is 

re-applied at the 3 leaf stage.  Penetration of the market is about 8.6%, and 

increasing.  This relatively poor market share is thought to be the case for two 

reasons: 

In the Australian canola industry, this cultivar‘s seed is purchased with a $20 a 

tonne levy on harvested seed; and GM canola is separated from conventionally 

grown canola at delivery points (silos) and unless a farmer is within a practical 

delivery distance, it is too expensive to deliver the canola to the point of storage. 

   

The dominant technology – Trizine tolerant variety- gives acceptable results; 

weeds such as perennial ryegrass and wild radish are better controlled with 

Trizine herbicide than with glyphosate. 
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   A     B   C    D 

 

 

Figure 4.6: East Henty planting apparatus (detail).  A – offset fertiliser banding  

chute; B – seed delivery tubing; C – planting knife; D – press wheel. 

 

(ii) Non-GM canola isoline 

The non-GM conventional canola variety (RR-WT) from which the GM variety is 

derived is also supplied by Pacific Seeds.  It is known as H22816 and is not 

released for commercial sale.  It is grown without use of herbicides to contrast 

with the GM and other varieties.  Weeds are controlled manually.  This system 

is representative of an ―organic‖ style of growing crops, and also of that 

employed in developing countries. 

 

(iii) Clearfield canola 

Clearfield canola (Syngenta Corporation) is not a genetically modified cultivar 

(CF).  It has been specially bred using conventional breeding to be tolerant of 

the herbicide imidazolinone (known commercially as Intervix).  This herbicide 
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has residual properties such that a single use post-germination is all that is 

required for the growing season.  This is its main selling point.   Care must be 

taken as lingering effects of the herbicide will affect crops grown in the same 

field after harvest. Imidazolinone is a new broad-spectrum herbicide which is 

used by a minority of canola growers.  Persistence in soil depends only on the 

type of soil – Intervix breaks down more quickly in sandy alkaline soils but can 

persist for years in heavy clay soils with acid pH.  Follow-on crops like wheat 

and barley are therefore at risk from this herbicide.  Preparation of the seedbed 

to control weeds by shallow ploughing (harrowing) or use of another herbicide 

such as glyphosate is generally needed before planting. 

 

(iv) Gem canola 

The fourth variety of seed is known as ―Gem‖ Trizine tolerant canola (TT), a 

conventionally bred cultivar selected to tolerate the application of the herbicide 

atrazine (also known as Trizine).  This seed cultivar is supplied by Pacific Seeds 

Pty Ltd, and it dominates the Australian canola market, having a market share 

of about 80%.  It is often used with limited ploughing and Trizine herbicide is 

incorporated at ploughing time, sprayed at seeding time, and again at the 3 leaf 

stage.  Atrazine herbicide leaves detectible residual content in soil for 

approximately 6 months.  Most farmers choose to use atrazine because of its 

predictability in canola production, and for its effectiveness in controlling 

resistant weeds.  High pH soils have longer residue persistence and cereals are 

most at risk.  It is common for a cereal crop to follow a canola crop. 

Collectively these four cultivars of canola represent four different technologies 

with varying impacts on the environment (Table 4.9). 

 

 

4.12.4   Weed management 

Discussions with farmers indicated how important they considered this aspect of 

farming, not only because of the cost and inconvenience, but because they 

understood they were introducing a toxic product into the environment in the 

short term, but were doing so in order to promote an acceptable crop yield in 

the longer term. 
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Table 4.9 Weed control systems in common use growing canola 

 

Name Weed 

Resistance 

Group 

Chemical 

name 

Mode of action Commercial 

example 

Atrazine/ 

Simazine 

C Triazine Inhibits 

photosynthesis 

Gesaprim 

Gesatop 

Glyphosate M Glyphosate 

 

Inhibits amino 

acid synthesis 

(Glutamine) 

Roundup 

Imazapic/imazapr/ 

imazethapyr 

B Imidazolinone Enzyme 

inhibitor 

(acetolactate 

synthase) 

Intervix 

Spinnaker 

On-duty 

 Source: Vic. Dept. of Primary Industries: Avoiding Crop Damage - Residual Herbicides 

 

The significance of these farms in relation to their respective technologies is 

discussed in Chapter 6, Section 6.11. 
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4.13 Conclusions 

This chapter develops the planned experimental programme on how it is 

planned to measure the effect of root secretions from the four cultivars on 

enzyme activity changes and microbial DNA concentration and community 

structure, providing an analysis comparing cultivars under their respective 

systems of management.  Such research can alert crop production science to 

methods of minimising or eliminating environmental harm caused by agriculture 

to the soil resource, as well as information on sustainability.  The data required 

is provided by a glasshouse trial and is integrated with qualitative data from on-

farm observations.  From statistical comparisons, a picture should emerge as to 

the ecological sustainability of each of the respective systems of production.  

The following chapter takes the data derived from the methodology chapter and 

uses it to test the hypotheses listed.  
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5.1 Introduction 

To commence this chapter, a brief re-statement of the aim of the project is 

relevant, namely to test whether GM canola had an impact on soil biology that 

differed from that of non-GM canola cultivars.  This would be achieved by 

measurement of soil microbiological DNA concentrations as well as changes in 

microbial enzyme activities and community structure.  These three broad tests 

were the criteria by which the hypothesis was to be tested.  The choice of DNA 

and community structure is directly related to the mass of living organisms and 

their respective biological orders. In the case of the enzymes, five were chosen 

which gave insight into essential rhizosphere biochemical reactions, listed in 

Table 5.1.  This chapter considers in sequence measurement of community 

structure, then enzymatic analyses, and finally DNA analyses.  In reviewing the 

literature on the subject, many methods of assessing soil biological parameters 

were found (Table 3.1).  Each method had advantages and disadvantages, cost 

issues, and practicality points, so that no method of measurement is complete 

on its own, or is free of technical criticism.  Subsequently, the choice of the 

above methods proved to be within the resources and budget of the writer. 

Table 5.1 Microbial enzymes and their roles in soil biology 

Enzyme Role 

Alkaline phosphatase 

(PHOS) 

Converts soil phosphates to orthophosphate which 

allows absorption of P by roots 

Cellobiose dehydrogenase 

(CELL) 

Hydrolysis of 1,4-beta-glucosidic linkages in 

cellulose from SOM to glucose 

Beta-glucosidase 

(BGL) 

Hydrolysis of terminal beta-D-glucose residues to 

release beta-D-glucose 

Aryl-sulfatase 

(SUL) 

Release of sulfates from biologically bound sulfate 

for absorption of S by roots  

Leucine aminopeptidase 

(LAP) 

Metabolism of leucine amino acid representative of  

nitrogen metabolism 

 

Table 5.1 indicates the selection of enzymes chosen with a view to representing  

the most important bacterial and fungal roles as commensals in soil-plant 
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interactions.  The literature demonstrates many different enzymes from which a 

choice could be made, but it was thought that the above five enzymes 

representing the metabolism of the essential macrominerals N, P, C and S were 

the most relevant for testing the hypothesis and providing insight into plant-

microbial interactions. 

 

 

5.1.1 Measurement of community structure using PLFA  

With this technique, the experimental programme attempted to measure shifts 

in the trans/cis ratios of monounsaturated fatty acids, measurement of fungal 

decomposition potential for plant residues, calculation of the fungal/bacterial 

ratios, and shifts in gram positive to gram negative bacterial biomass to provide 

insight to the impact of the particular agricultural system‘s sustainability 

(Heipieper et al., 1996; Kaur et al., 2005).  Initial experimental procedures failed 

to produce adequate data, so this technique proved to be technically 

unsuccessful and testing of the hypothesis had to proceed with use of enzyme 

activity measures and DNA concentrations.  Inadequate yields of phospholipids 

were derived when using the modified technique by Buyer and Sasser (2012).  

Consequently, this extraction and quantification method was discarded as a 

means of testing the hypothesis. 

 

 

5.1.2 Presentation order for the analyses 

 Firstly, a graph of means from each sampling occasion for each enzyme 

activity and for DNA concentration;  

 Secondly, statistical analysis results for randomized complete block 

design where significant effects are found, for each sampling occasion; 

 Thirdly, where statistically significant differences are found for genotypes 

in the foregoing analysis, a re-analysis of the data with one way ANOVA 

for that sampling occasion which provides Bonferroni pairing 

comparisons; 

 Fourthly, sequencing analyses with a paired t test of all results over the 

56 day trial, are considered statistically, and  
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 Finally, panel regression or time series analysis is used to explain DNA 

concentration changes during the trial and how enzymatic activities might 

influence those changes.   

 

 

5.2 Tests of the general hypothesis 

The test of the general hypothesis (Chapter 4.6) depends on whether statistical 

differences are consistently present during the growth of the plants for all the 

sub-hypotheses, across the spectrum of all the enzyme and DNA data being 

considered.  The test for the sub-hypotheses (4.6.1) likewise depends on 

statistically significant results being consistently present during that enzyme‘s 

sampling data series.  It was noted in reviewing the literature that most 

experiments based on enzymatic determinations had on occasions detected 

significant differences, but researchers were unable to prove they were a 

consistent feature of experimental findings throughout the experiments.    

  

 

5.3       General hypothesis  

The general hypothesis to be tested is that genetically modified canola has an 

effect on the biology of the soil that is not different statistically from the effect of 

other genotypes.  The alternative hypothesis is that (i) GM canola creates 

changes in the biology of the soil that are different from unmodified (“wild type” 

species of canola) and (ii) from species of canola modified for special herbicide 

resistance to atrazine and imidazolinone herbicides respectively.  Reference is 

made to Chapter 3.15, and to Chapter 4.6.  As explained in Chapter 4.8.2 and 

Appendices 1 and 2, the hypothesis is tested using fluorescent technology 

whereby the activity levels of specific microbial enzymes, and the concentration 

of soil microbiological DNA, are measured.  Statistical comparisons are made 

using the R programme and SAS programme software.  
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5.4 Statistical analysis of changes to microbial enzyme 
activity  

Initial rhizosphere soil samples were taken at day 0, then at day 7, then at 

approximately 2 week intervals during the growth of the canola plants in the 

greenhouse.  

Table 5.2  Means and standard deviations for enzyme activity (µg mg-1 dry 

soil hour-1) 

Enzyme day 

Mean 

Trizine 

tolerant 

Mean 

Roundup 

ready 

Mean 

Clear-

field 

Mean 

Wild 

type 

S.D. 

Trizine 

tolerant 

S.D. 

Roundup 

ready 

S.D. 

Clear- 

field 

S.D. 

Wild 

type 

LAP 7 20.61 21.24 21.30 20.88 1.18 2.28 2.86 2.30 

 21 6.18 5.73 5.86 6.12 0.72 0.71 0.49 0.56 

 42 19.09 19.00 20.75 20.73 1.38 1.21 1.53 1.92 

 56 19.48 19.93 19.88 19.58 1.37 1.89 1.61 1.85 

PHOS 7 114.28 117.59 110.58 109.20 7.52 6.77 10.30 9.48 

 21 24.15 24.83 22.53 21.85 4.35 2.91 2.88 2.91 

 42 17.34 18.90 16.88 16.13 2.39 3.95 4.32 2.70 

 56 32.85 37.85 38.13 34.79 15.08 15.83 14.72 15.69 

BGL 7 28.34 27.42 28.38 28.92 6.37 3.98 4.32 3.02 

 21 17.89 17.65 16.55 17.00 1.78 3.21 2.41 2.56 

 42 19.49 22.66 22.32 21.35 3.60 5.90 5.14 4.98 

 56 189.94 196.65 184.28 202.12 26.79 30.21 24.18 20.45 

CELL 7 3.28 2.71 2.80 2.66 1.34 0.70 0.88 0.69 

 21 1.62 1.62 1.51 1.47 0.13 0.28 0.26 0.26 

 42 1.97 1.92 2.09 1.91 0.48 0.45 0.46 0.34 

 56 9.43 10.57 8.56 9.54 10.23 11.79 9.46 10.79 

SUL 7 0.34 0.32 0.31 0.34 0.44 0.43 0.45 0.46 

 21 0.18 0.16 0.15 0.15 0.11 0.09 0.06 0.03 

 42 3.12 3.19 3.20 3.13 0.33 0.23 0.29 0.30 

 56 0.98 0.86 0.67 1.35 0.41 0.34 0.40 0.63 

 

It is notable that the means for each genotype for every enzyme on any 

particular sampling date are similar, and that variation occurs over time 

according to its respective role in the metabolism of the plant.  Standard 

deviations indicate that a significant degree of variation is present, despite the 
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similar mean values. This appears to be especially so at day 56.  Each enzyme 

activity is graphed in its respective section as follows.  

Table 5.3 Summary statistical results (randomized complete block design) 

Enzyme name Sample day p Stage of plant growth 

LAP 7 0.952 Germination, apply herbicide 

 21 0.179 Rapid plant growth 

 42 0.0209 * Maximum plant structure 

 56 0.952 Senescence, seed formation 

PHOS 7 0.261 Germination, apply herbicide 

 21 0.199 Rapid plant growth 

 42 0.25 Maximum plant structure 

 56 0.0933 Senescence, seed formation 

BGL 7 0.00163 *** Germination, apply herbicide 

 21 0.568 Rapid plant growth 

 42 0.287 Maximum plant structure 

 56 0.031 * Senescence, seed formation 

CELL 7 0.264 Germination, apply herbicide 

 21 0.432 Rapid plant growth 

 42 0.802 Maximum plant structure 

 56 0.0134 * Senescence, seed formation 

SUL 7 0.41 Germination, apply herbicide 

 21 0.862 Rapid plant growth 

 42 0.164 Maximum plant structure 

 56 0.0248 * Senescence, seed formation 

Level of Significance: * 0.05 ** 0.01     *** 0.001 

Table 5.3 indicates that at times of maximum plant changes – germination, 

growth to maturity, and seed formation – statistically significant differences in 

enzyme activity emerge.  In five of 20 tests, one was highly significant, and four 

significant at the 0.05 level.  This summary does not appear to give a clear 

outcome with respect to the hypothesis being accepted or rejected.  Throughout 

the statistical analysis, blocking effects were significant but not always reported 

by the R program.  Further detailed statistical testing was carried out with pair-
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wise comparisons in a one way ANOVA format for each enzyme where 

statistical significance was evident in the blocking design.  These results are 

reported as follows in sequence for each enzyme. 

 

 

5.4.1. Leucine aminopeptidase (LAP) enzyme activity 

This enzyme is a microbial enzyme involved in amino acid (and therefore 

nitrogen) metabolism and considered an effective indicator as to whether 

secretions from roots alter the activity of the microbes which also produce this 

enzyme.  Figure 5.1 illustrates how the activity changed as the plants matured 

and their root systems developed. 

 

Figure 5.1:  Mean LAP activity for 4 genotypes 

Day 7 values indicate a general increase in metabolism of leucine during 

germination and early growth which then abates until the plant reaches maturity 

and eventual senescence at days 42 and 56, when metabolism again 

increases.  Statistical significance (p = 0.05) is shown at day 42 (Tables 5.6 and 
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5.7).  For the purposes of illustration, the entire analysis for this enzyme on the 

four sampling occasions is presented.  For the remaining enzymes, only 

statistically significant sampling occasions are presented. 

Table 5.4  Statistical analysis for LAP enzyme activity at day 7 

 Df Sum Sq Mean Sq F  Value p 

Genotype 3 0.083 0.028 0.112 0.952 

Block 3 9.512 3.171 12.909 2.73 e_05 *** 

Residuals 25 6.141 0.246   

 

In Table 5.4, no significant difference can be detected between genotypes for 

the activity level of this enzyme at this time.  The degree of variation between 

blocks is such that it indicates significant differences in growing conditions 

throughout the greenhouse for each block of plants.  This is a consistent finding 

throughout the statistical analysis of all enzymes examined.  Its explanation can 

be found in the design and operation of the greenhouse.  Holding the chamber 

at 25 degrees C. during the day and 15 degrees C. during the night required 

high velocity refrigerated air which impacted more severely on some of the 

blocks compared to others.  In addition, those plants (―pots‖) in the northern-

most positions were recipients of more intense heat and sunlight than those in 

the southern-most position.  The variation caused by these conditions is 

removed through the blocking design, whereas the alternative to having static 

pots was the demanding task of moving them regularly to create equivalent time 

of exposure within the greenhouse microenvironment. 
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Table 5.5 Statistical analysis for LAP enzyme activity at day 21 

 Df Sum Sq Mean Sq F  Value p 

Genotype 3 0.156 0.052 1.77 0.179 

Block 3 0.826 0.275 NR NR 

Residuals 25 0.733 0.029   

NR – not reported 

In Table 5.5 no significant difference can be detected between genotypes for 

the activity level of this enzyme at this sampling date.  The degree of variation in 

blocks is not reported. 

Table 5.6 Statistical analysis for LAP enzyme activity at day 42 

 Df SumSq Mean Sq F  Value p 

Genotype 3 4.07 1.357 3.88 0.0209* 

Block 3 NR NR NR NR 

Residuals 25 8.74 0.345   

Level of Significance: * 0.05 **   0.01     *** 0.001  

In Table 5.6 a significant difference at the (p = 0.05) can be detected between 

genotypes for the activity level of this enzyme at this sampling date.  It is a time 

when maximum structure and leaf formation is underway and therefore a time 

when differences in rhizosphere activity for amino acid metabolism could be 

anticipated. 
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Capital letters indicate herbicide resistance genotype as follows: CF = Clearfield; RR = 

Roundup Ready; TT = Trizine tolerant; WT = non-resistant cultivar (RR isoline) 

Figure 5.2: Means, maxima, minima and standard deviations for LAP enzyme 

activity at day 42  

The wide standard deviation encountered between genotypes for LAP at this  

juncture in the plants‘ growth cycle is evident in Figure 5.2.  The mean values  

are not greatly divergent but the degree of variation is.  This is typical of results 

obtained and probably relates to variation within the microenvironment of the  

greenhouse and the difficulty in obtaining representative rhizosphere samples. 

 

Table 5.7 One way ANOVA for LAP enzyme activity at day 42 

 Genotype Residuals 

Sum of Squares 23.014 65.868 

Deg. of Freedom 28  

Residual standard error 1.534  

 

 Df Sum Sq Mean Sq F value p 

Genotype 3 23.01 7.671 3.261 0.036 * 

Residuals 28 65.87 2.352   

 

Level of Significance:   0 ‗***‘ 0.001 ‗**‘ 0.01 ‗*‘ 0.05 
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Without the benefit of removing variation by blocking, the level of significance is  

less for this sampling date, but still significant at the 0.05 level. 

 

Table 5.8 Pairwise Bonferroni comparisons using t tests with pooled SD  

Data:  enzyme response and genotype              

 CF RR TT 

RR 0.18 - - 

TT 0.23 1.00 - 

WT 1.00 0.20 0.25 

 

The p value adjustment method used was the Bonferroni test, and Tukey  

multiple comparisons of means at the 95% family-wise confidence level are  

made as follows: 

 

Table 5.9 Tukey multiple comparisons of means (95% family-wise  

  confidence level) 

 

Genotype Diff lwr upr p adj 

RR-CF   -1.74875 -3.843 0.345 0.127 

TT-CF   -1.66625 -3.760 0.428 0.156 

WT-CF   -0.02500 -2.119 2.069 0.999 

TT-RR   0.08250 -2.011 2.176 0.999 

WT-RR   1.72375 -0.370 3.818 0.135 

WT-TT   1.64125 -0.453 3.735 0.165 

 

Table 5.9 indicates that paired comparisons cannot detect a significant 

difference at day 42. 
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Table 5.10  Statistical analysis for LAP activity at day 56 

 Df 
Sum 

Sq 

Mean 

Sq 
F  Value p 

Genotype 3 0.135 0.045 0.112 0.952 

Block 3 NR NR NR  

Residuals 25 10.074 0.403   

 

In Table 5.10 no significant difference can be detected between genotypes for 

the activity level of LAP enzyme at this time.  The degree of variation between 

blocks is not reported. 

Time 3 produced a difference in the randomized complete block analysis and 

also in the one-way ANOVA analysis of pair-wise comparisons.  This sampling 

date was a time when the plants were growing at their optimum growth rate 

(plant maturity).  Day 7 (germination) and day 21 (juvenile plants) and day 56 

(plant senescence and seed formation) did not produce a difference.  Casual 

observation indicated that some plants were much more vigorous than others 

as would be understandable with the normal variation in plant phenotype.  

Positioning within the greenhouse from random assignment within the blocks 

combined with natural variation in plant vigor may have created this variation at 

day 42 but not at other times.   When blocking effects are removed and pair-

wise ANOVA comparisons made, this effect is not significant. 

Sequential Paired Analysis for LAP activity days 7 to 56 

This test controls the Type I comparison-wise error rate, not the experiment-

wise error rate.  Alpha = 0.1. 
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Table 5.11 Sequential paired analysis for LAP enzyme activity 

 

Variable: Herbicide-Resistance Genotype 

 

N 128 Sum Weights 128 

  Sum Obs 320 

Std Deviation 1.122 Variance 1.260 

Skewness 0 Kurtosis -1.366 

Uncorrected SS 960 Corrected SS 160 

Coeff Variation 44.897 Std error Mean 0.0992 

 

The data benefits from the inclusion of all 128 observations, and tests for 

normality are acceptable.  The general linear model, as demonstrated in Table 

5.13 finds that this analysis is unable to explain differences between genotypes, 

with the R squared and F tests being insignificant. 

 

Table 5.12 Testing the model for normality of data distribution 

 

Test Statistic p  

Shapiro-Wilk W 0.856 
 

 <0.0001 
 

     

Table 5.13 General Linear Model Procedure: t Tests (LSD) Activity Rate 

Number of Observations Used 128 

 

Source DF Sum Sq Mean Sq F Value p 

Model 3 7.874 2.625 0.06 0.979 

Error 124 5209.784 42.014   

Corr. Total 127 5217.658    

 

R2 = 0.001509 

Source DF Type I SS Mean Sq F Value p 

Herb 3 7.874 2.625 0.06 0.979 
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5.4.2 Alkaline phosphatase (PHOS) enzyme activity 

 

Figure 5.3:  Mean PHOS activity for 4 genotypes 

The activity of the P-related enzyme phosphatase is increased at day 21 in 

Figure 5.3 when plant structure and leaf growth are developing, but then 

appears almost uniform and at a lower level of activity after the growth period 

comes to a conclusion.  The graph suggests that statistical differences in 

activity levels between genotypes might be found at day 21. 

Table 5.14  Statistical analysis for PHOS enzyme activity at day 21 

 Df Sum Sq Mean Sq F  Value p 

Genotype 3 343.4 114.48 1.419 0.261 

Block 3 70.2 23.39 0.29 0.832 

Residuals 25 2016.4 80.66   
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Table 5.14 indicates that no significant difference can be detected between 

genotypes for the activity level of this enzyme at day 21. 

 

Sequential Paired Analysis for PHOS activity days 7 to 56 

This test controls the Type I comparison-wise error rate, not the experiment-

wise error rate.  Alpha = 0.1. 

Table 5.15 Sequential paired analysis for PHOS enzyme activity 

 

Variable: herbicide-resistance genotype 

 

N 128 Sum Weights 128 

  Sum Obs. 320 

Std Deviation 1.122 Variance 1.260 

Skewness 0 Kurtosis -1.366 

Uncorrected SS 960 Corrected SS 160 

Coeff Variation 44.897 Std Error Mean 0.099 

 

Table 5.16 Test for normality sequential paired analysis for PHOS 

 

Test Statistic p 

Shapiro-Wilk W 0.856 
 

 <0.0001 
 

 

The data benefits from the inclusion of all 128 observations, and tests for 

normality are acceptable.  The general linear model, however finds that this 

analysis is unable to explain differences between genotypes with the R squared 

and F tests being insignificant. 

The General Linear Model Procedure: t Tests (LSD) Activity Rate 
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Table 5.17   Statistical analysis for PHOS enzyme activity at day 21 

Source DF Sum Sq Mean Sq F Value p 

Model 3 309.187 103.062 0.06 0.978 

Error 124 198006.365 1596.825   

Corr. Total 127 198315.552    

 

R2 = 0.001559 

 

Source DF Type 

I SS 

Mean 

Square 

F 

Value 

p 

Genotype 3 309.2 103.06 0.06 0.978 
 

     

 

Although it appeared that the atrosine-resistant genotype created more activity 

at the day 21 sampling, differences were not statistically significant. 

 

5.4.3 Beta-Glucosidase (BGL) enzyme activity 

 

 

Figure 5.4:  Mean BGL activity for 4 genotypes 

Figure 5.4 suggests that significant differences may be possible at day 56. 

Testing with the randomized complete block design indicates this is so at the  
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0.05 level of significance, as illustrated in Table 5.18. 

Table 5.18  Statistical analysis for BGL enzyme activity at day 56 

 Df Sum Sq Mean Sq F  Value p 

Genotype 3 2081 693.7 3.496 0.031 * 

Residuals 24 4762 198.4   

 

Table 5.18 indicates that a significant difference can be detected between 

genotypes for the activity level of this enzyme at day 56 at the (p = 0.05).  At 

this time, seed formation was being undertaken so the nutrient demands of the 

plants would have been greater than at other times.  When pair-wise 

comparisons are made without blocking effect, the differences are not 

statistically significant.

 

Capital letters denote herbicide-resistance genotype: CF= Clearfield; RR= Roundup 

Ready; TT= Trizine-resistant; WT= Wild Type without any resistance (RR isoline) 

Figure 5.5:   Means, maxima, minima and standard deviations for BGL 

enzyme activity at day 56 

From the distribution of means, the Clearfield genotype appears to be less  
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active for Beta-glucosidase enzyme, and to have a smaller standard deviation 

 

Table 5.19 One way ANOVA analysis for BGL enzyme activity at day 56 

 Genotype Residuals 

Sum of Squares 1452.338 18432.193 

Deg. of Freedom 3 28 

Residual standard error 25.65721  

                

 Df Sum Sq Mean Sq F value p 

Genotype 3 1452 484.1 0.735 0.54 

Residuals 28 18432 658.3   

 

Despite the randomized complete block design indicating significance in  

differences between genotypes in Table 5.19, the one way ANOVA analysis  

could not demonstrate significance difference with genotype, as indicated in  

Table 5.19.   

 

Table 5.20 Pairwise Bonferroni comparisons using t tests with pooled SD  

  data:  enzyme response and genotype BGL enzyme activity 

 CF RR TT 

RR 1 - - 

TT 1 1 - 

RR-WT 1 1 1 

 

The p value adjustment method used was the Bonferroni test, and Tukey  

multiple comparisons of means at the 95% family-wise confidence level are  

made as follows: 
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Genotype diff lwr upr p adj 

RR-CF 12.366 -22.660 47.392 0.771 

TT-CF 5.656 -29.367 40.682 0.971 

WT-CF 17.834 -17.192 52.856 0.516 

TT-RR -6.710 -41.736 28.316 0.953 

WT-RR 5.467 -29.559 40.494 0.974 

WT-TT 12.177 -22.849 47.204 0.779 

 

The paired comparisons made in ANOVA indicate that the large amount of  

variation in sample values influenced the result and no significant differences in 

the pairings could be demonstrated, as shown in Table 5.20. 

 

Sequential Paired Analysis for BGL enzyme activity days 7 to 56. 

 

This test controls the Type I comparison-wise error rate, not the experiment-

wise error rate.  Alpha = 0.1. 

 

Table 5.21 Sequential paired analysis for BGL enzyme activity 

 

Variable: herbicide-resistance genotype 

 

N 128 Sum Weights 128 

  Sum Obs 320 

Std Deviation 1.122 Variance 1.260 

Skewness 0 Kurtosis -1.3662781 

Uncorrected SS 960 Corrected SS 160 

Coeff Variation 44.897 Std error Mean 0.099 
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Table 5.22 General Linear Model Procedure: t Tests (LSD) Activity Rate 

  

R2 = 0.00055 

 

Source DF Sum Sq Mean Sq F Value p 

Model 3 395.261 131.754 0.02 0.995 

Error 124 724077.128 5839.332   

Corr. Total 127 724472.389    

The general linear model analysis indicates statistically insignificant values for R 

squared and for F.  This analysis fails to demonstrate differences between  

herbicide-resistant genotypes, thereby giving additional weight to the general 

hypothesis. 

 

 

5.4.4 Cellobiose dehydrogenase (CELL) enzyme activity 

 

 

Figure 5.6: Mean CELL enzyme activities for 4 canola genotypes 

The metabolism of cellobiose appears to slow initially then reach a peak when 

the plant has acquired its maximum structure and leaf formation, indicating that 

the plant requires glucose units from breakdown of organic carbon residues at 
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that time.  Randomised complete block analysis indicated that no significant 

differences were found at days 7, 21, and 42; however, a significant difference 

was found at day 56, as suspected from the graphed means.  Table 5.14 

presents this below. 

 

Table 5.23  Statistical results for CELL enzyme activity at day 56 

Error: block     

 Df Sum Sq Mean Sq F value p 

Residuals 3 104 34.68   

Error: within     

 Df Sum Sq Mean Sq F value p 

Genotype 3 65.57 21.857 4.359 0.0134* 

Residuals 25 125.35 5.014   

Significance codes:  0 ‗***‘ 0.001 ‗**‘ 0.01 ‗*‘ 0.05 

Table 5.23 indicates that a significant difference can be detected between 

genotypes for the activity level of this enzyme on day 56 (p = 0.05).  When pair-

wise comparisons are made without the blocking effect as shown in Table 4.15, 

the differences are not statistically significant. 
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Table 5.24 One-way ANOVA analysis for CELL enzyme activity at day 56 

 Genotype Residuals 

Sum of Squares 32.746 229.392 

Deg. of Freedom 3 12 

Residual standard error: 4.372  

 

 Df Sum Sq Mean Sq F  Value p 

Genotype 3 32.75 10.91 0.571 0.645 

Residuals 25 12 229.39 19.12   

 

The p value adjustment method used was the Bonferroni test, and Tukey  

multiple comparisons of means at the 95% family-wise confidence level are  

made as follows: 

 CF RR TT 

RR 1 - - 

TT 1 1 - 

RR-WT 1 1 1 

 

Genotype    

                     diff lwr upr p adj 

RR-CF    4.035 -5.144 13.214 0.578 

TT-CF    1.7575 -7.421 10.936 0.940 

WT-CF   1.9625 -7.216 11.141 0.919 

TT-RR    -2.2775 -11.456 6.901 0.880 

WT-RR    -2.0725 -11.251 7.106 0.906 

WT-TT    0.2050 -8.974 9.384 0.999 

 

Table 5.24 shows that the paired comparisons made in ANOVA for CELL  

indicate large amounts of variation in sample values, and this has influenced  
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the result, such that significant differences in the pairings could not be found. 

 

Sequential Paired Analysis days 7 to 56 

This test controls the Type I comparison-wise error rate, not the experiment- 

wise error rate.  Alpha = 0.1. 

 

Table 5.25 Sequential paired analysis for CELL enzyme activity 

 

Variable: herbicide-resistance genotype 

 

N 112 Sum Weights 112 

  Sum of Obs 280 

Std Deviation 1.123 Variance 1.261 

Skewness 0 Kurtosis -1.3671793 

Uncorrected SS 840 Corrected SS 140 

Coeff Variation 44.922 Std error Mean 0.106 

 

Table 5.26 General Linear Model Procedure: t Tests (LSD) Activity Rate 

Source DF Sum Sq Mean Sq F Value p 

Model 3 4.616 1.539 0.04 0.989 

Error 108 4245.316 39.308   

Corr. Total 111 4249.932    

 

R2 = 0.001086 

 

Source DF Type I SS MeanSquare F Value Pr > F 

Genotype 3 4.616 1.539 0.04 0.989 

 

 

The general linear model analysis fails to demonstrate significant values for R2 

and for F.  This analysis once again fails to demonstrate differences  

between herbicide-resistant genotypes for CELL enzyme activity, thereby giving 

additional weight to the general hypothesis. 
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5.4.5 Aryl-sulfatase (SUL) enzyme activity 

 

Figure 5.7: Mean SUL enzyme activity for 4 genotypes 

The metabolism of sulfatase appears to slow initially then reach a peak when 

the plant has acquired its maximum structure.  Randomised complete block 

analysis indicated that no significant differences were found at days 7, 21, and 

42; however, a significant difference was found at day 56, as suspected from 

the graphed means.  Table 5.27 presents this analysis below. 

Table 5.27  Statistical analysis for SUL enzyme activity at day 56 

Error: block     

 Df Sum Sq Mean Sq F value p 

Residuals 3 1.514 0.505   

Error: within     

 Df Sum Sq Mean Sq F value p 

Genotype 3 1.936 0.645 3.701 0.025* 

Residuals 25 4.359 0.174   

Signif. codes:  ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 

-0.50

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

0 10 20 30 40 50 60

µ
g

 g
-1

 h
r-

1
 

Days of growth 

Mean SUL enzyme activity for 4 genotypes 

Atrazine

Glyphosate

Clearfield

Untreated



Chapter 5 Results 

162 
 

Table 5.27 indicates that a significant difference can be detected between 

genotypes for the activity level of this enzyme (p = 0.05).  When pair-wise 

comparisons are made without the blocking effect, a significant effect is again 

found at the same level for comparisons between the Clearfield genotype and 

the Wild Type isoline genotype, from which the RR genotype was derived. 

Table 5.28  One way ANOVA results for SUL enzyme activity at day 56 

 Genotype Residuals 

Sum of Squares 1.93 5.86 

Deg. of Freedom 3 28 

Residual standard error: 0.457  

 

 Df Sum Sq Mean Sq F value Pr(>F) 

Genotype 3 1.93 0.643 3.074 0.044 * 

Residuals 28 5.86 0.209   

Signif. codes:   ‗* ‗ 0.05  

The p value adjustment method used was the Bonferroni test, and Tukey  

multiple comparisons of means at the 95% family-wise confidence level are  

made as follows: 

data:  enzyme response and genotype for SUL.  

 CF RR TT 

RR 1.00 - - 

TT 1.00 1.00 - 

RR-WT 0.04 0.25 0.73 

 

Genotype diff lwr upr p adj 

     

RR-CF 0.182 -0.442 0.807 0.855 

TT-CF 0.306 -0.318 0.931 0.547 

WT-CF 0.671 0.047 1.296 0.032 

TT-RR 0.124 -0.501 0.748 0.948 

WT-RR 0.489 -0.136 1.113 0.166 

WT-TT 0.365 -0.260 0.989 0.397 
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The statistical comparisons without the blocking effect finds only one example  

of significance at p = 0.05 (WT-CF), and that does not involve the GM variety. 

 

Sequential Paired Analysis days 7 to 56 

 

This test controls the Type I comparison-wise error rate, not the experiment-

wise error rate. Alpha = 0.1. 

 

 

Table 5.29 Sequential paired analysis for SUL enzyme activity 

Variable: herbicide resistance genotype 

Alpha 0.05 

Error Degrees of Freedom 112 

Error Mean Square 0.206 

Critical Value of t 1.981 

Least Significant Difference 0.225 

 

From the comparisons in Table 5.19, the Trizine tolerant cultivar shows a  

significant difference with all the other cultivars.  The remaining cultivars do not  

show significant differences between each other in paired comparisons.  It is of 

interest that observations in the greenhouse indicated that the TT variety plants 

appeared to be more robust, and reached flowering sooner.  This may be one 

reason that the variety dominates canola growing in Australia (Easton pers.  

comm., 2013). 
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5.5 DNA Results 

Table 5.30  Means and standard deviations of DNA concentrations on 4  

sampling dates (nannograms g-1)  

DNA Day Mean 

Trizine 

Tolerant 

Mean 

Roundup 

Ready 

Mean 

Clear-

field 

Mean  

Wild 

Type 

S.D. 

Trizine 

Tolerant 

S.D. 

Roundup 

Ready 

S.D. 

Clear- 

field 

S.D. 

Wild  

Type 

 7 1.59 2.47 1.13 3.53 1.92 2.26 0.74 1.46 

 21 3.07 2.87 2.97 3.23 0.88 0.86 0.70 0.79 

 42 1.23 1.21 1.4 1.59 0.96 1.23 0.96 1.03 

 56 93.18 93.18 91.46 93.84 8.27 4.74 9.71 9.38 

      

      

      

Means are generally similar as the plant‘s growth proceeds from days 7 to 56.  This is 

accompanied by standard deviations which are almost as large as the means for 

days 7 and 42.  Difficulty of obtaining representative samples of soil from the 

rhizosphere of immature plants may be one explanation for the variability at day 7, 

but not at day 42 when plants were much larger than the seedlings at day 7. 

 

Table 5.31 Summary statistical results (randomized complete block design) 

for soil DNA concentrations of 4 genotypes on 4 sampling dates  

DNA Sample day p Stage of plant growth 

 7 0.335 Germination, apply herbicide 

 21 0.825 Rapid plant growth 

 42 0.846 Maximum plant structure 

 56 0.9 Senescence/seed formation 
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Figure 5.8: Mean DNA concentrations for 4 canola genotypes days 1-56 

The relatively even surge in mean DNA concentrations at day 56 was unexpected 

after the similar concentrations seen during the early life of the plants.  It indicates 

that the mature plant‘s root secretions appear to be more abundant towards the 

conclusion of the plant‘s life, commensalism promoting microbial growth as the 

needs of the plant for reproduction and seed formation peak. 

 

Table 5.32 Statistical results for DNA concentrations for days 7 to 56 

Residuals: 

Min 1Q Median 3Q Max 

-4.697 -2.149 -0.461 0.562 18.901 

Coefficients: 

 Estimate Std. Error t value p 

(Intercept) 0.974 2.356 0.413 0.683 

HerbRR 4.230 2.519 1.680 0.106 

HerbWT 2.407 2.519 0.956 0.348 

HerbTT 0.462 2.519 0.184 0.856 

block2 -0.694 2.519 -0.275 0.785 

block3 -0.181 2.519 -0.072 0.943 

block4 1.485 2.519 0.590 0.561 
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Residual standard error of 5.037 on 25 degrees of freedom gave multiple R2 =  

0.149 and adjusted R2 = 0.055, with an F-statistic of 0.732 on 6 and 25 DF, p = 

0.629. 

 

The initial statistical analysis using the randomized complete block design 

indicates that the model is unable to explain differences between genotypes (R2 

= 0.15, F = 0.7).  Using a one way ANOVA analysis, the results for each 

sampling date were then examined to assess if differences existed at any of the 

sampling dates. 

 

Table 5.33  One way ANOVA results for DNA concentrations at day 7 

Error:Block      

 Df Sum Sq Mean Sq F  Value p 

Residuals 3 21.01 7.004   

Error:Within      

 Df Sum Sq Mean Sq F  Value p 

Genotype 3 90.4 30.13 1.188 0.335 

Residuals 25 634.3 25.37   

 

Day 7 ANOVA results in Table 5.33 fail to demonstrate statistically significant 

 results, as do results for days 21, 42, and 56 illustrated in Tables 5.34 to 5.36. 
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Table 5.34  One way ANOVA results for DNA concentration at day 21 

Error:Block      

 Df Sum Sq Mean Sq F  Value p 

Residuals 3 4.588 1.529   

Error:Within      

 Df Sum Sq Mean Sq F  Value p 

Genotype 3 0.582 0.1941 0.3 0.825 

Residuals 25 16.165 0.647   

 

Table 5.35  One way ANOVA results for DNA concentration at day 42 

Error:Block      

 Df Sum Sq Mean Sq F  Value p 

Residuals 3 12.76 4.254   

Error:Within      

 Df Sum Sq Mean Sq F  Value p 

Genotype 3 0.774 0.258 0.27 0.846 

Residuals 25 23.888 0.955   
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Table 5.36  One way ANOVA results for DNA concentration at day 56 

Error:Block      

 Df Sum Sq Mean Sq F  Value p 

Residuals 3 230.5 76.82   

Error:Within      

 Df Sum Sq Mean Sq F  Value p 

Genotype 3 30.1 10.04 0.194 0.9 

Residuals 25 1297.4 51.9   

 

Sequential Paired Analysis days 7 to 56 

This test controls the Type I comparison-wise error rate, not the experiment-    

wise error rate.  Alpha = 0.1. 

 

Table 5.37 Sequential paired analysis for DNA concentrations 

Variable: herbicide- resistance genotype 

 

N 128 Sum Weights 128 

  Sum Obs. 320 

Std Deviation 1.122 Variance 1.260 

Skewness 0 Kurtosis -1.3662781 

Uncorrected SS 960 Corrected SS 160 

Coeff Variation 44.897 Std error Mean 0.099 
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Table 5.38 Tests for normality sequential DNA concentration data 

 

Test Statistic Value p 

Shapiro-Wilk W 0.856 <0.0001 

Kolmogorov-

Smirnov 
D 0.172 <0.0100 

Cramer-von 

Mises 
W-Sq 0.883 <0.0050 

Anderson-Darling A-Sq 6.359 <0.0050 

 

 

Table 5.39 General Linear Model: t Tests (LSD) DNA concentrations 

  

R2 = 0.000166 

 

Source DF SumSquares MeanSquare F Value p 

Model 3 32.845 10.948 0.01 0.999 

Error 124 197399.998 1591.935   

Corr. Total 127 197432.8433    

 

 

Source DF Type I SS MeanSquare F Value p 

Genotype 3 32.845 10.948 0.01 0.999 

 

The general linear model analysis fails to produce statistically significant 

values for differences in DNA concentration, as R2 and for F indicate sample  

variation is large for this model.  This analysis once again fails to demonstrate  

differences between herbicide-resistant genotypes for DNA, giving additional  

weight to the general hypothesis that statistical differences do not occur  

between the GM genotype and other similar but not transgenic genotypes. 
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5.6 Summary of DNA analysis and enzymology results 

The aim of the experiment was to produce data that could test the general 

hypothesis, and overall it appears that significant statistical differences do occur 

but are not a regular feature of each of the tests of the sub-hypotheses.  This is 

consistent with the finding of numerous similar research projects in other 

countries.  Differences do occur but are not consistently found.  In the analysis 

of PHOS and DNA no statistical differences were seen.  The relative uniformity 

of the means for each enzyme, and in particular DNA, was unexpected, but 

from examination of variability in the data values it is unsurprising that statistical 

differences were not regularly seen in the analysis.  The individual enzyme 

values may have been different on paired comparisons, but in general, not 

sufficiently great to decide whether sustainability of canola growing practices 

would be affected. 

 

 

5.7 Panel regression analysis 

The rationale for including this statistical technique is given in Chapter 4.6.  By 

eliminating endogenicity from the statistical models, unknown sources of 

variation which could be biasing results are minimized or eliminated.  It is 

possible that DNA results might be influenced by the enzymes chosen to test 

the hypothesis.  Additionally, panel regression could contribute to an 

understanding of how the canola plant grows and develops.  It could also help 

to describe plant growth through causal analysis of plant physiology.   

The following series of regressions are presented in this order of analysis:- 

 (1) OLS – ordinary least squares analysis (traditional regression model) 

both as standard regression (1a) and pooled models (1b). 

 (2) Fixed effects method analysis (also known as First Differencing 

Method). 

 (3) Generalized least squares analysis (GLS) as Random Effects 

Methods (also known as Random Effects Feasible General Least 

Squares).  The decision whether to employ the Fixed or Random Effects 

Models is made using the Hausman Test which determines whether any 
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unobserved error terms are exogenous, i.e. uncorrelated, and therefore 

which model is a more accurate explanation of causal effects. 

The data file for the panel analysis consists of mean values for each of the 

enzymes and DNA for four sampling dates for each of the herbicide-resistant 

cultivars.  

 

Table 5.40 Means, standard deviations, minima, maxima for panel data set 

Variable N Mean Std Dev Minimum Maximum 

DNA 16 24.792 40.427 1.130 93.836 

LAP 16 16.662 6.412 5.730 21.300 

PHOS 16 47.650 39.857 16.131 117.590 

BGL 16 64.969 76.673 16.552 202.118 

CELL 16 6.358 7.628 1.470 21.170 

SUL 16 1.291 1.331 0.150 3.200 

 

DNA = double-stranded DNA concentration; LAP = leucine aminopeptidase 

activity; PHOS = phosphatase activity; BGL = beta-glucosidase activity; CELL = 

cellobiose dehydrogenase activity; SUL = aryl sulfatase activity 

The degree of variation across the four sampling periods is large, as shown 

By comparison of Standard Deviations, Minima, and Maxima with the Mean.  This 

would be expected in a dynamic system where the plant is transforming itself according 

to its physiological needs.  Using the standard regression model below where DNA 

concentration is the Dependent Variable, it is noted that the model is valid (R2 = 

0.9985, Adjusted R2 = 0.9985); yet only one parameter (BGL) is significant in 

explaining DNA concentration (Table 5.40, p = 0.05).   One additional parameter (LAP) 

is significant (Table 5.40, p = 0.1) in explaining DNA concentration. Those parameters 
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which are not significant statistically have both positive and negative values and large 

standard deviations.   

 

1. (a) Standard Panel Regression Model 

 

The model for this Ordinary Least Squares regression is given by the following equation 

 

DNAit = β0 + LAPitβLAP + PHOSitβPHOS  + BGLitβBGL + CELL itβCELL +  

SUL itβSUL  +   vit        (1) 

 

and has the following assumptions: 

Covariates are exogenous, errors are uncorrelated, and errors are 

homoscedastic.  

 

 

Table 5.41 Standard panel regression model for dependent variable DNA 

 

Source DF SumSquares MeanSquare F Value p 

Model 5 24479 4895.865 1346.880 <.0001 

Error 10 36.350 3.635   

Corr. Total 15 24516    

R2
 0.998     

Adj R2
 0.998     

 

The model derived in Table 5.31 is valid (R2 = 0.998) producing a highly 

significant effect in predicting DNA concentration (p = 0.0001).  

 

 

 

 

 

Table 5.42 Parameter estimates for standard panel regression model 
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Variable DF Parameter 

Estimate 

Standard 

Error 

t Value Pr > |t| 

Intercept 1 -3.999 1.388 -2.880 0.016 

LAP 1 -0.410 0.212 -1.930 0.082 

PHOS 1 -0.002 0.033 -0.060 0.954 

BGL 1 0.633 0.083 7.650 <.0001 

CELL 1 -0.974 0.825 -1.180 0.265 

SUL 1 0.635 0.951 0.670 0.520 

 

 

Tables 5.41 and 5.42 indicate that the standard regression model gives a valid 

and highly significant means of assessing DNA through using the BGL vector (p 

= 0.001).  LAP is a less significant influence (p = 0.1).  Other vectors indicate 

both positive and negative effects in explaining DNA concentration, although not 

significant.  Here it appears that the enzymatic activity of BGL in delivering 

glucose to the rhizosphere from soil organic carbon sources has a significant 

and positive impact on the associated concentration of the DNA in that 

rhizosphere.  This is less so for leucine aminopeptidase, but here the vector is 

negative.  These findings therefore appear to indicate the importance of having 

adequate soil organic carbon available to microorganisms if DNA 

concentrations are to increase as the plant matures as shown in Figure 5.25.  It 

may also indicate that leucine assumes some importance as an amino acid 

used in building microbial protein in the cell division taking place in the soil. 

 

1 (b) Pooled estimates panel regression model 

By attempting to define the error term as two components, the time-related error  

( ci ) and the idiosyncratic or unexplainable error ( ui  ) it may be possible to create 

a more accurate explanation for the DNA concentration in relation to the enzymatic 

activity.  Known as the unobserved effects model (UEM), also called the error 

components model, it can be described mathematically for each time period T as:  
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DNAit = β0 + LAP1β1 + LAP2β2 + --- + LAPkβk +   vit   (2) 

 

And so on for every enzyme vector, PHOS, BGL, CELL, and SUL. 

Assumptions for this model requires v 
 = C + u; 

 where t observations on outcome DNA for enzyme I, xit is a vector of 

explanatory variables measured at time t; Ci is unobserved in all periods but 

constant over time, and uit  is a time-varying idiosyncratic error, and vit is 

defined as the composite error Ci + uit     (3) 

 

If the data is given on each cross-section unit over T time periods, then 

applying this model results in the following outcome, as shown in Table 5.33.  

 

 

Table 5.43 Pooled variance model results for dependent variable DNA  

 

R2 = 

 

0.9985 

    

Parameter Estimates 

Variable DF Parameter 

Estimate 

Standard 

Error 

t Value Pr > |t| 

Intercept 1 -3.999 1.388 -2.880 0.0163 

LAP 1 -0.410 0.212 -1.930 0.082 

PHOS 1 -0.002 0.033 -0.060 0.954 

BGL 1 0.633 0.083 7.650 <.0001 

CELL 1 -0.974 0.824 -1.180 0.265 

SUL 1 0.635 0.951 0.670 0.519 

 

 

Table 5.33 indicates that pooling variance makes no difference to the 

explanation which the model can provide about DNA concentration.  Therefore, 

by demeaning the data to remove across-unit error, a more precise explanation 

might be achieved.   
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2. Fixed effects panel regression model analysis (FE) 

 

By removing the error term Ci the time-constant effects are eliminated and by 

subtracting the within-unit mean from each measurement on that enzyme 

activity, as follows: 

 

yit –  mean (yi) = x´it  - mean (xi´β) + Ci  - mean (Ci) … uit – mean (ui), 

t = 1,2,…T          (4) 

 

A fixed effects transformation has occurred and can be written  

 

demeaned Yit  =  demeaned x´itβ + demeaned uit   (5) 

 

and x´it  does not contain any error term and applies pooled ordinary least 

squared demeaned data to the analysis. 

F Test for No Fixed Effects 

 

H0 : Demeaning the across unit error term gives a significant effect 

 

H1:  No significant difference to results with this procedure 

Dependent Variable: DNA 

R2 = 0.9987     

 

Table 5.44 Fixed estimates model results for dependent variable DNA 

 

Num DF Den DF F Value Pr > F 

3 7 0.42 0.744 
 

    

    

Since the null hypothesis is unable to be rejected, this model cannot provide a 

suitable method of removing model endogenicity in the data analysis. 



Chapter 5 Results 

176 
 

Table 5.45  Panel regression model analysis for FE model 

 

Variable DF Parameter 

Estimate 

Standard 

Error 

t Value Pr > |t| 

Intercept 1 -4.900 1.940 -2.530 0.0395 

LAP 1 -0.337 0.284 -1.180 0.275 

PHOS 1 -0.013 0.044 -0.300 0.770 

BGL 1 0.639 0.105 6.060 0.0005 

CELL 1 -1.058 1.069 -0.990 0.355 

SUL 1 0.272 1.299 0.200 0.840 

 

 

In Table 4.45 the vector BGL remains significant (p = 0.001) in predicting DNA 

concentrations, and its positive vector therefore provides a precise effect for 

BGL on the dependent variable, since the model is still valid (R2 = 0.9987).  LAP 

is no longer significant.  Estimated vectors and R2 differ from the standard and 

pooled models, thereby indicating greater accuracy but there is nevertheless 

only one vector capable of reliably explaining DNA concentrations.  Because 

the alternate hypothesis cannot be rejected, the model is of limited value to the 

analysis.  A comparison with the Random Effects Model follows.  

 

 

 

3. Random effects panel regression model (RE) 

 

 

In the random effects model, an estimator transforms data by ―partially 

demeaning‖ each vector using a demeaning factor between 0 and 1, the 

specific demeaning value being based on an estimation of the variance 

components.  Only a part of the mean is subtracted, instead of subtracting the 

entire unit-specific mean.  This is an attempt to explain the effects of within-

cluster correlation and thus provide more efficiency in analysis.  Such a process 

requires the more stringent assumption expressed mathematically as: 
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E(Ci  | xi1 ,…, xiT  ) = E(Ci) = 0      (6) 

 

To test whether the random effects panel regression model provides a better 

estimate of DNA concentration than the fixed effects model, the Hausmann test 

is carried out.  If it can be shown that the unobserved errors are exogenous, the 

FE and RE are equivalent.  If not, the random effects model is more suitable for 

analysis because of its efficiency. 

Dependent Variable: DNA concentration 

R2 =  0.9987    

  

Table 5.46 Hausman test for random effects 

 

DF M value P>m 

5 0.04 1.0000 

   

   

Table 5.47 Parameter estimates for the RE model 

 

Variable DF Parameter 

Estimate 

Standard 

Error 

t value Pr > |t 

Intercept 1 -4.051 1.478 -2.740 0.0208 

LAP 1 -0.370 0.226 -1.640 0.133 

PHOS 1 -0.008 0.035 -0.230 0.819 

BGL 1 0.635 0.086 7.410 <.0001 

CELL 1 -1.007 0.862 -1.170 0.270 

SUL 1 0.435 1.025 0.420 0.681 

Table 5.47 indicates that BGL is again significant in predicting DNA 

concentrations (p <.001), but LAP is no longer significant (p > 0.05).  Thus a 

more accurate estimate of vectors has been derived by eliminating endogenicity 

and refining the nominated vectors.  The foregoing analysis explains the 

similarity of the Graphs 4.45, 4.4, and 4.1 (reproduced from their respective 
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sections of Chapter 4 for ease of comparison).  It appears there is a consistent 

linkage between BGL enzyme activity and microbial populations as expressed 

by DNA concentrations.  As the physiological demands of the plant peak at 

flowering and seed formation, microbial activity in soil increases and 

presumably supplies more glucose to the roots which in turn supply more 

nutrient secretions into the rhizosphere for additional cell multiplication activity 

there.  A similar situation may be evident at germination with LAP activities as 

shown in the ordinary least squares regression models, but because of the size 

of the emerging embryo the effects are less detectible statistically.  In addition, 

LAP effects are not significant in the demeaned models.  The panel regression 

analysis therefore suggests both descriptive and causal explanations for 

achieved experimental results while minimizing endogenicity.  This may be 

visualised in the following graphs, repeated for clarity of explanation from 

Chapter 4. 

 

 

 

Figure 5.8: Mean soil DNA concentrations for days 1-56 
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5.8       Summary of statistical analysis results 

 
 

5.8.1    Individual tests for the sub-hypotheses 

These are presented first in Table 5.38.  Then an overall assessment can be 

made to accept or reject the general hypothesis that the genetically modified 

cultivar RR does not affect the microbiology of soil differently to other cultivars 

(TT and CF), including the cultivar from which it was derived (WT). 

Table 5.48 Analytical results for Chapter 5 

Parameter 

assessed 

Randomized 

complete block 

analysis 

One way 

ANOVA 

analysis 

Sequential 

paired t test 

analysis 

Panel analysis 

findings 

LAP Significant at 

day 42 (p = 

0.021) 

Significant at 

day 42 (p = 

0.036) 

NS Significantly 

influenced 

DNA conc.* 

PHOS NS NS NS No significant 

influence on 

DNA 

BGL Significant at 

day 56 (p = 

0.031) 

NS NS Significantly 

Influenced 

DNA conc.** 

CELL Significant at 

day 56 (p = 

0.013) 

NS NS No significant 

influence on 

DNA 

SUL Significant at 

day 56 (p = 

0.025) 

Significant at 

day 56 (p = 

0.044) 

NS No significant 

influence on 

DNA 

DNA 

concentration 

NS NS NS Influenced by 

Betagluconase 

activity  

(p = 0.001) *** 
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Special observations asterisked above are as follows: 

*LAP was a significant influence on DNA concentration for standard regression 

and pooled regression models (p = 0.1), but not for fixed or random effects 

panel regression models. 

**BGL influenced DNA concentration (p = 0.001) for all panel regression models 

***DNA concentration was influenced statistically by BGL (p = 0.001) for all 

panel regression models.  LAP was significant (p = 0.1) 0.1 for ordinary least 

squares regression (both standard and pooled) models only. 

 

 

5.8.2    Tests of the general hypothesis 

This is assessed by the consistency with which the sub-hypotheses are tested 

and failed to be rejected.  Insufficient evidence exists statistically to reject the 

hypothesis that no differences exist between the four cultivars (H0), and to 

accept the alternative hypothesis that significant differences exist (H1).  

Although there are some instances of significant statistical departures from H0, 

in general there is no consistent pattern to these.  Following on from this 

concluding remark, comparisons with research published on this aspect of soil 

biology are provided in the following discussions in Chapter 6, in order to view 

in perspective the scientific significance of results from Chapter 5. 
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6.1 Introduction 

This chapter begins by re-examining and discussing the hypothesis, aims and 

objectives of the study in Section 6.2.  The statistical testing of each sub-

hypothesis is then discussed in detail in Section 6.3 and conclusions drawn as 

to their individual acceptance or rejection, and how they contribute to evaluating 

the general hypothesis.  Each of these sub-hypotheses are, in turn related to 

previous contemporary research and compared for their significance.  The 

results of the research are examined in summary in Section 6.4, linked to the 

above aims and objectives, and arguments offered as to why the general 

hypothesis should be accepted, adding to confidence in growing transgenic 

canola as a food source, and to transgenic technology in general.  The section 

that follows (Section 6.5) states the accomplishments of the experimental 

programme, Section 6.6 summarises the major findings and Section 6.7 

summarizes the secondary findings.  Then Section 6.8 discusses limitations 

which apply to the experimental programme, including implications for future 

research and farming.  Section 6.9 offers a perspective on the experimental 

programme‘s successes and failures (6.9.1), and addresses conceptual issues 

relating to regulatory approvals (6.9.2), and enzymology in general (6.9.3) and 

its validity as a measurement technology.  Section 6.10 looks at the relationship 

of controlled environmental testing in a greenhouse and relates it to that on 

actual farms.  Qualitative information derived from visits to canola growers is 

then presented in Section 6.11 and observations linked to the experimental 

programme, while Section 6.12 presents concluding remarks. 

 

 

6.2 Aims, objectives, and hypothesis 

 

6.2.1  Specific aims 

The reader is referred to Page 102 (Section 4.2).  For convenience, these aims 

are repeated below: 

Aim 1.  Measure sequential changes during the plants‘ lifetime of rhizosphere 

DNA concentration, community structure, and relevant microbial enzymatic 

activity levels for four different genotypes of canola in two soil types. 



Chapter 6 Discussion 

186 
 

Aim 2.  Make statistical comparisons of these results in order to test the general 

hypothesis in a post-positivist experimental paradigm using ANOVA, sequential 

paired comparisons, and panel regression.   

 

 

6.2.2 Experimental objective 

The objective of the above aims is to provide data to extensively test the 

general hypothesis.  Quantitative data on DNA concentration, community 

structure, and enzymatic activity will indicate a positive, neutral, or negative 

effect on the environment. 

 

 

6.2.3 Specific Objectives  

The specific measures employed to assess the above factors are:- 

1. Quantify changes in the mass and prevalence of the orders of soil 

microorganisms to detect abnormalities, especially if these changes 

produce greater prevalence of parasitic or pathogenic organisms.  The 

use of the PLFA technique for measuring the presence or absence of 

various orders of soil microbes and how they changed during the course 

of the plant‘s growth was to be used to add depth to the study.  (This 

section of the experimental program had to be abandoned because of 

inadequate extraction of the phospholipids using the chosen technique, 

thereby producing insufficient data to derive assessments); 

2. Quantify changes in double-stranded DNA concentrations in the 

rhizosphere during the growth cycle of the plant; 

3. Quantify the activity of specifically-chosen microbiological enzymes at 

standard intervals throughout the plant growth process, namely 

germination, early growth, maturity, and finally senescence and seed 

formation.   

4. Compare the results of each of the four cultivars to determine the impact 

of GM plants on soil biology as measured by 1) soil community structure; 

2) DNA concentration; 3) enzymic activity. 

The reason for selection of these enzymes is given below:- 
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 Leucine-aminopeptidase gives insight into nitrogen metabolism; 

 Cellobiose dehydrogenase tells how effectively the microbial 

breakdown of plant lignin and  cellulose residues is proceeding ; 

 Beta-glucosidase is indicative of how microbes produce and 

metabolise glucose units derived from the breakdown of plant 

residues; 

 Alkaline phosphatase activity indicates of how P from residue 

breakdown of organic matter is being released for root metabolism in 

neutral or alkaline soils; 

 Arylsulfatase is representative of how canola roots in the rhizosphere 

deal with S, since canola plants require adequate S at seed 

formation. 

 

6.2.4 Formation of the general hypothesis 

The experimental programme set out to test if the GM genotype in Brassica 

napus caused changes in the soil microbiology that differed from those changes 

seen by the wild type from which the GM variety was derived, and from two 

other herbicide-resistant cultivars.  If changes were minimal and mostly not 

significant statistically, it is reasonable that the hypothesis would fail to be 

rejected.  If statistically significant changes were present generally, then the 

nature of those changes, whether positive or negative, should produce evidence 

from the data that will enable the hypothesis to be assessed.  Should there be 

evidence that adverse changes are being caused by the use of GM cultivars, 

then the value of growing such a cultivar would be questionable, both 

scientifically and environmentally.  By using several measurement technologies 

and a selection of GM and non-GM cultivars, greater confidence in any 

conclusions will be produced.  This approach follows that of the majority of 

regulatory authorities, in that all crop varieties carry some degree of risk to the 

environment generally, and the standard set for GM crops is that they should be 

no riskier to grow than non-GM varieties. 
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6.3  Tests of the general hypothesis 

H0: Transgenic canola cultivar does not differ from non-transgenic cultivars in its 

effect on the biological factors in soil 

H1: Transgenic canola cultivar differs significantly from non-transgenic cultivars 

in its effect on the biological factors in soil 

The acceptance or rejection of this general hypothesis depends on the result of 

tests of the sub-hypotheses, as follows: 

 

 

6.3.1     Specific sub-hypothesis: leucine aminopeptidase 

H0: The enzyme activity of leucine aminopeptidase in rhizosphere soil 

associated with transgenic canola does not differ from that of three other non-

transgenic cultivars of canola during the lifespan of the plant. 

H1: The enzyme activity of leucine aminopeptidase in rhizosphere soil 

associated with transgenic canola differs significantly from that of three non-

transgenic cultivars of canola during the lifespan of the plant. 

Results are summarized in Table 5.48 of Section 5.3 where the data is relatively 

uniform across all genotypes, with similar standard deviations.  Figure 5.1 

indicates an increase in activity while the plant was germinating, then a decline 

at day 21, but a return to germination levels at days 42 and 56, reflecting root 

metabolism requirements for protein synthesis to build structure and leaf area in 

the plant and to prepare its capacity for subsequent seed formation.  Using the 

randomized complete block design analysis (Table 5.6), significant differences 

exist (F=3.88, df=3, p = 0.021) at day 42 sampling, and when re-analysed using 

a one way ANOVA (Table 5.7) this difference is again present at day 42 

sampling only (F=3.26, df=3, p = 0.036).  When one uses the data in a 

sequence of individual values for the entire growth period for pair-wise 

comparisons, no significant differences emerge.  Only in the OLS panel 

regression model (Table 5.42) does the analysis indicate significance influence 

(R2 = 0.998, df = 1, p = 0.082) of LAP on DNA concentrations, but not in fixed 

effects (R2 = 0.999, df = 1, p = 0.27) or random effects models (R2 = 0.999, df = 

1, p = 0.13).  On balance, there is insufficient evidence to reject H0 for LAP.  



Chapter 6 Discussion 

189 
 

LAP is an enzyme widely reported in soil enzymology.  When its relation to 

nitrogen amendment is explored, it is found that N addition, for example fertilizer 

amendment, decreases its activity, even though rhizosphere bacterial 

concentrations as measured by PLFA may increase.  Kumar, Kazyakoo, and 

Pausch (2016) indicate that LAP enzyme activity is potentiated by lack of N, as 

root secretions act to mineralize the rhizosphere from SOM present.  Examining 

the panel regression analysis, the standard regression model indicates that the 

LAP vector is negative, and significant, agreeing with this research.  Even 

though the vectors in the fixed and random effects models are not significant for 

LAP, negative vectors still are present.  It therefore indicates that LAP activity 

will vary with root secretion activity as controlled by nitrogen availability, being 

less active when secretion is at its peak, and indicating a selective effect of root 

secretions on microbial activity.  Since N (as nitrate) is the major limiting mineral 

in the growth of canola (Karamanos et al., 2005), it is important that any 

enzymatic process related to microbial mineralization of N not be damaged in 

any way by the GM genotype and its root secretions.  A major reserve of soil 

nitrogen is found in soil organic matter, and its decomposition by bacteria 

makes N available to plant roots through mineralization (Mahli et al., 2007; 

Karamanos et al., 2007).  This process is dependent on moisture, soil pH, and 

soil temperature.  Bacteria compete for N with plant roots (Canola Council of 

Canada, 2013) in order that their populations can develop along with the roots 

to continue the mineralization of organic matter N and other rhizosphere 

processes.  It is therefore important that LAP, as an indicator of bacterial 

metabolism, does not appear to differ generally between the cultivars, giving 

strength to the decision that this sub-hypothesis fails to be rejected. 

 

 

6.3.2   Specific sub-hypothesis: alkaline phosphatase 

H0: The enzyme activity of alkaline phosphatase in rhizosphere soil associated 

with transgenic canola does not differ from that of three other non-transgenic 

cultivars of canola during the lifespan of the plant. 

H1: The enzyme activity of alkaline phosphatase in rhizosphere soil associated 

with transgenic canola differs significantly from that of three non-transgenic 

cultivars of canola during the lifespan of the plant. 
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The phosphatase activity throughout the plants‘ lifespan is relatively uniform in 

all cultivars.  No significant differences emerge between the genotypes on any 

statistical test.  The soil analysis indicates P deficiency, as well as Zn and Cu 

deficiencies. Twice during their growth the plants were sprayed with a foliar 

spray which included these three minerals.  (The spray was not permitted to 

enter the soil).  The general impression of plant vigour was that it was less than 

optimal.  Similar soils at Pittsworth with adequate P content were highly 

productive, according to information supplied by the producer.  In fact, the 

farmer there indicated that his major problem in growing canola was growth 

being too vigorous if rain was received late in the growth phase.  Plants then 

would be too tall to be processed easily with the combine harvester, resulting in 

loss of seed harvest.  There is no statistical evidence to reject H0 for this 

enzyme. 

 

The role of P is to contribute to plant structure through (i) nucleic acids (building 

units of DNA) and phospholipids (membrane constituents), and (ii) in energy 

transfer.  Small amounts of P only are required in growing canola plants 

compared to N (Canola Council of Canada, 2013), and this may explain why 

PHOS activity levels in the experiment were relatively stable during the plant‘s 

lifespan.  Canola, being an efficient scavenger of the relatively transient primary 

and secondary phosphate ions (H2PO4 and HPO4
-2), has several mechanisms 

by which the roots can obtain P, and it would appear from this experiment that 

this versatility in obtaining P resulted in a stable drive of microbes to generate 

new P availability:  

 Microbial enzymes (phosphatases) released by soil microbes and by 

canola roots drive the organic section of the P cycle through 

decomposition of phosphate from organic matter which is then 

incorporated into new microbial biomass or dissolves. These dissolved P 

compounds exist briefly in soil and are quickly degraded; 

 Canola‘s fine root structure has the ability to proliferate in search of 

higher nutrient content such as sources of fertilizer.  As well, root hair 

number and length increases in low P conditions;  

 Canola has the ability to acidify the rhizosphere near where the root hairs 

are formed.  This enhances P uptake by solubilization of relatively 
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insoluble mineral P forming through exudation of organic acids such as 

malic and citric acid. 

 

Sakar et al. (2009) explored the relationship between PHOS and microbial 

biomass and soil organic carbon in transgenic cotton and found strong 

correlations (p < 0.05).  The research group noted that this enzyme increased 

during the growth of the crop and was significantly more active in soil growing 

the non-GM crop and in non-planted soil on all three sampling occasions.  

These results seem at variance with the findings of this glasshouse experiment, 

although different crops were researched.  Tarafdar and Claassen (1988) 

indicated that PHOS was predominantly associated with soil microbes, whereas 

acid phosphatase was mainly associated with plant roots.  In none of their 

experiments did statistically significant differences appear.  Icoz et al. (2008) 

found that PHOS activity in soils growing varieties of Bt corn was consistently 

not different to that in non-Bt soils during three sampling analyses each year 

over a four year period.  Some differences did emerge between Bt varieties, 

and significant differences emerged between sampling occasions (seasonal 

variation).  This did not appear in the current experiment with PHOS, but this 

seasonal variation as observed by Icoz et al. (2008) is a frequent finding in 

many experiments similar to that in this thesis.  Occasional differences are 

found for most enzymology-related trials but they are related to seasonal, site or 

soil conditions from year to year rather than genotype, and are not consistent.  

For example, Zeng et al. (2016) explored the effects of saline and non-saline 

soils on GM and non-GM maize varieties and found that PHOS activity was not 

significantly different for this crop in either soil, on four sampling occasions over 

a three year period.  There were some sampling occasions in some years when 

genotype differences were significant but these differences were too 

inconsistent to affect the overall results.  DeForest (2009) showed that storage 

at -20 degrees C adversely affected phosphatase enzyme estimations 

compared with estimations made within two hours of sampling.  It is possible 

that this may have influenced results, as frozen storage was essential in 

carrying out the analysis. 
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In summary, the complexity of the P cycle in soil may have resulted in a type of 

buffering effect on microbial phosphatase activity which was not able to be 

detected when other mechanisms of P availability were taken into account.  

Nevertheless, insufficient evidence exists to reject this sub-hypothesis. 

 

 

6.3.3   Specific sub-hypothesis: beta-glucosidase 

H0: The enzyme activity of beta-glucosidase in rhizosphere soil associated with 

transgenic canola does not differ from that of three other non-transgenic 

cultivars of canola during the lifespan of the plant. 

H1: The enzyme activity of beta-glucosidase in rhizosphere soil associated with 

transgenic canola differs significantly from that of three non-transgenic cultivars 

of canola during the lifespan of the plant. 

 

BGL enzyme increases its activity and peaks at day 56 where a statistical 

difference (F=3.5, df = 3, p = 0.031) is found in the randomized complete block 

analysis (Table 5.18).  This result is not repeated on the one-way ANOVA 

analysis (F = 0.73, df = 3, p = 0.54), or on the paired comparisons in the 

sequential data (F = 0.02, df = 3, p = 0.99).  DeForest (2009) showed that 

storage at minus 20 degrees C did not adversely affect estimations for this 

enzyme, compared with estimations made within two hours of sampling, so it 

appears to be a more resilient enzyme than alkaline phosphatase.  It seems 

that the variation in enzyme activity is related to the needs of the plant at the 

particular stage of its growth.  This is demonstrated in Figures 5.4 and 5.25.  

Although there is insufficient statistical evidence to reject the hypothesis for this 

enzyme, it is of interest that the panel regression analysis found a consistent 

significant influence (Random Effects Model, R2 = 0.999, df = 1, p = 0.001) for 

this enzyme in explaining DNA concentration, indicating that microbial presence 

in soil is strongly influenced by the availability of glucose from organic matter 

decay (Table 5.47). 

 

Microbial enzymes are important in several ways relating to soil organic matter, 

soil organic carbon, and the transformation of minerals (mineralization) of 
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organically-bound essential minerals to forms capable of absorption by roots 

(Janos, 2007).  If there was a significant enzymatic disruption to the breakdown 

of SOM from decaying plant residues releasing organic carbon, then plant 

growth would be impeded.  The importance of organic matter generally (and 

organic carbon in particular) to the health of soil has been recognized (Feller, 

2012).  Paul and Clark (1996: 143-144) claim that 50% of the photosynthetate 

of plants is translocated below ground, and that healthy roots may form from 

15% to 35% of total plant biomass.  When organically-bound carbon biomass 

from decaying root and plant residue is subjected to transformation either within 

microorganisms or within the rhizosphere, other nutrients like N, P, and S are 

released for mineralization function (Ping and Boland, 2004; Larsen et al., 2006; 

Friesen et al., 2011).  As an example, Lafond et al. (2013) reported on yield 

from two adjacent no-till fields where one field had not been ploughed for 31 

years, and the other not ploughed for 9 years.  A comparison of canola and 

wheat yields grown on these two adjacent fields found the area that had been in 

no-till for 31 years produced a 16% higher yield than the short term field,  both 

having been given standard annual soil amendments with N fertilizer of 60 kg 

Ha-1.  Thus, long term no-till which allows no disturbance to SOM decay is 

beneficial for mineral cycling, and can potentially release mineralizable plant 

nutrients, provided favourable climatic conditions exist.  This example also 

indicates how the farming technology associated with crop production can 

influence both experimental outcomes and cropping outcomes.  Failure of 

cellulose- and lignin-based material to decay under the influence of soil 

microbial enzymes like BGL and CELL could therefore have profound effects on 

soil-plant interactions.   

 

 

6.3.4   Specific sub-hypothesis: cellobiose dehydrogenase 

H0: The enzyme activity of cellobiose dehydrogenase in rhizosphere soil 

associated with transgenic canola does not differ from that of three other non-

transgenic cultivars of canola during the lifespan of the plant. 

H1: The enzyme activity of cellobiose dehydrogenase in rhizosphere soil 

associated with transgenic canola differs significantly from that of three non-

transgenic cultivars of canola during the lifespan of the plant. 
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As with the previously considered enzyme beta-gluconase, CELL activity 

appears to peak at day 56 following an initial decline, when the plant has 

acquired its maximum structure and leaf formation and is preparing for seed 

production.  Results are summarized in Table 5.48.  The statistical analysis 

(Table 5.23) indicates a significant difference was found at day 56 (F = 4.36, df 

= 3, p = 0.013), as suspected from the graphed means.  This was not found on 

one way ANOVA analysis or on sequential paired analysis.  Randomized 

complete block analysis indicated that no significant differences were found at 

days 7, 21 and 42.  Greater statistical evidence would be needed than what has 

been discovered in order to reject the hypothesis for this enzyme.   

 

CELL is but one of several cellulase enzymes needed to breakdown cellulose to 

glucose precursors.  In an extensive 3 year trial in 2 soil types using GM potato 

cultivars, Hannula et al. (2012) indicated that three enzymes tested (laccases, 

Mn-peroxidases, and cellulases, (of which cellobiose is one member) appeared 

more active during plant maturity and senescence.  Allison and Vitousck (2005) 

found enzyme activity responses were reflecting the demand of microbes for 

nutrients, but these responses were buffered by existing reserves of enzymes in 

the soil.  The enzyme activity response related to the presence of the target 

substrate in complex forms, but not in simple forms.  The plant therefore 

appears to require additional glucose units being generated from the breakdown 

of organic carbon residues at a time in its development where glucose is most 

beneficial to its life-stage.   

Soil OM stores nutrients as part of its structure and it is the only ―within-soil‖ 

source of N.  It also improves physical properties like water holding capacity, 

buffering capacity, water infiltration, and tilth.  When soil microbes decompose 

SOM, nutrients are released into forms available to plants, the process of 

mineralization.   This is the primary natural source of a plant‘s available N and S 

and 50% of P availability (Canola Council of Canada, 2013).  Should enzymatic 

processes such as CELL, responsible for mineralisation of C residues be 

compromised by a transgenic genotype and its influence on plant-soil 

interactions, then GM canola usefulness and GM technology generally might be 

unsustainable.  From the experimental results, this does not appear to be the 
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case generally, and so the sub-hypothesis for cellobiose dehydrogenase should 

on balance fail to be rejected. 

 

 

6.3.5   Specific sub-hypothesis:  aryl-sulfatase 

H0: The enzyme activity of aryl-sulfatase in rhizosphere soil associated with 

transgenic canola does not differ from that of three other non-transgenic 

cultivars of canola during the lifespan of the plant. 

H1: The enzyme activity of aryl-sulfatase in rhizosphere soil associated with 

transgenic canola differs significantly from that of three non-transgenic cultivars 

of canola during the lifespan of the plant. 

 

After an initial slowing, the activity of SUL appears to reach a peak when the 

plant has acquired its maximum structure and is forming seed.  No significant 

differences were found at days 7, 21, and 42; however, a significant difference 

(F = 3.7, df = 3, p = 0.025) was found at day 56 in randomized complete block 

(Table 5.27), and in one way ANOVA (F = 3.1, df = 3, p = 0.044) in Table 5.28, 

as suggested by the graphed means.  Results are summarized in Table 5.48.  

Where paired sequential comparisons are made, significant differences are 

present only between CF and WT, the other pairs being insignificant 

statistically.  There is therefore evidence that difference may exist at plant 

maturity where the need for S in seed formation (Figure 6.1) could be driving 

differences in enzymatic activity.  Icoz et al. (2008) found that SUL in soils 

growing varieties of Bt corn and non-Bt corn were not consistently different  

during three sampling analyses each year over a four year period.  But some 

differences did emerge between Bt varieties and their isolines on some 

sampling occasions (seasonal changes), as appeared here as well. 
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Source: Canola Council of Canada, (2013) 

Figure 6.1:    Canola lifespan uptake and plant content of S  

The main source of elemental S in the soil is that derived by slow bacterial 

decomposition of organically-bound S in decaying plant matter such as SOM 

and plant roots (Canola Council of Canada, 2013).  This decomposition in turn 

depends on the presence of N and C because S-containing proteins which are 

decomposing contain both elements, which apparently are also important as 

nutrients for bacterial growth and energy supply.  If inadequate S is available in 

those reserves (less than 0.15%), bacterial release of S is insufficient for plant 

growth and would require supplementation through fertilization, but on soils with 

adequate S content, addition of S through fertilization is unnecessary 

(Karamanos, Goh and Flaten, 2007).  It is notable that both Vertisol and 

Chromosol soils on analysis had adequate S content (Tables 4.4 and 4.5).  It is 

therefore possible that the low levels of activity seen in the experiment were 

related to the presence of adequate S, and that activity levels increased at the 

time when seed formation demanded more S from soil reserves, and therefore 

from bacterial activity.  

 

6.3.6 Specific sub-hypothesis:  DNA  

H0: The concentration of DNA in rhizosphere soil associated with transgenic 

canola does not differ from that of three other non-transgenic cultivars of canola 

during the lifespan of the plant. 
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H1: The concentration of DNA in rhizosphere soil associated with transgenic 

canola differs significantly from that of three non-transgenic cultivars of canola 

during the lifespan of the plant. 

 

Greater concentrations of DNA towards the conclusion of the plant‘s life imply 

that the mature plant‘s root secretions appear to be more prolific at that time, 

can support more microorganisms, and thus require more microorganisms to 

assist with supply of nutrients.  When one considers how uniform the DNA 

concentrations had been right up to day 42, the increase in DNA concentration 

at day 56 was not predicted.  Considering the commensal relationship of 

microorganisms with the roots, this can be explained as the plant seeking more 

nutrients from its commensal partners at seed formation time.  At no time during  

the sampling occasions did a statistically significant difference emerge.  Hence 

this sub-hypothesis is again supported by the evidence. 

 

 

6.4 Summary of tests of the general hypotheses 

Reference can also be made to Tables 5.2, 5.3, 5.13, and 5.14.  Section 6.4.1 

considers first the results for the individual sub-hypotheses.  Then a statement 

about the general hypothesis is made in Section 6.4.2. 

 

 

6.4.1 Individual sub-hypotheses 
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Table 6.1  Summary of statistical analysis results  

(a) randomized complete block design;  

(b) one way ANOVA design;  

(c) sequential paired analysis design;  

NS= not statistically significant at 0.05 level 

Parameter        day 7       day 21       day 42         day 56    Panel regression 

Investigated                                                                          observations         

LAP                 NS           NS             p=0.02(a)    NS          standard regression 

                                                           p=0.03(b)                  model significant but 

                                                           NS(c)                        not FE or RE models 

PHOS              NS           NS             NS              NS          NS in any of the 

                                                                                            panel models 

BGL                 NS           NS             NS               p=0.02(a)  highly significant 

                                                                              NS (b)        in all panel  

                                                                              NS (c)        regression models                                                                                                                        

CELL               NS           NS             NS              p=0.01(a)   NS in any of the 

                                                                              NS (b)        panel models 

                                                                              NS (c) 

SUL                 NS           NS             NS               p=0.02(a)  NS in any panel 

                                                                              p=0.04(b)  regression model 

                                                                              p=0.03(c)           

DNA                NS            NS            NS               NS             BGL significant in  

                                                                                                DNA concentration 

                                                                                               estimation (p=0.001)                                                                                            
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6.4.2 The general hypothesis 

The conclusion of the overall result of the experimental programme and the test 

of the general hypothesis is that there is insufficient evidence to reject it. Given 

the resources available to the author, this would appear to satisfy the aims and 

objectives.  Linking the experimental results with current research highlights 

how changes in the plant‘s physiology demand greater participation by 

microbes in their commensal relationship, depending on the physiological needs 

of the plant, and it is of interest that this is especially so when the plant is 

forming seed (day 56).  It also reinforces how any experimental procedure 

attempting to measure enzymatic activity or DNA concentration in soil must 

assess sequential samples taken during the lifetime of the plant as its 

physiological demands (and therefore the commensal relationships) develop.  

Given the complexity of the investigation, further research to consolidate these 

findings would be appropriate. 

 

 

6.5 Accomplishments of the experiment and importance of 

the results 

The general hypothesis was assessed through examining its sub-hypotheses, 

under limited circumstances with the use of DNA and key enzymology 

determinants.  As previously noted, many different experimental techniques 

could have been applied to this challenge had greater resources been available.  

As the results are generally in agreement with previous experimental work as 

referenced above, and when combined with results obtained, insufficient 

experimental evidence is available to reject the general hypothesis. 

 

Other issues that emerged from engaging in this programme were related to the 

measurement technology.  Methods of measurement were found to be practical 

and relatively inexpensive but required constant attention to detail.  The data set 

was extensive, requiring secure and logically numbered storage in computer-

based files.  There were some unpredictable outcomes, as follows: 

 soil crusting restricting availability of data for Chromosol assessments;  

 difficulties actually obtaining the samples from the sticky Vertosol;  
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 inadequate extraction of cell wall phospholipids to make an assessment 

using PLFA technique.  

 

On balance, the use of microplate technology technique mandated the need 

for absolute accuracy and attention to detail in numbering, analyzing, and 

accounting for samples.  The technology required consistency in approach 

with sample biochemical analysis so that all samples were treated alike.   

6.6 Summary of major findings from the research 

The results agree generally with the null hypothesis.  Few results indicate that 

the alternative hypothesis can be supported.  Microbial enzymes are important 

in several ways relating to soil organic matter, soil organic carbon, and the 

transformation of minerals (mineralization) of organically-bound essential 

minerals to forms capable of absorption by roots.  If there was a significant 

enzymatic disruption to soil organic matter formation from decaying plant 

residues releasing organic carbon, then plant growth would be impeded.  The 

importance of organic matter generally (and organic carbon in particular) to the 

health of soil is now well established (Feller et al., 2012).  Failure of cellulose- 

and lignin-based material to decay under the influence of soil microbial 

enzymes could have profound effects on soil-plant interactions. 

 

In the opinion of the author, the most important aspect emerging from the 

research is, that speculation about the possible damage to the soil environment 

from GM canola cannot be justified based on these findings.   
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6.7  Secondary findings  

 

Source: Canola Encyclopedia, Canola Council of Canada (2013) 

Figure 6.2:  Relative proportions of the canola plant during its lifecycle 

Demand for nutrients provided by microbial enzymatic activity can be visualized 

in the above figure: protein metabolism (LAP) at germination then at days 42 

and 56 when plant structure and reproduction are underway; phosphate 

availability (per PHOS) at day 21 when plant structure and leaf are under 

formation; demand for glucose, and S at days 42 and 56 (BGL, CELL, and 

SUL); and a large increase in microbial DNA at plant maturity as demand for 

nutrients peaks.  

 

 

6.8 Limitations of the study 

The study involved some limitations and the research encountered obstacles.  

These are listed in point form along with comments on how these issues were 

dealt with. 

 Choice of enzyme dynamics and DNA concentration was made for 

pragmatic reasons connected with budget, mentoring, and time and 

availability.  Additional measurement technologies including PLFA and 

genomic techniques remain desirable technologies if resources and 
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experience are available to implement them.  It became apparent that the 

adoption of this experimental technique required more experience and 

the resources than were available, and that an abbreviated technique 

advocated by Buyer and Sasser (2012) did not produce useful evidence. 

 

 Additional information could have been extracted from the study design 

by treating only one of the two genotypes within each block with its 

corresponding herbicide, and hand-weeding any emergent weeds in the 

non-treated pots.  Doing so would have produced information about the 

effect of herbicide alone on the criteria being measured, but would have 

significantly lessened the power of the analysis in a situation where large 

differences in experimental parameters were not anticipated.  This limited 

the relevance of the study, since herbicides may affect microbiological 

function in that they are sources of carbon, and therefore energy, for 

microbial growth and development.  If the experiment were to be 

repeated it would be desirable to explore this aspect, but necessary to 

create a much larger experiment.  On balance, an experimental design 

incorporating herbicide residue analysis could have exploited its full 

potential, but would have required special herbicide residue extraction 

techniques and chromatography, as well as greater financial resources.  

 

 

6.9 A perspective on the experimental programme 

 

 

6.9.1 Summarizing successes and failures 

To summarize briefly the experience gained during the experimental 

programme, the following points are relevant: 

 The formation of the hypothesis and generation of data were aligned with 

the topic, aims and objectives;   

 Restriction of the research design to one which did not incorporate 

herbicide residues limited generation of new knowledge;   
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 The loss of data associated with the Chromosol limited the applicability of 

the results to Vertisol soils;   

 Sample collection was both tedious and technically difficult; 

 The most important aspect emerging from the research is, in the opinion 

of the writer, that speculation about the possible damage to the soil 

environment from GM canola cannot be justified based on these results.   

 

In summary, the outcome produced results capable of adding to existing 

knowledge.  It also generated new knowledge about the effect of four 

differing genotypes in one plant species on Vertisol soils, as well as the 

importance of glucose derived from soil organic carbon sources to 

microbiological growth.  The experimental programme showed the 

complexity of the issues involved, and how the successes and failures of the 

experimental programme typify the oft-trodden pathway of scientific 

discovery.  In summary, both aims were achieved. 

 

6.9.2    Conceptual issues concerning regulatory approval 

Raybould et al. (2010) have questioned the appropriateness of comparative 

studies such as were carried out in this thesis.  In order that regulatory approval 

can be provided to new crops or cultivars derived from genomic innovation, 

such studies appear to be mandatory in every instance.  The criticism by these 

researchers is that the cost of such trial work, and the extensive quantities of 

data generated may be unnecessary.  They claim that much regulatory 

information is already available from fundamental research about the new 

innovative crop – food and plant biochemical and compositional analysis and 

feeding trials, comparative phenotypic information, environmental trial 

observations with wildlife, DNA analysis including the coding of the innovative 

genes and search for exogenous material, and weediness studies.  Should the 

innovative product fail at any one of these basic hurdles, then the need for 

―ecotoxicological‖ comparative research that no harm can be proven - such as 

is conducted in this thesis - can be dispensed with.  If the basic checks are 

accepted, then much of the toxicological research can be found in 

contemporary research literature.  Raybold et al. therefore claim there can be 



Chapter 6 Discussion 

204 
 

savings in time, cost, and complexity of regulatory approvals.  Their conclusion 

is stated as follows: 

―These studies sought to objectively discover harm through research, 

a mistake which has led to exhaustive data collection from field trials, 

and complex models that require extensive data, but do little or 

nothing to characterize risk.(Raybold et al., 2010).‖ 

Their comments were directed mainly at crops which provide predominantly 

industrial products, such as enzymes. 

 

 

6.9.3     Criticisms of the concept of enzymology as a research tool

  

Nannipieri (2012) in an extensive review of soil enzymology examined critically 

the concept of using microbiological enzymes in assessing soil health.  This 

author pointed out that dead microorganisms can contribute their enzymes to 

any measurement, and that the dynamic nature of microbial life means that 

many enzyme systems may influence a single measured enzyme activity.  For 

example, pericellular enzymes (attached to cell walls) may differ in activity to 

those extracellular enzymes excreted into soil.  Therefore this author claims that 

such measures are potential activities, since synthetic substrates are used 

under optimal laboratory conditions to measure them, and therefore the 

meaning of measured activities is not truly known.  Although these are valid 

points, there are conceptual weaknesses in every method of understanding and 

researching the health of the soil biome.  Enzymatic measurements have the 

pragmatic advantages of being inexpensive, rapid, and relatively simple, and 

can be consistently accurate during short-term incubations in the laboratory.  

Given the resources available to the author, enzyme activity measures 

presented a practical method of testing the hypothesis. 

 

Another more serious criticism of enzymatic research is the method of 

determination.   The use of MUF-bonded substrates (Appendix 1) is a more 

sensitive method of performing assessments.  Yet Deng et al. (2011) found in 

that year there were over 1,000 citations referring to soil enzymology, and only  
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0.11% used fluorometric methods of determination with MUF-bound substrates, 

preferring instead colorimetric assessments (Tabbatabai and Bremner, 1969) 

using p-nitrophenyl phosphate as a substrate. 

 

 

6.10 Relating the experiment to actual farming practices 

 

The controlled environment of a glasshouse is by definition remote from what 

occurs in the field with its spatial and temporal variability.  As discussed in 

Section 6.11, it is obvious that canola growers are pragmatic about their 

operations.  Often comments were received which did not relate directly to 

sustainability but rather to operational issues like effectiveness of weed control, 

district preference for genotype, including marketability of the product at local 

silos, minimizing soil compression and time spent servicing the crop, amongst 

others.  Yet as a scientific study, control of climatic variation was important.  

Extending results to a field study would require resources not available to the 

author. 

 

Canola growers in Australia have a choice of genotypes (Table 3.1).  By far the 

most popular is the Trizine Tolerant variety (about 80% of the market) – 

Glyphosate-tolerant GM canola currently has about 8% of the market, and the 

Clearfield variety has the balance (Easton, pers. comm., 2013).  Choice of 

genotype is strongly influenced by the effectiveness of weed control in the 

district where the crop is grown, as well as local knowledge as to what 

technology works best in that district.  All the modified genotypes in this study 

would have experienced a production penalty, which is a negative effect on 

productivity seen when genotypes are manipulated to be herbicide resistant.  

Observations in the glasshouse during the trial indicated that the Trizine 

Tolerant plants were more vigorous.  This could also be affecting farmers‘ 

choice of commercial seed.  All three Riverina farmers used Trizine Tolerant 

cultivars.  Their choice related to (i) effective weed control with atrazine 

herbicide; (ii) ease of marketing to local silos where no separation of product 

was needed; and (iii) no price premium on the seed, as was present with RR 
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and CF varieties, which also required purchase of different herbicides and a 

long-term commitment to that growing technology. 

 

 

6.11 Farm observations related to experimental findings 

Four farming families welcomed the writer to their properties, after being 

introduced by Department of Agriculture extension agronomists.  In 

conversation, it was quickly established that all were vitally interested in 

agricultural research generally, and in particular, canola research.  Each farmer 

had adapted available technologies to their situation in a way they believed 

optimized the profit outcome, but each was aware that the long-term future of 

their farms depended on their satisfactory stewardship of the soil resource.  The 

reader is referred to Chapter 4, Sections 4. 9 and 4.10 for information on 

cultivars, soil types, fertilizer use, and soil analysis. 

 

6.11.1  Farm 1: East Henty, Riverina, NSW   

This farmer was unique in his care for the land.  The soil resource was shallow, 

sandy, highly acidic loam (10cm or less) over an impenetrable clay base layer.  

Realizing how fragile this resource was, an attempt was being made to renew 

soil quality and to generate new soil.  This was being done through the creation 

of an anaerobic fermenting compost mixture of feedlot waste, lime, and 

excavated soil, impregnated with fungal and bacterial cultures.  The resultant 

mix was spread on canola fields at varying densities of 5 tonnes Ha-1 up to 15 

tonnes Ha-1.  In addition, the planting of canola seed used a special rig, 

described in Chapter 3, Figures 3.6 and 3.7, where bacterial and fungal cultures 

were added into the seedbed along with the fertilizer banding.  Ploughing and 

herbicide application were minimized and were carried out before planting to 

bury organic matter like crop residues, kill weeds, and to even out the surface.  

No earthworms were observed, but it was claimed that once the winter rains 

came, plentiful 

earthworms would be located in the soil.  During my observations, few 

earthworms were found. 
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Figure 6.3: New soil components fermenting, East Henty, NSW 

Cultivar: ―Gem‖ Trizine tolerant variety 

Herbicide: Atrazine once or twice depending on weed growth 

Feature relating to research:  Attempts to introduce organic matter (special 

compost) into the soil and renew this resource; conscious of need to build 

organic matter and promote microbiological growth; conscious of the need to 

bring the highly acidic soil to a more productive pH through use of liming and 

mulch addition.  Crop residues were allowed to decay on top of the soil.   
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Figure 6.4: Dam excavation soil awaiting composting, East Henty, NSW 

 

 

6.11.2:  Three individual farms at Holbrook, Riverina, NSW 

This farmer was typical of canola growers in this region.  The soil resource was 

deep, sandy, acidic loam with scattered rocks.  No special attempts were being 

made to renew soil quality and to generate new soil, apart from allowing crop 

residues to decay on the soil.  Agricultural advisers monitored soil parasites 

(nematode and beetle larvae) and in one of the three properties recommended 

the incorporation of an organophosphate insecticide at seed planting to 

minimize damage to emerging seeds from the beetle larvae.  The farmer 

regretted having to do this as he understood it would affect soil arthropods 

negatively.  Liming of the soil, along with phosphate fertilizers, were applied 

regularly, again attempting to lift pH into the desirable zone (> 5.5) where 

canola yields are significantly greater than occurs in highly acidic soils.  One 

ploughing and simultaneous herbicide application was carried out before 

planting to bury organic matter like crop residues, kill weeds, and even out the 
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surface.  Fertilizer and lime were applied separately in rotation depending on 

the year.  Plentiful earthworms were located in the soil once winter rains arrived.  

Confidence was expressed in the TT variety because of superior weed control 

with Atrazine application, and seed would be accepted at local sale points 

without needing to separate it from other varieties. 

Cultivar: ―Gem‖ trizine tolerant variety. 

Herbicide: Atrazine application twice or three times depending on weed growth; 

aware of soil compaction issues. 

Feature relating to research:  Conscious of the need to bring the highly acidic 

soil to a more productive pH through use of liming; and of need to incorporate 

more organic waste into the soil; professional entomologist employed; adjoining 

farms burning off crop residues (fire is known to damage SOM, which 

decreases enzymatic activity and MBM); canola (winter) and wheat (spring) 

crops rotations without any inter-cropping or fallow.  Canola roots excrete 

isothiocyonate (Gimsing and Kirkegaard, 2006) and this reduces nematodes 

capable of damaging wheat crops.  Without regular crop rotation, monocultures 

slow enzymatic activity and microbial populations by lessening root activity 

(Nannipieri, 2011).   
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Figure 6.5: Holbrook, NSW.  Burnt off canola crop residues  

 

Figure 6.6: Canola crop awaiting harvesting, Holbrook, NSW 
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6.11.3  Two farms at Pleasant Hills, Riverina, NSW  

This farmer was not typical of canola growers in this region as he grew three  

different cultivars of canola.  The RR variety was for a special order for a chain 

of Sydney takeaway restaurants, and required separate storage facilities,  

certification by the customer, and direct transportation of the crop to Sydney for 

separate processing.  This seed required a $20 a tonne premium.  The CF 

variety was grown to compare yields with the TT variety, but no information was 

available as to the difference, if any.  The soil resource was deep red-brown 

acidic loam with scattered rocks.  No special attempts were being made to 

renew soil quality and to generate new soil apart from burying previous crop 

wastes at ploughing, and allowing crop residues to decay on soil surface to 

stabilize soil and prevent wind and water erosion.  Regular application of lime 

and phosphate fertilizers attempted to lift pH into the desirable zone (> 5.5).  

Few earthworms were located in the soil at any time. 

Cultivars: ―Gem‖ trizine tolerant variety, Roundup Ready glyphosate tolerant 

variety, and Clearfield variety were all grown on this farm.  Spring wheat would  

 

Figure 6.7: Canola in flower Pleasant Hills, NSW 
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Figure 6.8: Decaying crop residues protecting soil, Pleasant Hills, NSW.   

(In the background are large round straw bales destined for cattle feedlots as 

roughage & bedding) 

follow the canola crops, and the wheat herbicide-resistant varieties were 

appropriate to the previous use of the herbicides to avoid negative impacts of  

herbicide residues.  

Feature relating to research:  Award-winning farmer conscious of the need to 

continue research to find optimum ways to increase output.  The farmer was not 

happy that enough research had been carried out into the usefulness of the RR 

variety and was making his own comparisons. 

 

 

6.11.4  One farm at Pittsworth in Southern Queensland 

The soil resource was deep, slightly alkaline, black, clumping clay.  No attempt 

was apparently being made to renew soil quality and to generate new soil, as 
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 this was some of the most highly productive soil in Australia.  The major 

concern was that rains would arrive too late in the season and promote such 

abundant growth that the crop would be too tall for the harvester. Ploughing and 

herbicide application of glyphosate were carried out before planting to bury 

organic matter like crop residues, kill weeds, and even out the clumps of heavy 

clay for the new seedbed.  No earthworms were observed at any stage of the 

visits.  Planting was done by direct drilling of seed into the seedbed, with one or 

two Clearfield sprays carried out at the two to four-leaf stages depending on 

weed burden. 

Cultivar: ―Clearfield‖ Imidazolinone- tolerant variety 

Herbicides: Glyphosate once before planting, then Imidazolinone twice to 

control weeds following germination. 

Feature relating to research:  No attempts to introduce organic matter into the 

soil and renew this resource, apart from attempting to bury crop residues at 

initial herbicide application.  No evidence of earthworms.  The farmer 

appreciated the minimal involvement required in servicing the crop once 

planted. 

 

 

6.12 Concluding remarks 

In examining the results of the experiment, it becomes apparent that they are 

generally in agreement with research by other scientists, in that statistical 

differences between GM and non-GM cultivars of many different species of 

crops are seen on some sampling occasions, often related to seasonal 

differences.  However, consistent differences are not seen which would alert 

plant breeders and regulators to potential harm being caused within the 

populations of soil microbes from the GM varieties.  
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7.1 Introduction 

 

This chapter discusses the results of the experimental programme.  The 

programme‘s accomplishments and importance of results are summarized in 

Section 7.2.  Next, the major findings (Section 7.3) are restated.  Section 7.4 

summarizes the limitations of the study.  What remains to be researched in 

transgenic technology as it applies to the soil environment is then discussed in 

Section 7.5.  The implications of these experimental results for world agriculture 

and food security are discussed in Section 7.6.  Comments on how genomic 

technology used in farming could be a positive force for the environment 

generally are offered in Section 7.7.  This section also points out how 

discoveries made during the experimental journey have added positively to the 

philosophy behind a new approach to the production of food that is ecologically 

more robust and more sustainable.  The concept of new age agriculture and its 

potential to produce a positive impact through environmental sustainability, 

particularly in an age of insecure food supply, is discussed in Section 7.8 . 

 

 

7.2 Experimental accomplishments and importance of results 

  

This is discussed in greater detail in Chapter 6.5, but is briefly summarized 

below. 

 Formal scientific enquiry involved experimental planning, execution, and 

analysis to produce results from which successful testing of the 

hypothesis and its sub-hypotheses could be accomplished under 

defined circumstances;    

 Measurement technology was found to be practical and relatively 

inexpensive, but required analysis of a large data set requiring accuracy 

and attention to detail;   

 Unpredictable factors, namely inadequate phospholipid extraction, and 

soil crusting limited the investigation to a certain extent; 
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 Workable evidence from the data was analysed with R and SAS to 

produce results which are generally in agreement with previous 

experimental work (Zeng et al., 2016; Wu et al., 2014).   

 Insufficient overall statistical evidence exists to reject the general 

hypothesis that consistent differences occur amongst the four canola 

genotypes in their effect on soil enzymology and DNA concentrations. 

However, instances of statistical differences in the sub-hypotheses were 

similar to those experienced by other researchers in this area (Icoz et 

al., 2008; Zeng et al., 2016).  These instances were not consistent 

enough to invalidate the general hypothesis. 

 

 

7.3 Major findings from the research 

 

To summarize the major findings, the following gives an abbreviated list as 

previously explained in Chapter 6, Sections 6.5, 6.6, and 6.7.   

 After extensive testing of key microbial enzyme activities and DNA 

concentration through the growth stages of the canola plants, using four 

different genotypes, it can be said that the sub-hypotheses failed to be 

rejected. In summary, this indicates that the general hypothesis should 

also fail to be rejected.   

 Few of the results indicate that the alternative hypothesis can be 

supported.  Those differences which did emerge were in enzyme activity 

only, and seemed to be most prevalent at times of plant maturity and 

seed formation.   

 The apparent linkage of beta-gluconase activity with DNA concentration, 

as found in panel regression analysis, is of interest.  This activity 

indicates that glucose derived from the biochemical breakdown of 

cellulose, lignin, and other soil organic carbon sources appears to play a 

vital part in the sustenance of microbes in the soil, particularly at times of 

plant maturity when physiological resources required for flowering and 

seed development are at peak demand.  This may also be true of amino 

acid metabolism during seed germination, but the evidence is not strong.   
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 Based on the results of this experiment, and on the available 

contemporary scientific literature, it would seem that continued 

speculation about the supposed harmful effects GM plants have on soil 

biology is not justified. 

7.4 Summarizing the limitations of the study 

Any study involving original research must at times encounter unpredictable 

outcomes and obstacles.  In addition, every researcher has to work within the 

technological and financial constraints available.  Therefore, the following points 

give an indication of how the experimental program matured as data was 

gathered. 

 PLFA analysis proved to be beyond the technical capability of the 

resources available but would have provided additional insight into the 

dynamics of soil microbiology for the four genotypes throughout the 

lifespan of the plants; 

 Genomic measurement techniques, although desirable, required 

resources and experience beyond the capacity of the writer; 

 Pragmatic reasons connected with budget, mentoring, and time and 

availability determined the key choice of enzyme dynamics and DNA 

concentration for experimental analysis;  

 Herbicide treatment of only one of the two genotypes within each block 

with its corresponding herbicide, and weeding any emergent weeds in the 

non-treated pots by hand could have yielded additional information about 

the impact of herbicides on microbial metabolism.  This approach would 

have required resources beyond the writer‘s capacity (special herbicide 

residue extraction technology, chromatography, and greater financial 

resources), and lessens the analytical power which would have been 

gained had finance for a larger experiment been available;  

 Results were confined to Vertisol soils as embryonic canola plants failed 

to thrive in the crusting Chromosol soils in a glasshouse environment. 
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7.5     What remains to be achieved in GM research into soils? 

Generally speaking, priority should be given to experiments taking place on 

actual farms rather than laboratory or greenhouses.  How the genotypes 

interact with the various technologies used to grow crops, such as herbicide 

choice, fertilizer amendments, soil disturbance through ploughing, and with the 

crops which follow in rotations, will give important information on carbon 

footprint, yields under various cropping regimies, profitability, and thus 

sustainability.  An excellent follow-up experiment would be a field study in which 

the four canola varieties were grown, and the seed harvest was quantified.  

Finally, such a field experiment could quantify the respective profitably of each 

variety, in terms of the cost of seedbed preparation, herbicide use, seed 

purchase, weed and insect control through subsequent spraying as needed, 

use of fossil fuels, and yield of each variety.  For such an experiment greater 

physical and financial resources would be necessary. 

 

Does the presence of herbicide used in conjunction with GM crops damage 

microbes and thus damage production?  This is a difficult issue for investigation 

because it involves extraction and analysis of herbicide residues, which is a 

specialized and expensive process (Rose, pers. comm. 2016).  To obtain 

reliable results, protocols for this extraction and analysis require familiarity with 

the analytical chemistry procedures.  How herbicides impact both the plants and 

the microbiology of the soil in which they grow is important, because some 

herbicides (Atrazine and Imidazolinone) remain in the soil for varying times, 

whereas glyphosate generally does not, and persistence may be related to soil 

organic matter, pH and clay content.  Herbicide residues might negatively 

impact subsequent crops.  Herbicide resistance is the key feature of GM plants 

and allows the planting of seed with minimal disturbance to the soil bed.  In the 

case of this current study, it is also possible that herbicide residues acted as a 

source of nutrition for microbes and therefore affected the results, despite the 

possibility of their presence in low concentrations.   

 

Chromosol soil type enzymology and DNA analysis is an aspect of research 

that should be carried out in the future, since most of the canola grown in 

Australia is produced in such soil types.   
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Genetic modification either through routine plant breeding or genetic 

engineering creates a production penalty.  This minor loss of productivity is 

expected because the natural genome of the plant has been modified, and is 

therefore different from varieties which have not been modified for such 

resistance, but nevertheless were selected for their productivity.  Definitive 

understanding about the degree to which this production penalty affects the 

various genotypes of canola would be desirable. 

 

 

7.6    Can farming GM crops be a positive force for the 

environment? 

This question is complex and multifactorial because farming technology in 

developing nations is different to that in advanced economies.  For the outcome 

to be sustainable, not only must the genotype have a positive benefit, but so 

must the technologies used to grow it.  This sustainability is defined as ―The 

intelligent application of technology to prevailing factors of production in a 

sustainable yet profitable way for farmers‘ survival and prosperity, and yet in a 

way which produces added productivity.‖  From a general point of view, the 

following topics demonstrate how GM crops might contribute to a better 

environment. 

 

7.6.1  Soil carbon and organic matter 

Now that the commensal relationship of the species in the soil to the exudates 

and residues of plant roots has become more widely understood, no soil 

analysis is really complete unless it includes some form of assessment of the 

soil‘s biological components.  Advocates of GM technology prefer to see crop 

residues remain in the soil and to allow roots to decay within the soil without the 

need to plough.  The outcome of DNA and enzymatic analyses for cellobiose 

dehydrogenase enzyme (CELL) and betagluconase enzyme (BGL) indicates 

that no substantial differences exist between GM canola and other cultivars in 

the way that microbes react to root secretions and crop residues.  Traditional 

physical and chemical analyses for soils are still important, but are insufficient to 
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gain an overall picture of how potentially productive a soil might be, since soil 

organic matter and soil carbon content provide data on how well moisture might 

be retained, as well as how effective carbon (C) and soil organic matter (SOM) 

are in supporting microorganisms and arthropods which break down the fibrous 

content.  Promoting and preserving the organic content of soil is now seen as 

an essential part of soil stewardship.  Figures 5.1 and 5.2 show where a farmer 

is attempting to promote the sustainability of his soils with mulching and 

inoculation of helpful microbial cultures.  The difference that emerged through 

Canadian research in SOM assessments of fields which were fallow for 31 

years and those which were fallow for just 9 years (Lafond et al., 2013) 

illustrates how important SOM is for productivity.  It is now known that carbon 

transformations carried out by microorganisms influence the availability of other 

elements nitrogen (N), phosphorus (P), and sulphur (S), (Paul and Clark, 2007; 

Canola Council of Canada, 2013).  Therefore if GM technology is one part of a 

new way of growing canola and other crops, then SOM and soil carbon 

generally will be environmentally beneficial. 

 

7.6.2 Soil disturbance 

Planting without the need to plough, or at least minimizing soil disturbance is a 

desirable pathway.  Herbicide resistant cultivars fit into this scenario well, with 

the GM cultivar requiring only one spray with glyphosate to clear weeds, 

planting into a bare, unploughed soil bed, and then one subsequent spray to kill 

any weeds before crop canopy cover forms.  The current knowledge finds that 

soil compression through ploughing leads to compaction and exclusion of 

oxygen, and is generally undesirable to microorganisms and soil structure, and 

makes soil susceptible to erosion.  Ploughing exposes the soil to moisture loss, 

carbon loss, and wind and water erosion, and damage to the biome from 

exposure to heat and light.  Use of mechanical equipment is expensive, 

consumes fossil fuels, requires costly maintenance, and compromises farmers‘ 

available time.  Therefore the plpanting of any GM crop which minimizes soil 

disturbance should have a positive environmental effect. 
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7.6.3    Minimizing pesticide use 
 

Selective strategic application of herbicides, insecticides, and fungicides to 

crops is now possible through integrated pest management approaches. 

However, producing disease resistant genotypes will generally be a more 

desirable path to follow, rather than selective or non-selective pesticide use with 

its cost, toxicity to the environment and to the people applying it, and lasting 

damage to complex inter-dependent biological systems.   GM crops definitely 

have a future, as can be seen by the successful production of cotton in 

Australia. 

 

 

7.7     World food security implications 
 

Numerous authors concerned about this issue (FAO, 2006; FAO, 2008;  

Lang, Barling, and Caraher, 2009; Bourne, 2009; Brookes and Barfoot, 2010; 

James, 2015; James, 2016) advocate that one successful way to avoid  

progressive and catastrophic failures in food availability (through price inflation) 

is to increase the productivity of crop and animal production in ways which 

current technologies cannot provide (May, 2005; Bourne, 2009; Parker, 2011), 

and that genetically engineered crops could provide mitigation to this rising 

potential challenge.  It was pointed out that conventional plant breeding (Cardon 

and Whitbeck, 2007) involves the use of genetic modification, but with genes 

from the same species.  Most current high value crop genomes have been 

developed this way over long periods of time by plant selection known as ―cis-

genic― plant breeding (Moeller and Wang, 2008; Scheuten et al., 2006).  Where 

an exotic (―trans-genic‖) gene is introduced, the purpose is to improve 

productivity and lower cost of production while simultaneously lessening 

environmental damage.  This occurs through minimizing pollution from 

pesticides (Garry et al., 1999; Agopian et al., 2013) and by stopping the loss of 

topsoil and lessening soil fertility by using associated technologies that are 

more environmentally acceptable.  The resultant transgenic crops have 

potential benefits for sustainability because the technologies associated with the 

use of transgenic crops (such as minimum tillage or ―direct drilling‖ seeding) are 
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less environmentally damaging.  The most cited risks are those where 

crossbreeding of herbicide-resistant varieties with weeds produces herbicide-

resistant weedy pest species (Warwick et al., 2008), and damage to non-target 

insect larvae from Bt genetically modified crops (Birch et al., 2007; Gatehouse 

et al., 2011).   

 

The acceptance of GM crops is growing at a greater rate in developing 

countries than in advanced economies (James, 2012).  GM technology cannot 

survive commercially unless sufficient quantities of GM seed are sold to make 

such development profitable for breeders of plants.  What has been learnt about 

the relationship between microorganisms in the soil and plants now forms the 

basis of a vision of agriculture which could be described as new age agriculture 

or eco-agriculture.  Within this vision, agriculture contributes positively and 

sustainably to the environment, rather than being regarded as a threat. 

 

 

7.8 A new vision of agriculture 

In assessing how the world sustains its ever-growing population, it is apparent 

that a new way of thinking about food production is relevant: that past methods 

may have been destructive and current methods inadequate, there is now 

sufficient knowledge and understanding for there to be no excuse for collective 

ignorance about damage to the planet from agriculture.  A new path forward 

founded on biotechnological discoveries must be forged, a way that embraces 

improvement in productivity, and yet embodies the definition of sustainability for 

the planet and its farmers.  Set against a background of climate change, an 

ever increasing population, resource scarcity (oil, phosphates, and research 

inputs), the loss of farmers from their land, centralization of populations in cities 

and megacities, and on-going damage to the soil resource – improvement in 

productivity should include techniques that improve environmental outcomes.  

Here is where GM crops have a role to play in the future.  This role that has 

created new research endeavours, of which this thesis forms a part. 

  

Despite an inauspicious beginning in 1995 with HR canola, and 1996 with a GM 

tomato which resisted transport damage, transgenic crops have continued to be 
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created and researched.  Adoption has been held back by the reality of 

economics, in a similar fashion to the discovery and marketing of a new drug: 

Unless the market for the novel technology is profitable, adoption is unlikely 

because discoverers and marketers (seed producers) must make a profit on 

seed sales.   Nevertheless, internationally the adoption of GM biotechnology has 

been impressive.  At the heart of the adoption process is the science of how 

such crops are interacting with the environment.  At the core of this thesis is the 

question of whether the soil resource could be harmed.  Current land 

management practices cause harm by the inappropriate and excessive use of 

pesticides, and ploughing of the soil, denuding it of its organic components, 

mining it of its essential minerals, and potentially destroying its biome.  The soil 

science journey of discovery is one enriched with new findings, none more than 

our current understanding that soils without an adequate organic component 

and an accompanying biological population are a damaged resource, unlikely to 

provide sustainable farming in the future.   

 

The eco-political debate about GM cropping has confused the overall picture, 

polarizing attitudes between societies.  Some economies have been forced into 

making pragmatic decisions to ban GM technology to gain marketing 

advantages over those societies which do not accept GM products, leveraging a 

clean green access advantage.  In democratic societies, the debate in has been 

dealt with through science and through regulation.  In the controversy 

surrounding this debate, the safety and function of the soil resource seems to 

have been forgotten.  This is historically understandable to a certain extent 

because what is now known about the commensal relationship between plants, 

their root exudates, and the life forms which exist beneath the soil was newly 

discovered knowledge when this debate and the public controversy started.  

Had this relationship been better understood when GM research began, 

illuminating the GM debate, such polarization may have been less severe.  The 

literature gives numerous examples of how decline in pesticide use (especially 

insecticides) has followed herbicide-resistant and insect-resistant genotypes 

(Heinemann et al., 2014).  Ironically, use of glyphosate has increased.  
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In conclusion, the writer expresses the hope that GM crops will be part of a mix 

of new, productive technologies capable of supporting a growing world 

population through sustainable intensification, and that those crops can be 

adopted more widely in developing societies.  It is entirely possible that GM 

technology could solve many previously intractable problems such as soil 

salinity and sodicity, plant stress owing to drought, plant damage through 

inundation and cold, resistance to parasitic insects, and weed invasion.  

Transgenic cropping appears to be ―the fastest adopted crop technology in the 

history of modern agriculture‖ (Khush, 2012).  Attitudes to GM technology are 

changing and it is hoped that wider adoption can mitigate the forthcoming food 

security challenges facing the world.  As an indication, a recent declaration by 

one hundred Nobel Laureates (James, 2016:3), that regulatory road blocks to 

GM crops should be simplified or eliminated is noteworthy.  This echoes the 

2010 statement (James, 2015:20) made by the father of the Green Revolution 

and 1970 Nobel Laureate, Norman Borlaug:  

 

―What we need is courage by the leaders of those countries where 

farmers still have no choice but to use older and less effective 

methods.  The Green Revolution and now plant biotechnology are 

helping meet the growing demand for food production while 

preserving our environment for future generations. Norman Borlaug, 

2010.‖ 
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APPENDICES 

Appendix 1 Technique for enzyme activity assessment 

Calculat ion: Each value is calculated thus:  

Sample value = actual fluorescence - auto fluorescence – blank. 

 From the standards, a graph is constructed and a computer-generated 

equation provided in the form Y= a + bX.  The equation is used to calculate the 

readings for each fluorescent measurement at time zero and at approximately 

60 minutes later after incubation at 25 degrees C. 

By correction for time between first and second readings, and by correcting for 

the moisture content of the soil, values can be expressed as fluorescent activity 

units per gram of dry soil per hour. The mean of the four replicates is used for 

each sample.  Abnormal readings are discarded, hence the quadruplicate 

readings for each sample. 

Principle: A fluorescent molecule is attached to two different substrates – methyl 

umbilliferate (MUF) or amino-methyl-coumarin-leucine (AMF).  Standards for 

various concentrations and background fluorescence (autofluorescence) are 

also measured and adjustments made accordingly. 

 

Materials: Modified Universal Buffer (MUB) is used as the buffer-diluent for the 

soil. This made by dissolving 12.1g of tris hydroxymethylaminomethane 

(THAM/Trisma) with 11.6g of maleic acid, 14g of citric acid, and 6.3g of boric 

acid (H3BO3) into 488ml of 1 M sodium hydroxide (NaOH) and bringing the 

solution to 1 litre with deionized (DI) water. This is the stock solution and is 

refrigerated in storage at 4 deg C.  Depending on the pH of the soil to be 

measured, an appropriate volume, e.g., 200mls, is placed in a beaker with 

magnetic stirrer and the pH adjusted with 0.1M HCl or NaOH. The volume is 

then adjusted to 1 litre with deionized water. 

 

Substrates: MUF substrate stock is 5mM and is made by dissolving 8.8mg in 10 

mls DI water. and should be stored in the dark. AMC substrates and standards 
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are made by dissolving 8.75mg in 1 ml acetone and then adjusted to 10ml with 

DI water to produce 5 mM concentration. 

 

Standards: MUF and AMC stock solutions (5mM) are diluted with DI water by 

adding 600uL water to 400uL standard to produce 2mM, and stored at 4 deg C 

in the dark.  The working standards of 0, 2.5, 5, 10, 20, 30, and 50 are 

formulated by appropriate dilution factors. 

 

Procedure: Weigh approximately 500mg moist soil into a 2 ml screwcap jar 

Enzyme Activity Estimation Procedure 

Buffer: Modified universal buffer  

Substrates: Two types of fluorescent substrates are available, depending on the 

enzyme it is desired to analyse: 

Methylumbilliferyl (MUF) used for the following enzyme substrates:  

 beta-Glucosidase, MW = 332.32 

 cellobiose dehydrogenase, MW = 500.45 

 aryl Sulfatase,  MW = 394  

 alkaline Phosphatase, MW = 414.3, and 

4-amino-7-methylcoumarin (AMC) used for the following enzyme substrate: 

 leucine aminopeptidase, MW = 324.3  

Each fluorescent molecule and its attached enzymatic substrate has a known 

molecular weight as demonstrated above. To make substrate stock solution for 

MUF-substrates, add 5 mM to a 20ml plastic centrifuge tube and adjust the 

volume to 10 mls with deionized water. 1 ml aliquots can then be drawn off and 

stored in the dark at -20 deg C 

To make substrate stock solution for AMF-substrates, add 5 mM to a 20ml 

plastic centrifuge tube and dissolve in 1 ml acetone first before adjusting the 

volume to 10 mls with deionized water. 1 ml aliquots can then be drawn off and 

stored in the dark at -20 deg C 

Standards: MUF and AMC secondary stock solutions are made by adding 100 

microlitres of the primary stock standards to 1ml with DI water. 

Procedure: Determine the dry weight of the soils being examined by weighing 

before and after 24 hours in a drying cabinet at 105 degrees C.  Record the 
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calculated percentage of dry matter this for each sample, as it will later be 

required to calculate enzyme activity per gram of dry soil. 

Weigh approximately 500 mg moist soil into a 2 ml screwtop vial, add 1 ml DI 

water and homogenize for 30 seconds in a bead beater apparatus. 

Add 40 microlitres for each sample to a fresh 2 ml eppendorf tube and shake 

well to mix thoroughly. 

Into a 96 well microplate pipette 50 microlitres of MUB at the appropriate pH (In 

the case of Vertisol soil, this is about pH 7.6) 

100 microlitres diluted soil slurry is then pipetted into columns 2 to 5 and 8 to 11 

inclusive so that each sample is estimated in quadruplicate. Each plate 

therefore holds 16 soil samples, making a total of 32 samples in all, and 10 

plates in total for all 5 enzymes. 

Standard concentrations of MUF or AMC of 100 microlitres are then made up 

and pipetted into column 1 - no soil - and column 6 - with soil - (standard 

concentrations of 0, 5, 10, 20, 50, and 100 micrograms/ml). 

Column 12 has 100 microlitres of DI water only, serving as a blank. 

Finally pipette 50 microlitres of the appropriate substrate into each well except 

for column 12. 

The plate is then immediately read for fluorescence and the readings recorded. 

The plate is then removed and placed in an incubator at 25 degrees C for 

approximately 1 hour, when a repeat reading is taken. 

By calculation, enzyme activity levels are found as follows: plot the standards 

and obtain a simple equation of the form X = b + MY with its degree of 

confidence for correlation preferable R2 >=0.99. 
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Appendix 2 Determination of double-stranded DNA concentrations in soil by 

phosphor-luminescence 

The PicoGreen reagent is a very sensitive means of measuring dsDNA in 

solution because it stains nucleic acids. 

Reagents: sodium phosphate solution of pH 7.5.  

TE buffer at pH 7.5 is used for extracting the DNA.   This extractant consists of 

equal volumes of 10 milliM Tris-HCl buffer and 1 milliM EDTA with pH adjusted 

to 7.5 with use of NaOH or HCl as appropriate. 

Tris-HCl is made by mixing 24.228 g of Tris-HCl at pH 7.5 to 1 litre of DI  water 

to produce a 200 milliM dilution stock solution.  50 mls is then added to 950 mls 

DI water to produce the final extractant solution which can be frozen and stored 

at -20 degC. 

EDTA 1 mM solution is made by mixing  372.24 mg of EDTA disodium salt 

dehydrate to 800 mls DI water and making up with di water to 1 litre. 

Standards  

These are made by mixing 2 microgram/ml of purified DNA into DI water to 

produce a stock for standards manufacture of 1 microgram per ml. 

This is diluted appropriately to make standard concentrations of 5, 10, 25, 50 

and 100 picograms of dsDNA/ml.  The buffer serves as zero concentration. 

Extraction of DNA: soil samples which have already been assessed for dry 

matter content are weighed into capped containers at approximately 500mg per 

container. 

Into each container is added approximately 0.4mls of ceramic beads of 

diameter 0.8mm, and 0.4mls of glass beads of 0.1mm diameter.  1 ml of 

phosphate buffer is added to each vial which is then placed into a cell disrupter 

(FastPrep FP120) and shaken at 6.5ms-1 for 30 seconds.  The vials are then 

centrifuged at 28,000 rpm for 2 minutes 

Analytical procedure: 10 microlitres of the solution from each vial is added to 

each well of a 96 well plate for columns 2 to 11, using a sterile tip for each 
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sample.   90 microlitres of DI water is added to each well. Row 1 is reserved for 

standards (10 microlitres at increasing DNA concentrations of 0, 5, 10, 25, 50 

and 100 nannog/ml) and column 12 serves as a bland. Samples are duplicated 

so that 4 samples per row are possible. 

Background fluorescence is measured using the Fluorostar reader set at 520nm 

wavelength with a gain of 1000 nm and a shaking frequency of 500rpm for 5 

secs before plate reading at 50 flashes per second. 

20 microlitres of the Picogreen reagent are added per well and the reading 

repeated.  

Calculations: A standard curve is constructed in the form Y = a + bX and from 

this equation each sample concentration is derived as nannograms of DNA per 

gram of dry soil. 
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Appendix 3 R Code used to analyse data 

.An example of the model is given at the end of the coding  

> setwd("D:/DNA analysis") 

> load("~/.RData") 

> DAT <- read.csv(file = 'DNAdataforR.csv', header=TRUE) 

> str(DAT) 

'data.frame': 32 obs. of  9 variables: 

 $ Pot.No: int  2 6 10 13 17 20 25 29 1 5 ... 

 $ table : int  1 1 1 1 2 2 2 2 1 1 ... 

 $ row   : int  1 3 5 7 1 2 5 7 1 3 ... 

 $ col   : int  2 2 2 1 1 2 1 1 1 1 ... 

 $ Herb  : Factor w/ 4 levels "CF","RR","RRWT",..: 4 4 4 4 4 4 4 4 2 2 ... 

 $ d1    : num  16.2 4.4 1.1 1.5 2.3 1.8 1.7 4.1 14.3 1.8 ... 

 $ d2    : num  8.5 9.3 12 9.6 6.2 5.7 5.2 6.8 5.7 7.3 ... 

 $ d3    : num  4.1 5 6.7 4.4 1.9 1.2 0.01 0.7 2.3 7.6 ... 

 $ d4    : num  178 235 243 221 225 ... 

> # build a blocking indicator as per the design 

> DAT$block <- rep(1,nrow(DAT)) 

> DAT$block[DAT$table==1&DAT$row>4] <- 2 

> DAT$block[DAT$table==2&DAT$row<=4] <- 3  

> DAT$block[DAT$table==2&DAT$row>4] <- 4  

> tapply(DAT$block,list(DAT$row,DAT$col,DAT$table),unique) 

, , 1 

 

  1 2 

1 1 1 

2 1 1 

3 1 1 

4 1 1 

5 2 2 

6 2 2 

7 2 2 

8 2 2 
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, , 2 

 

  1 2 

1 3 3 

2 3 3 

3 3 3 

4 3 3 

5 4 4 

6 4 4 

7 4 4 

8 4 4 

 

> table(DAT$block,DAT$Herb) 

    

  CF RR RRWT TT 

  1  2  2    2  2 

  2  2  2    2  2 

  3  2  2    2  2 

  4  2  2    2  2 

> # set factors 

> DAT$Herb <- factor(DAT$Herb) 

> DAT$table <- factor(DAT$table) 

> DAT$block <- factor(DAT$block)  

> # eda 

> boxplot(DAT$d1) 

> boxplot(DAT$d2) 

> boxplot(DAT$d3) 

> boxplot(DAT$d4) 

> require(lattice) 

> dotplot(d1~Herb,data=DAT) 

> dotplot(d2~Herb,data=DAT) 

> dotplot(d3~Herb,data=DAT) 

> dotplot(d4~Herb,data=DAT) 
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> dotplot(d1~block,data=DAT) 

> # extract summary tables 

> d1.out <- LSD.test(d1.aov,trt='Herb') 

> # time 1 

> d1.aov <- aov(d1~Herb+Error(block),data=DAT) 

> summary(d1.aov) 

Error: block 

Df Sum Sq Mean Sq F value Pr(>F) 

Residuals  3  134.3   44.76                

Error: Within 

Df Sum Sq Mean Sq F value Pr(>F) 

Herb       3    594   197.9   1.188  0.334 

Residuals 25   4162   166.5                

> # time 2 

> d2.aov <- aov(d2~Herb+Error(block),data=DAT) 

> summary(d2.aov) 

Error: block 

Df Sum Sq Mean Sq F value Pr(>F) 

Residuals  3   29.7   9.898                

Error: Within 

Df Sum Sq Mean Sq F value Pr(>F) 

Herb       3   3.69   1.231   0.318  0.812 

Residuals 25  96.87   3.875                

> d3.aov <- aov(d3~Herb+Error(block),data=DAT) 

> summary(d3.aov) 

Error: block 

Df Sum Sq Mean Sq F value Pr(>F) 

Residuals  3  77.93   25.98                

Error: Within 

Df Sum Sq Mean Sq F value Pr(>F) 

Herb       3   4.79   1.597   0.275  0.843 

Residuals 25 144.96   5.798                

> d4.aov <- aov(d4~Herb+Error(block),data=DAT) 

> summary(d4.aov) 
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Error: block 

Df Sum Sq Mean Sq F value Pr(>F) 

Residuals  3  954.1     318                

Error: Within 

Df Sum Sq Mean Sq F value Pr(>F) 

Herb       3     88   29.48   0.094  0.963 

Residuals 25   7847  313.87                

> # linear model equivalent 

> d1.lm <- lm(d1~Herb+block,data=DAT) 

> summary(d1.lm) 

Call: 

lm(formula = d1 ~ Herb + block, data = DAT) 

Residuals: 

 Min      1Q  Median      3Q     Max  

-11.994  -5.444  -1.200   1.416  48.206  

Coefficients: 

                   Estimate Std. Error t value Pr(>|t|) 

(Intercept)   2.5688     6.0348   0.426    0.674 

HerbRR       10.8625     6.4515   1.684    0.105 

HerbRRWT   6.2125     6.4515   0.963    0.345 

HerbTT        1.2500     6.4515   0.194    0.848 

block2       -1.8750     6.4515  -0.291    0.774 

block3       -0.5125     6.4515  -0.079    0.937 

block4        3.6625     6.4515   0.568    0.575 

Residual standard error: 12.9 on 25 degrees of freedom 

Multiple R-squared:  0.1489, Adjusted R-squared:  -0.05542  

F-statistic: 0.7287 on 6 and 25 DF, p-value: 0.6309 

> # extract residuals and add to data for exploration 

> DAT$d1.res <- resid(d1.lm) 

> plot(d1.res~row,data=DAT) 

Model: 

Statistical model for sulfatase data analysis 

Call: 
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lm(formula = d1 ~ herb + block, data = DAT) 

 

Residuals: 

      Min        1Q    Median        3Q       Max  

-0.191875 -0.034687 -0.004375  0.039375  0.233125  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)     

(Intercept)  0.75062    0.04570  16.424 6.64e-15 *** 

herbRR       0.00375    0.04886   0.077    0.939     

herbTT      -0.02000    0.04886  -0.409    0.686     

herbWT      -0.07125    0.04886  -1.458    0.157     

block2       0.00875    0.04886   0.179    0.859     

block3      -0.69750    0.04886 -14.276 1.59e-13 *** 

block4      -0.68375    0.04886 -13.995 2.49e-13 *** 

--- 

Signif. codes:  0 ‗***‘ 0.001 ‗**‘ 0.01 ‗*‘ 0.05 ‗.‘ 0.1 ‗ ‘ 1 

Residual standard error: 0.09772 on 25 degrees of freedom 

Multiple R-squared:  0.9422, Adjusted R-squared:  0.9284  

F-statistic: 67.97 on 6 and 25 DF,  p-value: 2.908e-14 
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Appendix 4 Data set used in panel regression analysis 

The data file for the panel analysis consists of mean values for each of the 

enzymes and DNA for four sampling dates for each of the herbicide-resistant 

cultivars.  

Obs id t DNA LAP PHOS BGL CELL SUL 

1 TT 1 1.5886 20.8286 115.786 26.860 3.2014 0.41100 

2 TT 2 3.0700 6.1900 24.150 17.890 1.6200 0.18000 

3 TT 3 1.2913 19.0875 17.344 19.494 1.9725 3.11500 

4 TT 4 93.1775 19.4750 35.853 189.940 18.8688 3.11500 

5 RR 1 2.4700 21.2400 117.590 27.420 2.7100 0.32000 

6 RR 2 2.8700 5.7300 24.830 17.650 1.6200 0.16000 

7 RR 3 1.2400 19.0100 18.900 22.660 1.9200 3.19000 

8 RR 4 91.8200 19.9300 37.850 196.650 21.1700 0.86000 

9 CF 1 1.1300 21.3000 110.580 28.390 2.8000 0.31000 

10 CF 2 2.9650 5.8600 22.529 16.553 1.5113 0.15125 

11 CF 3 1.4000 20.7500 16.880 22.320 2.0900 3.20000 

12 CF 4 91.4600 19.8800 38.130 184.280 17.1000 0.67000 

13 WT 1 3.5338 20.8813 109.203 28.925 2.6563 0.33625 

14 WT 2 3.2300 6.1200 21.850 17.000 1.4700 0.15000 

15 WT 3 1.5925 20.7288 16.131 21.355 1.9138 3.13375 

16 WT 4 93.8363 19.5813 34.789 202.118 19.1113 1.34625 

 

Key: Obs = observation ; id = herbicide resistance cultivar; DNA = mean 

double-stranded DNA concentration; LAP = mean leucine aminopeptidase 

activity; PHOS = mean phosphatase activity; BGL = mean beta-glucosidase 

activity; CELL = mean cullulase activity; SUL = mean aryl sulfatase activity 
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All DNA and enzyme values are respective means for that particular 

observation.  Hence they incorporate all the variation associated with samples 

which form that mean value. 
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