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Génome Québec
Génome Québec is a private, non-profit organization whose mission is to catalyze the development
and excellence of genomics research and promote its integration and democratization. It is a pillar
of the It is a pillar of the Québec bioeconomy and contributes to Québec’s influence and its social
and sustainable development.

Quebec Centre for Biodiversity Science
The Quebec Centre for Biodiversity Science (QCBS) brings together more than 120 researchers
working at the forefront of the field both nationally and internationally. The QCBS provides added
value to biodiversity research.
It has a three-fold mission:
1. To foster and promote world-class research at all levels of academia (undergraduate, graduate,
postgraduate and faculty) in biodiversity science.
2. To facilitate scientific cooperation within a cross-disciplinary group of Québec biodiversity
researchers and promote Québec research nationally and internationally.
3. To support the development of public policies on biodiversity and contribute to the academic
and public debate on biodiversity loss in Québec, Canada and around the world.

Objectives of the Task Assigned to QCBS by Génome Québec
To promote a better understanding of the issues related to pesticide use in agriculture, Génome
Québec tasked the Quebec Centre for Biodiversity Science (QCBS) with producing a policy brief
on how genomics tools can be applied in agriculture to improve the way pesticides are
employed. This document is the result of a literature review and a discussion among four
researchers in a focus group from the academic and institutional community and semi-structured
interviews with three government agency professionals. The views expressed herein do not
necessarily reflect those of Génome Québec.
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1.

Executive summary

Despite significant agricultural progress made in the integrated management of crop pests, the
use of pesticides remains pervasive. Pesticides are generally exceptionally efficient at maintaining
or enhancing agricultural productivity. However, they also have negative repercussions on wildlife,
plants and human health. Consequently, their use represents a major challenge for the agricultural
and public health sectors. Policymakers are faced with many difficulties resulting from the use of
pesticides, including the loss of biodiversity, the contamination of ecosystems and food and the
exposure of farm workers to these products.
The science of genomics can help us make better use of pesticides in many different ways. In
addition to helping to improve cultivars and develop biopesticides, genomics tools can characterize
entire microbial communities found in plants and in soils. This major advance leads to a better
understanding of the relationships between plants and their microbiota, as well as the biotic and
abiotic characteristics of an environment. This is useful since these microbial communities form an
essential part of the biomass and make a major contribution to all biochemical activities going on
in ecosystems. Genomics tools can also help with the detection of pathogens in agroecosystems,
determine the response of these pathogens to chemicals and assess their level of resistance to
various pest control products. This information can contribute to strategies aimed at reducing the
use of pesticides.
Despite all the opportunities afforded by genomics science, there are still many obstacles impeding
the integration of genomic tools in farming. For instance, major investments will be needed to set
up experimental sites in agricultural environments. Moreover, some of the research, especially the
work on soils, may take a number of years before valid and robust reference values can be
established. Oversight mechanisms will also be required to ensure the effective use of databases
as well as cooperation among the various stakeholders from the agricultural sector and the optimal
transfer of knowledge to farms.
This report provides an overview of the issues associated with the use of pesticides in agriculture
and presents the genomics tools available to respond to the challenges identified. It also provides
policymakers with recommendations to help make use of these tools in agriculture and to position
Québec as a global leader in this field.
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Recommendations to Policymakers1

1

1.

Promote the use of next generation sequencing technologies to gain a complete and accurate
picture of microbial populations found in soil (p. 9).

2.

Position, as a first-line solution, the use of genomics tools, such as PCR and qPCR, to evaluate
specific functions within agroecosystems (p. 10).

3.

Institute field research programs to collect data over time (8 to 10 years) in order to establish
valid reference values on soil quality (p. 10).

4.

Using genetic engineering, study the role played by microorganisms in the degradation of
pesticides focusing on the level of enzyme expression specific to the degradation (p. 11).

5.

Implement a program to detect resistant genes in different crops in order to target and adapt the
interventions carried out (p. 12).

6.

Develop soil health indicators prioritizing the use of metagenomics to analyze samples in order
to identify one or more microorganisms representative of a given state of soil health (p. 13).

7.

Promote the use of genomics tools, such as PCR and qPCR, among stakeholders working on
the ground and provide them with appropriate training (p. 13).

8.

Offer interested agricultural producers training on the proper use of genomics tools and provide
them with financial support as they integrate these tools into their business (p. 13).

9.

Implement new biological control strategies through the identification or modification of certain
microorganisms using metagenomics and genome editing technology (p. 15).

10.

Using genomics-based tools, produce an independent seed guide featuring phytogenetic
biodiversity well suited to the soil and climate conditions in different regions of Québec (p. 16).

11.

Set up a network of public laboratories with the required instrumentation and expertise to offer
a rapid results analysis service in support of sound decision-making (p. 16).

12.

Promote cooperation among various groups of researchers who will implement standardized
protocols on the use of genomics tools to be followed across laboratories (p. 16).

13.

Facilitate collaboration among various research groups to implement public-access databases
available to all stakeholders in agriculture (p. 17).

The above recommendations are not listed in any particular order of priority.
Page 5

2. Background
2.1. The use of pesticides in agriculture and related socio-ecological issues
Since the early 20th century, agricultural production has increased significantly in response to rapid
demographic growth. According to the United Nations, the global population is, in fact, expected
to reach 9.5 to 10 billion people by 2050 (UN, 2015). Having this many more mouths to feed has
triggered a “green revolution,” which was made possible by the introduction of chemical fertilizers
combined with higher yield crop varieties and the arrival of chemical pesticides (Carvalho, 2006).
As a result, the production of these chemicals has gone from 0.2 million tons in 1950 to 5 million
tons in 2000 (FAO, 2017). Since then, sales for all types of pesticides have risen, with herbicides
ranking first, followed by insecticides and fungicides (Carvalho, 2017). Over time, pesticides have
become an essential part of the world’s agricultural systems, paving the way for a notable increase
in crop yields and, in turn, greater food production (Alexandratos and Bruinsma, 2012).
The growing demand for food has become even more important since the effects of climate
change, such as more frequent droughts and floods, are now compromising commercial crops,
thus reducing the availability of staple foods for a large proportion of humanity (Chapli-Kramer et
al., 2019). The rise in temperature and changes in precipitation patterns also impact crop protection
strategies (Delcour et al., 2015) and affect the fate of pesticides in soil, sediment and water
systems. To remedy these problems and protect their businesses, agricultural producers already
use a number of different approaches (e.g., shelterbelts, intercropping, buffer strips). Another
harmful effect of climate change involves the arrival of new pest species or the expansion of the
distribution area of existing pests (ibid). This situation can lead to increased pesticide use in the
absence of other solutions.
The current approach to crop protection is based on circular reasoning that involves identifying a
pest, developing a crop protection product in response, observing the collateral effects of its use
and the rise of new problems, developing new products in response, and so on. This trial-and-error
approach does deliver results, but it also comes with negative consequences for the environment
and public health (Carvalho, 2017).
The use of pesticides is a major source of environmental contamination at the local level, but its
impact can also be felt globally. Generally speaking, chemical residues present in the environment
can have dramatic consequences for land and aquatic ecosystems as a whole. Over time,
considerable efforts have been made to understand how pesticides behave in the environment,
including their toxicity and the manner in which they break down. Contemporary pesticides have
better degradability, but tend to build up in surface water, year after year, as is the case with
glyphosate (McKnight et al., 2015). Furthermore, the toxic effects of pesticides are not always
limited to the harmful organism being targeted; they also spread to other similar organisms,
compromising biodiversity, ecosystem health and, ultimately, human health. These products
generally undergo many chemical transformations before ending up in ecosystems outside the
region of applications, where their toxic effects are felt by organisms not originally targeted (Taylor
et al., 2003). Moreover, some pesticides contain volatile components, parts of which can be carried
on air currents over long distances (Garbarino et al., 2002).
Soil erosion, runoff water and rivers can transport large quantities of pesticides from one location
to another. Some products, such as DDT and chlordane, which have been banned for many years
now, can still be found in coastal environments. Even at very low levels, these toxic residues can
destroy aquatic species, compromising biodiversity and ecosystem functioning (Rand, 1995). An
extensive study of these ecosystems around the globe has shown that such residues are present
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everywhere in the world and primarily concentrated in marine life (Jamieson et al., 2017). Other
studies have demonstrated that pesticides (mainly herbicides) also affect the symbiotic relationship
of algae and destroy coral (Lewis et al., 2009). Thankfully the gradual elimination of persistent
organic pollutants in keeping with the Stockholm Convention of 2002 has contributed to reducing
human exposure to these toxic materials. In recent decades, for example, studies conducted in
several countries have shown that the concentration of DDT in human fatty tissue and milk is
constantly going down (Carvalho, 2017).
Despite notable improvements in managing pesticide residues, their use remains an issue that
raises concerns not only for the environment but also regarding human health and public opinion
(Goddard et al., 2018; Reeves et al., 2019). In Canada and Québec, these concerns are taken into
account by public officials, more specifically through the Pest Control Products Act (2002), the
Pesticides Management Code (2003) and various strategies aiming to minimize the risks
associated with pesticide use. A study conducted by the Institut national de santé publique du
Québec argued that the health benefits of eating fruit and vegetables far outweigh the cancer risks
associated with pesticide residues found on these foods (Valcke, 2017). The risk, however, is not
negligible, and there is a level of uncertainty surrounding the safety of these chemicals for human
health (ibid). In response, efforts should be made to reduce the public’s exposure to such products.

2.2. Current utilization of genomics tools to improve the use of pesticides in
agriculture
Pests (phytopathogens and others) and weeds limit crop yields and threaten sustainable
production. Most of today’s plant food production relies on chemicals to control these harmful
species. To reduce the collateral effect of pesticides on the environment, other measures that can
enhance crop resistance and control pests must be adopted. Examples of such strategies include
the development of new cultivars, the creation of biopesticides and biostimulants, the application
of integrated pest management principles on farms, the management of soil erosion and crop
rotation.
Recent advances in molecular biology have prepared the way for the development of genomics
tools, highly sophisticated in some cases, which can prove useful in many areas of agriculture.
Here are a few examples of the ways in which genomics tools can play a major role:
1.
2.
3.
4.
5.
6.

Early detection of pathogens
Identification of pathogens during infestations
Detection of virulence genes associated with a pathogenic agent
Selection and modification of cultivars
Identification of microbial indicators to gauge the health of ecosystems
Development of biostimulants, biopesticides and other management methods.

The tools used vary based on the needs of the spheres of activities involved. Here is a description
of some of these tools.
Molecular detection methods that use PCR (polymerase chain reaction) have significantly
contributed to the accurate, sensitive, reliable identification and quantification of many species of
pathogens (Sanzani et al., 2014). However, most PCR-based tests (or tools) are specifically
designed to detect one or a few species by targeting specific genes. This means they are not
suitable for the broader detection of phytopathogens in agroecosystems (defined as cultivated
ecosystems corresponding to the spatial unit of a farm and whose ecosystem functions are valued
in the form of agricultural goods and services).
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Metabarcoding is a tool capable of characterizing many species found in an ecosystem. It can
play an important role, for instance, in terms of detecting and dispersing exotic phytopathogens,
which have become a threat due to climate change and expanding world trade (Brasier, 2008). In
their native environments, many of these pathogens cause minimal harm. This is why they may be
less known and less likely to have been identified. Detecting all organisms in an ecosystem is
important, yet remains a challenge. This is where metabarcoding comes in. It is a powerful tool
that can be used to monitor and prevent invasions by exotic pathogens (Comtet et al., 2015) in an
ecosystem. This tool, combined with specific primers, can facilitate the description of hostpathogen interactions, as well as new phylotypes whose DNA sequence in a given segment
resembles that of a known species. These phylotypes then need to be identified (Abdelfattah et
al., 2018). As a result, the data collected can play a pivotal role in the development of biological
approaches (e.g., biopesticides and biofertilizers) to help manage pathogens (Massart et al.,
2015).
Genome editing technologies (GETs) are used to modify plant immunity in different ways and in
many different crop species. There are several examples of targeted genes having been
successfully altered to become more resistant to pathogens. Two of these, CRISPR-cas9 and
TALEN, have both been used to act on wheat’s locus of resistance to mildew, creating plants that
are less likely to succumb to powdery mildew and white rot, two diseases that affect yields. Second,
GETs have been used to develop plants that can resist bacterial blight in leaves. A third example
is the introduction of new strains resistant to geminiviruses, plant pathogens that cause severe
damage to many crops (Ji et al., 2015). By modulating the resistance of plants in this manner,
GETs help improve crop performance to make agriculture more sustainable. They allow, for
instance, specific mutations to be introduced, reducing the pleiotropic effects of complete gene
deletion (Andolfo et al., 2016).
GETs holds great promise for the future, but public acceptance of them has yet to be achieved. In
fact, the level of public support varies greatly from one person to another, depending on the way
the technologies are used and on the information provided (Muringai, et al., 2020). Further
research is needed to better understand the conditions under which the general public would be
willing to accept food derived from genome editing. Knowing the developers and regulations
involved in these new technologies, as well as their impact on agricultural productivity, the
environment and human health, are essential factors that can help build consensus around the
issue (ibid). Relevant information from both pro- and anti-GMO groups may also help consumers
form their own opinion on the matter (ibid).

3. Genomics providing solutions to phytosanitary challenges in
agriculture
3.1. Genomics tools to support the study of agroecosystems
Soil microorganisms play a key role in agriculture, for instance in the biogeochemical cycling of
carbon, nitrogen, sulphur, phosphorus and many other metals (Barnard et al., 2005).
Microorganisms, including bacteria, archaebacteria, microeukaryotes or the viruses that infect
them, are rarely found on their own soil; they form complex communities that change over time
and space and give soils their level of fertility. Pesticides, however, can alter this microbial diversity
and reduce its associated benefits. Microorganisms have a key role to play in soil ecosystems and,
when measurable, their structural and functional characteristics can serve as excellent indicators
of the effects of pesticide exposure (Gwenaël et al., 2012).
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To date, a great deal of research has focused on the effect of pesticides on soil microbial
communities, but most of it is based on standard bacterial cultures. Traditional methods of
analyzing microorganisms involve collecting samples in an ecosystem, followed by culturing
individual strains in a lab. With this method, the entire range of microbial diversity cannot be studied
(Berdy et al., 2017), since the greater part of the bacteria are uncultivatable in the lab. In fact, only
1% of microbial diversity can be identified through this method (Epstein, 2013; Rappé and
Giovannoni, 2003; Chi-chu, 2010). Yet access to the entire microbial population is important given
that all microorganisms play a key role in the biosphere (Epstein, 2013). The use of molecular
techniques, such as metagenomics, must be prioritized since it provides all the information needed
to identify the full bacterial population in a given environment.
Genomics tools offer enormous potential for analyzing variations in microbial communities.
Structural changes can be associated with the expression of specific genes, charting the course
for more in-depth studies on the relationship between biological diversity and ecosystem
functioning and the influence of contaminants on this relationship (Johnston et al., 2015).
Molecular-based methods have huge potential to provide sensitive and efficient measurements
suited to the evaluation of pesticide side effects on soil ecosystem functions and microbial
community composition (Feld et al., 2015). Depending on the tools used, the information on
microbial communities can be structural or functional in nature. Some examples of these tools
include denaturing gradient gel electrophoresis (DGGE), qPCR and DNA chips, which deliver
information on targeted genes already known, and metagenomics, which can sequence the entire
DNA of a community and provide data on its taxonomy and function (Feld et al., 2015).

RECOMMENDATION 1
Promote the use of next generation sequencing technologies to gain a complete and
accurate picture of microbial populations found in soil.

In the past, strategies to evaluate ecosystem health focused on a description of their chemical
characteristics combined with toxicity test results obtained in laboratories (Scanes et al., 2007).
More recent approaches, however, recognize the importance of including biological monitoring in
order to improve their predictive capacity (Dequiedt et al., 2011). The need for a more realistic
picture of ecotoxicology has led scientists to test whole communities rather than a single individual
(Edge et al., 2015). The response of an entire microbial community provides a more accurate and
sensitive assessment of the effects of contaminants given biotic interactions and processes that
naturally occur in a contaminated system (Birrer et al., 2017).
Analyses that lay the groundwork for the study of the harmful effects of pesticides on
microorganisms often involve the nitrogen and carbon transformation process. The nitrogen cycle
is one example of soil function that can be assessed using genomics tools targeting known genes.
This cycle involves two important biochemical processes: nitrification (oxidation of ammonium) and
denitrification. Both of these phenomena are directly associated with soil fertility and its buffer
effect, making them suitable biological indicators of soil quality (Wessen et al., 2011). Communities
involving these biochemical processes are used as models to better understand the importance of
microbial diversity in soil response to various environmental stressors (Philippot et al., 2005).
The PCR and qPCR molecular techniques are used to study the nitrogen cycle by targeting the
genes coding for the enzymes responsible for nitrification (e.g., amoA) and denitrification (e.g.,
nirK) (Crouzet et al., 2016). Traditional chemical measurements, it should be noted, can also be
used to help interpret the results obtained from genomics tools. One example is the nitrogen cycle,
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where the measurement of enzyme activity responsible for nitrification can complement the study
of the amoA gene expression (associated with nitrification) in microbial communities. Other
examples include measuring phosphorus metabolism, the breakdown of sugar and breathing. All
these biochemical processes are often associated with the expression of genes of interest that can
be targeted by genomics tools. Since molecular tools are so efficient and generally less and less
expensive, they could easily be integrated for use in standard toxicity testing and biomonitoring
programs.

RECOMMENDATION 2
Position, as a first-line solution, the use of genomics tools, such as PCR and qPCR to
evaluate specific functions within agroecosystems.

In terms of soil balance, the use of genomics tools must be optimized with access to reference
soils and microbiomes in order to better evaluate the state of disruption in a given environment.
Establishing valid reference values for soils takes a long time, that is, 8 to 10 years. With
agricultural seasons changing from year to year, funding programs that last only three years cannot
provide the robust reference values needed. As a result, it is critically important to support the
implementation of long-term experimental sites.

RECOMMENDATION 3
Institute field research programs to collect data over time (8 to 10 years) in order to
establish valid reference values on soil quality.

3.2. Genomics to better understand the ecological mechanisms involved in the
breakdown of pesticides in the environment
Metagenomics also has the potential to teach us more about the microbial dynamics in
ecosystems, including the mechanisms involved in response to contaminants. Until now, traditional
microbiological studies could only measure microbial diversity (Johnston et al., 2015), without
being able to simultaneously quantify the processes or functioning involved (Kinsella et al., 2016).
Yet structural changes within ecosystems do not necessarily reflect changes in their functioning –
for example, if members of the microbial community are functionally redundant (Allison et al.,
2008). With molecular-based tools, however, microbes become sensitive, efficient bio-indicators.
Due to their direct interaction with the environment, bacterial and archaebacterial communities are
highly sensitive to anthropogenic modifications at large spatial scales (Sun et al., 2012). This high
level of sensitivity to disruptions means that response is strong and/or swift, compared to resistant
organisms; this makes possible early detection and detection when contaminant levels are still
low.
We still know very little about the capacity of soil to break down pesticides and the influence that
these chemicals have on microbial communities (Chi-Chu, 2010). It is difficult to establish the
relationship between the chemical structure of a pesticide and its effect on various groups of soil
microorganisms. The spectrum of bacterial response to pesticides in soil ecosystems is vast and
involves changes to the composition and function of bacterial communities. Certain microbial
groups are capable of using pesticides as a source of energy and nutrients, while these same
pesticides can be toxic to other microorganisms (Johnsen et al., 2001). Due to their toxicity,
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pesticides can reduce microbial diversity while promoting the functional diversity of certain
communities through the supply of energy and nutrients (Wang et al., 2006). Pesticides can also
inhibit or kill some groups of microorganisms, eliminating the competition and leading to the
appearance of new groups (Hussain et al., 2009; Feld et al., 2015).
The composition of the microbial community and its activity play a key role in the breakdown of
pesticides. Microbes that use pesticides as a source of nutrients end up breaking them down into
small inorganic molecules, such as CO2 and H2O, through enzymatic reactions involved in a
process known as “mineralization” (Tang, 2018). This prevents secondary pollution due to
metabolites. Mineralization involves the decomposition of organic molecules into inorganic
compounds through microbial activity. There are pesticides that are analogues of natural
compounds, with some microorganisms having the enzymes needed to break them down.
However, most existing contaminants are synthetic molecules that do not occur in nature, which,
as a result, cannot degrade under the influence of microbes. Given that pesticides are used on a
large scale and that the natural degradation process by microorganisms is very slow, the pace at
which compounds are broken down is insufficient, meaning that pesticides cannot be completely
eliminated. (Huang et al., 2018).
To prevent the harmful effects of pesticides on the environment, bioprophylaxis can be a promising
avenue. With this approach, indigenous and allochthonous microorganisms selected to break
down a specific compound can be added to soil during spraying. In this way, the microbial complex
is applied along with the pesticide to optimize its degradation and that of its metabolites, acting on
pollutants when they are most available and reducing their dispersion into the environment. At the
moment, however, it is difficult to determine with complete accuracy the exact group of mineralizing
microorganisms to use. Other challenges include developing a galenic formulation that would allow
the microorganisms to conserve their power to break down the pesticide, while also preserving the
efficacy of the pesticide in the presence of the selected microorganisms (Carles, 2016). In
addition, microorganisms can lose some of their power to break down the harmful compound
during the application, or the success of the process could be compromised by the pesticide’s
reduced bioavailability in the soil (Carles, 2016). Another solution is to combine microbial
degradation with the capture of pesticides as they are drained from the agricultural fields. This
could bypass the problem of microorganisms involved in biodegradation remaining in the soil.
The enzymatic degradation of pesticides has attracted a great deal of interest. In this regard,
genomics tools have been used to identify the microbial strains that have improved degradation
capacity. This is the case, in particular, for organophosphates, a group of pesticides that can
naturally be broken down by a variety of microorganisms, but for which new strategies to promote
their degradation are needed to prevent them from accumulating in the environment (Kumar et al.,
2018). To address this challenge, researchers have shed light on the oph gene, responsible for
their enzymatic degradation. The use of this gene and its associated enzyme help scientists better
understand the microbe-pesticide interaction involved in the process of biodegradation (Gao et al.,
2012). It is, therefore, important to implement genomics research programs that focus on the
development of innovative technologies that can lead to improved pesticide degradation.

RECOMMENDATION 4
Using genetic engineering, study the role played by microorganisms in the degradation
of pesticides focusing on the level of enzyme expression specific to the degradation.
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3.3. Genomics tools to support decision making in integrated management
strategies
Microbial activity in a given environment is an important factor to consider when developing
integrated management strategies. Genomics tools can be used to support optimal decisionmaking in agriculture when it comes to the use of pesticides, with the ultimate goal of significantly
reducing their utilization at the source. PCR and qPCR tools and Sanger sequencing are employed
in diagnostic labs to help agricultural producers select their pesticide treatments.
Generally speaking, the use of genomics tools is showing strong growth, but in case of doubt,
traditional methods of analysis remain a reliable resource for supporting genomics test results.
Conversely, genomics tools can be used to complement results obtained with traditional methods.
In entomology, for example, visual identification is the commonly used approach. In some cases
though, it can only identify the genus. PCR, as it turns out, is the tool of choice for a more accurate
taxonomic identification. It can be used to characterize a species at any stage of its development,
thus avoiding the need to monitor its development to the adult stage. PCR can also be used to
identify a resistance gene in an insect, which can help producers select the best pest control
product.
In Québec, fungal diseases attack a number of fruits and vegetables. To detect these diseases as
soon as they start, certain growers use spore “traps,” mainly for sensitive crops, such as lettuce,
strawberries and onions. When spores are found, a PCR test can determine the presence and
quantity of the fungal species. These results can serve as a starting point for making the right
decision about treatment. In terms of reducing pesticide use, the treatment recommended will be
proportional to the severity of the infestation. If it is low, no intervention will be needed; alternatively,
biocontrol or chemical treatment measures may be required. Given that these technologies are
relatively new, interpreting results and making the right decisions are often very challenging.
Captors are also an interesting option in weed science to identify resistance genes from pollen
collected, leading to the selection of the most suitable treatments. This type of screening does,
however, have certain limitations, for instance when several mutations account for the resistance.
In such cases, recourse to traditional measures is needed to validate the data collected with the
genomics tool, involving multiple tests and, in turn, higher costs.

RECOMMENDATION 5
Implement a program to detect resistant genes in different crops in order to target and
adapt the interventions to be carried out.
In soil science, genomics tools can also support decision making in agricultural businesses. The
microbial biomass is an important indicator that provides insight into the relationship between
microorganism activity and the transformation of nutrients and other processes inherent in the
functioning of ecosystems (Schultz et al., 2008). First, metagenomics analysis can identify one or
more microorganisms associated with an ecosystem trait (e.g., productive or suppressive soil or
one containing toxic elements). The specific function of the microorganisms is not the most
important factor, but what does matter is the impact of their presence in the ecosystem. When
microorganisms representative of the state of an ecosystem are at a detection threshold, they
serve as soil health indicators. The goal is not to understand all the interactions that account for
soil functioning, but rather to find positive or negative correlations between communities that can
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serve as indicators for agricultural functions. The assessment of soil health provides a
comprehensive, holistic understanding of the impact of certain agricultural practices on
agroecosystem balance. Ultimately, reaching this state of balance will lead to a more rationalized
use of pesticides.

RECOMMENDATION 6
Develop soil health indicators prioritizing the use of metagenomics to analyze samples
in order to identify one or more microorganisms representative of a given state of soil
health.
Alongside the identification of microbial indicators derived from metagenomic analysis, the use of
specific tools (PCR, qPCR) is essential to determining whether specific communities reach a
certain threshold – or harmfulness level. These tools help to better interpret certain phenomena,
in conjunction with other disciplines, such as biochemistry. By employing genomics tools
associated with specific molecular markers, indicator microorganisms can be identified without
recourse to metagenomic analysis each time, reducing cost and testing response time.
In Québec, an extensive network of unaffiliated agricultural consultants, the Réseau Agriconseils,
offers independent consulting services tailored to the needs of agricultural businesses. Since the
science of genomics has a special place in agricultural business, professionals need adequate
training in the use of indispensable genomics tools. The Réseau d’avertissement phytosanitaire,
whose role is to inform producers on the threats to their crops and on strategies to address them,
could benefit from genomics tools to improve the information provided to producers.
In terms of disseminating knowledge to those on the ground, it would be interesting to offer
agricultural producers training on the use of genomics tools to guide their choice of agroenvironmental practices and plant protection strategies. Moreover, the option of providing financial
support to integrate these tools into agricultural businesses could also be considered.

RECOMMENDATION 7
Promote the use of genomics tools, such as PCR and qPCR, among stakeholders
working on the ground and provide them with appropriate training.

RECOMMENDATION 8
Offer interested agricultural producers training on the proper use of genomics tools and
provide them with financial support as they integrate these tools into their business.

3.4. Advances in genomics in terms of biocontrol
Most pesticides used in agriculture are of synthetic origin. The repeated utilization of a few groups
of pesticides against certain pests and weeds has led to the development of resistance in some,
not to mention the accumulation of toxic residues in the environment (Nawaz et al., 2016). To
combat the pesticide-resistant pests recorded each year around the world, new pesticides need to
be synthesized. However, it is becoming increasingly difficult to develop new products for many of
the crops (Borel, 2017).
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To address the problem, biopesticides represent an interesting solution. These pesticides are now
part of several pest management programs. They are made from bacteria, fungi, algae, viruses,
nematodes and certain metabolites produced by these microorganisms (Lenteren, 2012). There
are currently some 3,000 microbes that can cause diseases in insects, 100 of which are bacteria,
such as Bacillus thuringiensis (BT), which play an important role as a microbial agent (Nawaz et
al., 2016).
There are many advantages to using microbial pesticides. Bioactive agents are not toxic for the
environment and most are not harmful to the organisms not targeted. In other words, they have no
impact on useful entities, such as pollinating or predatory insects. Biopesticides can be employed
with synthetic insecticide, which in most cases does not neutralize their compounds. At times, the
microorganisms that make up the biopesticide end up settling in the ecosystem; there, they can
promote the growth of plants through their beneficial action on soil microflora over several seasons
(Jindal et al., 2013). Biopesticides, however, are not a panacea, since some of them – for instance,
Bti to manage mosquito larvae – is not selective, thus potentially having significant repercussions
on the environment (Brühl et al. 2020).
Developing biopesticides using genomics tools primarily involves bacteria, viruses and fungi. Viral
biopesticides, for example, those derived from baculoviruses, offer many advantages as pest
control tools: they do not harm vertebrates and plants and lend themselves well to gene editing.
Yet they do have one major drawback: they are very slow at destroying the targeted organisms.
To address this issue, genomics tools have been employed to insert genes coding for the making
of insect-specific enzymes, toxins and hormones (Gramkow et al., 2010).
As is the case with bacteria and viruses, there is a wide variety of fungi recognized for their
insecticidal effect. Unlike bacteria and viruses, which must be consumed by pests,
entomopathogenic fungi (that is, fungus harmful to insects) are toxic when the insect’s outer layer
comes into contact with the conidia (fungal spore). The entire insect and foliage must be covered.
Approximately 80% of entomopathogenic fungi are part of the Metarhizium and Beauveria genuses
(Butt et al., 2016). They occur naturally in soil in many habitats around the world (Zimmerman,
2007). Genetic engineering combined with an enhanced understanding of fungi pathogenicity and
ecology offers interesting opportunities to improve the efficacy and cost effectiveness of
mycoinsecticides by strengthening their tolerance to environmental stress and their virulence
(Lovett et al., 2018).
A more holistic approach to preventing the degradation of agroecosystems involves the use of
biostimulants to improve soil biodiversity. Biostimulants keep the soil environment rich in all sorts
of macro and micro elements via nitrogen fixation, the solubilization and mineralization of
phosphorus and potassium, the release of plant-growth hormones, the production of antibiotics
and the degradation of organic matter (Sinha et al., 2014). All these processes derive from
interactions among the different microbial communities that surround roots. In this way, these
microorganisms contribute to mechanisms that improve the bioavailability of nutrients, thus
enhancing plant growth.
In some cases, biostimulants are composed of genetically engineered bacteria. Using various
recombinant DNA technologies, one or several genes can be altered or introduced inside the
bacteria. These modified bacteria can then either do things that their indigenous parental strains
could not do or be more efficient at doing it (Garcia-Fraile et al., 2015). Many of these strains work
well in the lab, but once subjected to natural conditions in soils, they sometimes fail to play their
role as boosters of plant productivity. This is because the genetically modified strains in
biostimulants are unable to interact with indigenous soil microorganisms in order to obtain the
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nutrients essential for their metabolism (Garcia-Fraile et al., 2015). It could be possible, however,
to introduce into these strains an isolated gene from another bacterium, which would facilitate iron
metabolism (chelation) (Joshi et al., 2008). Gene editing is a promising avenue for the development
of stable biostimulants that would be compatible with a wide range of soils and plants (GarciaFraile et al., 2015).

RECOMMENDATION 9
Implement new biological control strategies through the identification or modification of
certain microorganisms using metagenomics and genome editing technology.

3.5. Genomics to breed and optimize cultivars for a reduced use of pesticides
Due to the growing number of pathogens affecting plants, strategies are needed to improve crop
resistance. In recent decades, genomics tools have been helping to rapidly identify desirable and
undesirable genes so that the plants most resistant to various pests could be bred. These
strategies call for the integration of genomics into the different plant breeding programs. The
genomics tools used will differ depending on whether the plant’s resistance is controlled by one or
more genes with a substantial impact on a phenotypic trait or by several genes with a mitigated
impact on the same phenotypic trait, in this case, resistance to disease.
Major advances in molecular biology have prepared the way for the development of transgenic
plants with new genetic properties. Their use has rapidly spread worldwide; corn, soy, potatoes,
tomatoes and cotton are a few examples (Babu, 2003). A 2014 study has shown that the use of
transgenic plants has led to a notable drop in pesticide use (37%) and a rise in yields (22%)
worldwide (Klümper and Qaim, 2014). However, in addition to the ethical issues they raise, GMOs
are not suitable for all types of farming, for instance, biological farming, an agricultural approach
experiencing tremendous growth around the world. Moreover, the public’s lack of understanding
of these new technologies has resulted in mixed reviews in developed countries, including Canada
(McFadden and Smyth, 2018).
According to experts consulted, in Québec very little is done by way of developing new varieties,
including plants with better resistance. The process is not only very expensive, but also requires a
long period of time. Every year, many new cultivars arrive on the market, but these are not
necessarily more resistant to disease. They have rather been bred for better performance or faster
growth, making them a more interesting economic option compared to resistant cultivars. Another
drawback is that resistance can also be at the cost of other positive characteristics, such as flavour
or other culinary properties, which are valued by consumers.
Genomics science can assist agricultural producers in selecting cultivars and strains. Choosing a
cultivar suited to the specific farming conditions (e.g., growing method, soil type, past plant
protection practices) is an important factor when attempting to reduce pesticide use. The genetic
characterization of cultivars and strains well suited to Québec could help agricultural producers
make the best choice for their specific farming needs. At the moment, seed guides are provided
by the companies that produce them. Developing an independent guide could help to provide
additional information by way of improving farming protocols. Such a document could feature a
wider range of cultivars promoting the genetic biodiversity of crops and a reduced use of pesticides.
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RECOMMENDATION 10
Using genomics-based tools, produce an independent seed guide featuring phytogenetic
biodiversity well suited to the soil and climate conditions in different regions of Québec.

4. Obstacles to the use of genomics tools in agriculture
Microbial analysis has undeniable advantages when it comes to understanding ecosystem
dynamics. However, the high cost of certain equipment, the expertise required to analyze and
interpret the data, in addition to the lengthy wait time before receiving results, all make it difficult,
at the moment, to implement an efficient network of laboratories. In addition, since genomics tools
evolve very rapidly, it is often difficult to have the right in-house expertise for the advanced
interpretation of results.

RECOMMENDATION 11
Set up a network of public laboratories with the required instrumentation and expertise to
offer a rapid results analysis service in support of sound decision-making.

Another challenge involves the use of certain sophisticated tools and specific approaches needed
for the analysis of different organisms. Employing traditional methods to validate some of the
results of genomics is common practice; but this proliferation of testing leads to considerably higher
costs. Some technologies related to specific and often complex tests require a major investment,
and, for certain labs, the workforce is simply insufficient. All these limitations can have an impact
on the implementation of genomics analyses in a laboratory.

RECOMMENDATION 12
Promote cooperation among various groups of researchers who will implement
standardized protocols on the use of genomics tools to be followed across laboratories.

Despite the undeniable benefits of metagenomics, the discipline is often faced with a lack of
experts to interpret results. This complex molecular tool can sequence the entire DNA in a
community and define its components. But the variations observed in microbial communities
following exposure to environmental stressor (e.g., a pesticide) are difficult to interpret in terms of
understanding their relationship to ecosystem functioning. The accuracy of sequencing using
metagenomics, combined with the need to interpret databases, means that analyzing the results
requires advanced expertise, which is not always available. Together, these factors make the
technique very expensive to use. To simplify matters, metagenomics could be used to provide a
preliminary overview to identify, as a first step, the organisms that react to pesticides. Simpler
tools, such as PCR, could subsequently be employed to target the desired genes previously
identified.
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Another challenge associated with this discipline is access to databases. Organizations and
research centres often have relevant data, which are not, however, available to other groups. To
establish accurate and sizeable databases, collaboration among the various stakeholders is
essential. While raw genomics data from academic research are available in public directories,
accessing them can prove burdensome. Despite the trend toward more and more open public
access to databases, the sharing of certain information, particularly biological data, seems to
remain a problem.

RECOMMANDATION 13
Facilitate collaboration among various research groups to implement public-access
databases available to all stakeholders in agriculture.

5. Conclusion
Despite their current drawbacks, modern molecular techniques have led to a major breakthrough
in our understanding of microbial dynamics in ecosystems. They help us, among other things, to
better grasp the magnitude of the threats from human activity by measuring their impact on
microbial communities (Birrer et al., 2017). Molecular approaches have shed light on several facets
of the functioning of various previously unknown microbe species, allowing us today to conduct
more advanced research into the effects of contaminants on ecosystems (Gibson et al., 2015).
Advances in molecular biology have paved the way for the development of genomics tools to
support the agricultural industry as it faces phytosanitary challenges, particular in terms of making
optimal use of pesticides. As outlined in this report, their applications are many. Genomics tools,
which can be used to identify pathogens and their virulence genes or facilitate early screening as
part of integrated pest management programs, can come alongside actions already taken to
reduce pesticide use. Genomics science can also contribute to the development of more resistant
cultivars or promote the creation of biostimulants and biopesticides using genetic engineering.
Lastly, genomics tools are a strong ally in the study of agroecosystems. They can be employed to
characterize microorganisms present in agricultural soils, to implement biological indicators for the
assessment of soil quality or to aid our understanding of the mechanisms of pesticide degradation
in the environment.
Their use, however, should not be considered a panacea. Genomics tools can only identify and
monitor genes whose function is very specific. They do not always take into account the overall
dynamics at play in all ecosystems. This means they must be part of a wider attempt at
understanding ecosystems. Genomics tools, therefore, must be integrated into a comprehensive
agricultural management strategy, which includes, among other things, crop rotation and
monitoring, plant residue recycling, biocontrol of pathogens and insects and cultivar selection.
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